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Abstract

Background Tree regeneration is a key component of resilience because it promotes post-disturbance recovery

of forests. Northwestern Patagonia from Argentina is occupied by Nothofagus alpina (Na), N. obliqua (No), and N.
dombeyi (Nd) forests that grow along an intense precipitation gradient, managed throughout shelterwood silvicul-
tural system by technicians of the Lanin Natural Reserve. The objective of this study was to evaluate the influence

of seeding cuttings over the dynamics of Nothofagus mixed forests across landscape (precipitation gradient) based
mainly on the composition and abundance of tree regeneration, permanent sampling plots and generalized linear
mixed models. In particular, we analysed: (i) the structure of sexual and asexual regeneration during < 10, 10-20

and > 20 years after harvest (the dynamics of managed forests), and (ii) the structure of sexual regeneration in primary
and managed forests after > 20 years of harvest (the effect of silviculture).

Results Nd was the most abundant species in the regeneration of managed forests during all periods in both sites
despite its lower contribution to the adult cohort. During the 10-20 years period after harvest, the humid site
exhibited higher regeneration density than the mesic site (120,000 and 6000 ind ha™', respectively), and it decreased
afterwards. The number of established regeneration (> 2 m height) was lower for Na in the mesic site and for No

in the humid site (0 and 57 ind ha™', respectively). However, in comparison to No, Na showed a higher number

of sprouted stumps and sprouts per stump, and a higher sprout height in the mesic site. No exhibited higher sprout
mortality in the humid site. Finally, the regeneration of primary forests showed lower density and height, and a more
balanced composition than that of managed forests.

Conclusions The silvicultural effects on the mixed forest regeneration dynamics was strongly influenced by the con-
dition of sites. Therefore, management prescriptions should be adjusted in order to consider the environmental
variation occurring through the entire landscape. An adaptive management that considers the pattern and process
of sexual and asexual regeneration and disturbance will contribute to promote a greater resilience of mixed forest
ecosystems.
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Background

The management of forests faces a substantial challenge
if the future capacity of these ecosystems to provide
essential goods and services is to be maintained (Keenan
2015; Trivifio et al. 2023). A thoughtful goal for silvicul-
ture is to promote resilient forests as coupled socio-eco-
logical systems, able to maintain their essential functions
and feedbacks even under physical and biotic drivers of
change (Johnstone et al. 2016; Seidl et al. 2016; Charn-
ley et al. 2017; Albrich et al. 2020). A silviculture more
aligned with natural processes needs to have a compre-
hensive understanding of the pattern and process of
stand development, including complex spatial scales and
the role of disturbances in creating legacies that become
key elements for the post-disturbance recovery (John-
stone et al. 2016; Ashton and Kelty 2018; Franklin et al.
2018; Kashian et al. 2023).

Regeneration from seeds and sprouts are natural pro-
cess that decisively supports the continuity of the forest,
and therefore it is crucial for forest resilience (Enright
et al. 2014; Tredennick and Hanan 2015; Johnstone et al.
2016; Albrich et al. 2020). The composition, abundance
and development of seeds and immature tree stages result
from spatio-temporal changing processes that depend on
the interplay between the ecological strategies of spe-
cies and the biophysical and disturbance factors. These
factors define the occurrence and functioning of micro-
sites that provide essential conditions and resources for
plant performance in the forest floor (Gholami et al.
2018; Kashian et al. 2023). Particularly, the composition
and structure of adults strongly influence seed produc-
tion and the viability, demography, spatial pattern and
growth of seedlings and saplings (Puettmann et al. 2009;
McDowell et al. 2020).

On a regional scale, ecosystems develop in a way
that is extremely specific to site conditions (Weetman
1996). The microclimatic responses to forest struc-
ture, and its relative importance for driving biological
processes, depend on their position in the landscape
(Chen et al. 1999). In Nothofagus pumilio forests, fac-
tors that affect seedling growth within gaps were differ-
ent in the site along the precipitation gradient analysed;
while moisture limited seedling growth in xeric sites,
light availability limited it in humid sites (Heineman
et al. 2000, 2006). Regional climatic variation has also
influenced the regeneration response to different sil-
vicultural treatments (Torres et al. 2015; Rodriguez-
Souvilla et al. 2023). Therefore, adoptions of short- and

long-term management systems need knowledge about
the response of regeneration to disturbances in the
different environmental conditions (Smith et al. 1997;
Chauchard 2012; Montes Pulido 2014; Keenan 2015;
Ashton et al. 2018). Site condition is determinant of
natural disturbance dynamics and provides reference
conditions for sustainable management and biodiver-
sity conservation (Berglund and Kuuluvainen 2021).

The subantarctic forest of northwestern Patagonia
from Argentina is dominated by Nothofagus alpina, N.
obliqua and N. dombeyi (Nothofagaceae). This mixed
forest occurs in temperate and humid foothills of the
Andes along a strong E-W increase of precipitation and
on deep and drained volcanic soils (Lara et al. 1999).
Most of the natural distribution of these mixed Nothof-
agus forests is located within Lanin National Park
(Sabatier et al. 2011), where different protection levels
exist. These Nothofagus species are dicline monoecious
with masting, pollination and seed dispersal by wind,
and a transient soil seed bank (Riveros et al. 1995; Dez-
zotti et al. 2016). Tree regeneration depends exclusively
on sexual reproduction in the evergreen N. dombeyi,
while vegetative reproduction is added in the deciduous
N. obliqua and N. alpina, although seeds are important
for colonization of new habitats in all species, asexual
reproduction could be relevant for stand recovery after
local disturbance (Veblen et al. 1996).

Natural and anthropogenic disturbances varying in
frequency and severity affect Patagonian Nothofagus
forests shaping their dynamics (Veblen et al. 1996).
After a large-scale disturbance (e.g., fire, blowdown),
pure and mixed Nothofagus forests typically pass
through four recognizable stand development stages
(sensu Oliver and Larson 1996): (1) stand initiation, (2)
stem exclusion, (3) understory reinitiation, and (4) old
growth. In general, the stand initiation stage of succes-
sion follows a “catastrophic regeneration mode” char-
acterized by large patches of even-aged trees derived
from a few survivors from within or surrounding areas
(Oliver and Larson 1996). During the stem exclusion
stage, self-thinning drastically reduces population
density but increases the biomass of remaining trees
(Loguercio et al. 2018). In the understory reinitiation
stage, understory replenishment may start with seed-
lings in a “gap phase regeneration mode’, when gaps
are opened up by the fall of mature individuals (Veblen
et al. 1996). In the event that the stand is not affected
by another large-scale disturbance, it will continue to
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the old-growth stage, in which canopy gaps are more
frequent and produce environmental heterogene-
ity, promoting the establishment of regeneration and
a forest with a mosaic of different ages (Veblen et al.
1996). Although Nothofagus are shade-intolerant, gap-
dependent trees, they exhibit intraspecific divergences:
N. dombeyi is the most light-demanding whereas N.
alpina is the most shade-tolerant species (Weinberger
and Ramirez 2001). The niche partitioning related to
solar radiation manifests early during the life cycle and
explains the variability in stand structure within this
forest type (Dezzotti et al. 2003; Donoso et al. 2013;
Sola et al. 2015, 2020; Marchelli et al. 2017; Dezzotti
and Ponce 2018).

Silviculture of this forest type has traditionally been
conducted within Lanin National Reserve (LNR) since
the late 1980s by a shelterwood system. This system
consists in a series of successive cuttings (e.g., prepara-
tory, seeding, secondary, final) over a projected rota-
tion of 140 years and a regeneration period of 20 years
based on the characteristic of the species and defined in
management plans of the LNR (Gonzélez Penalba and
Lozano 2010; Chauchard 1988; Chauchard et al. 2012).
Within this method the new cohort is protected against
dehydration and freezing by the remnant trees (Ashton
and Kelty 2018). In managed stands, the composition,
abundance and growth of Nothofagus regeneration are
related to micro-environmental changes in the forest
floor that occur after different intensity and spatial pat-
tern of tree cutting, basically given the differential per-
formance of species to light intensity (Pollmann 2002;
Dezzotti et al. 2003, 2004; Sola et al. 2015, 2020). How-
ever, seeding cutting regeneration is abundant only in
those microsites with low levels of solar radiation and
understory cover (Sola et al. 2016, 2020). Also, sprout-
ing influences the composition and structure of forest
(Gonzdlez Penalba and Lozano 2009).

Although the effect of silviculture on regeneration at
stand scales has been previously reported for different
forest types, the consequences across landscapes and
environmental gradients is less understood. The pat-
terns and processes of regeneration at larger spatial
scales could be even more critical for forests in which
interactions are expected among dominant species
exhibiting divergent ecological strategies (Johnstone
et al. 2016; Kashian et al. 2023). The adaptive manage-
ment based on the permanent evaluation of natural
regeneration is a valuable approach to define silvicul-
tural prescriptions particularly where treatments are
expected to be strongly influenced by environmental
and productive gradients (Bolte et al. 2009; Ashton and
Kelty 2018; Franklin et al. 2018).
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Therefore, the objective of this study was to determine
the influence of seeding cuttings over the dynamics of
Nothofagus mixed forests across landscape (precipita-
tion gradient). First, we aimed to analyse the dynamics of
managed forest by evaluating the structure of sexual and
asexual regeneration after<10, 10-20 and>20 years of
tree harvest. We hypothesized that regeneration dynam-
ics in managed forests respond differently to site condi-
tions (precipitation intensity) and post-harvest period
(<10, 10-20,>20 years); and we expected higher regen-
eration density in the humid than in the mesic site (due
to greater water availability) and during the first period
after management (due to greater light availability). Sec-
ond, we aimed to evaluate the effect of silviculture on
the structure of sexual regeneration by comparing pri-
mary and managed forests after more than 20 years of
tree harvest. We hypothesized that regeneration dynam-
ics change after management across the landscape and
expected the higher regeneration density in managed for-
ests of the humid site, due to greater resource availability.

Methods

Study area

The study was located in the Nothofagus mixed forest of
the Lacar-Nonthué lakes watershed (Parque Nacional
Lanin, Neuquén province) (Fig. 1). The climate is tem-
perate oceanic Cfb (Koppen-Geiger classification, Peel
et al. 2007), with a pronounced longitudinal precipita-
tion gradient and seasonality caused by the Andes rain
shadow and the annual displacement of the pressure cen-
tre of the Pacific Ocean. In the far west, precipitation is
abundant and distributed regularly throughout the year,
while in the eastern part it is drastically reduced and
concentrated during cold months (Garreaud et al. 2013).
The mean values of temperature and total precipitation
of Quechuquina weather station (40° 09" S, 71° 34" W,
730 m a.s.l, 1965-2013) is 9.3 °C and 1889 mm year‘l,
respectively (Direccién Provincial de Bosques de Neu-
quén, unpublished data). The vegetation corresponds to
the Deciduous Forest District of the Subantarctic Ecore-
gion in which Nothofagus are the dominant tree species
(Oyarzabal et al. 2018).

Field methodology

The study area was occupied by mature forests of N.
alpina, N. obliqua and N. dombeyi, part of which were
harvested from 1988 to 2001 through seeding cuttings
of the shelterwood system to achieve a canopy cover of
around 40 per cent according to regulation and control of
the Lanin National Reserve authorities (LNR). After that
no other silvicultural treatment was applied, and the final
cuttings have not been done yet. The ecological sustain-
ability of silviculture was monitored approximately every
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Fig. 1 a Map of the Lacar-Nonthué lake watershed indicating the location of management plans of Chachin (humid site) and Quilanlahue-Yuco
(mesic site). b, ¢ Are the zoomed-in view of the humid and mesic sites. The circles represent the study plots and involve two different sampling
designs, data analysis and results. Red and grey circles (18) are part of the system of permanent sampling plots (PSP) of the Lanin National Reserve.
These PSP have measurements for more than 20 years and these data were used to analyse the dynamics of sexual and asexual regeneration
after harvest. On the other hand, 4 of these plots for each site were selected (red circles) and 3 plots were installed in surrounding primary forests
(blue circles). With the data from these 14 plots, the effect of silviculture on Nothofagus sexual regeneration was studied

five to seven years through a system of permanent sam-
pling plots (PSP) by the LNR based on the study of tree
composition, size and abundance as biological indicators.

Adult trees (diameter at breast height dbh>10 cm)
and asexual regeneration (sprouts of N. alpina and N.
obliqua) were measured in 1000 m?2-PSP, whereas sex-
ual regeneration (dbh<10 cm) were measured in sub-
plots of 3—4 m? located at the four main cardinal points
of each PSP (Gonzélez Pefalba and Lozano 2010). Sex-
ual regeneration was divided according to total height
(h) in h<30, 30-200,>200 cm, and this last class was
categorized as established regeneration based on the
relationship between individual survival potential and
height (Gonzalez Pefalba and Lozano 2010; Chauchard
et al. 2012). The performance of asexual regeneration
was inferred by counting the number of both sprouted
stumps and sprouts per stump, and the height of the
tallest sprout per stump (Gonzdlez Pefialba and Lozano
2010).

For this study, the sites of the PSP system Chachin
(CHA, 40° 08" 43” S, 71° 39" 40” W) and Quilanlahue-
Yuco (QUI, 40° 08" 32”7 S, 71° 28" 58” W) were selected
for evaluation (Fig. 1). They exhibited north facing slopes
and elevations varying from 700 to 1100 m a.s.l, and

T
718
Reference system WGS84/ EPSG:4326

— Roads
© Managed forests — used for study 1
® Managed forests — used for study 1 and 2
® Primary forest - used for study 2
Management plans
I Mixed forests of Nothofagus species
I Lakes

were categorized as humid (CHA, annual precipitation
~ 2200 mm year ') and mesic (QUI, ~ 1800 mm year )
by interpolation of meteorological data based on isohyets
reported by Bianchi et al. (2016). In the managed forests,
the dynamics of regeneration was analysed by categoriz-
ing measurements in three post-harvest periods (<10,
10-20, and > 20 years) based on data from 18 PSP located
at both site conditions. The assessment considered the
composition and height class of the sexual regeneration
and the composition, height and number of sprouts. For
adult trees the analysis was based on the composition,
density and basal area. The dbh frequency distribution
was also analysed to evaluate the size structure of stands
and particularly, to identify individuals of the smallest
dbh class (10-20 cm) as former saplings incorporated
into the adult cohort.

The effect of silviculture on sexual regeneration was
evaluated for each site condition by comparing primary
and managed forests after 20 years of tree harvest. The
analysis was based on the composition, density, and
height of sexual regeneration. Additionally, the compo-
sition, density, basal area, and size distribution of adult
trees was evaluated. Four PSP located in managed for-
ests were selected, and three additional PSP situated in
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surrounding primary forests were installed for compari-
son ((4 PSP+3 PSP)x2 sites=14 PSP in total). Sexual
regeneration was assessed in 12 subplots (SP) located at
the four main cardinal points of each PSP (14 PSPx 12
SP =84 SP in total).

Data analysis

The dynamics of sexual regeneration and adult trees
was analysed by considering the factors of site con-
dition (humid, mesic), post-harvest period (<10,
10-20,>20 years), and the interaction (site condition
X post-harvest period) as fixed effect variables and the
plot as a random variable nested in site. The analyses
for sprouts considered the effects of the factors of spe-
cies (N. alpina, N. obliqua), post-harvest period (<10,
10-20, > 20 years), site condition (humid, mesic), stump
diameter (<40, 40-60,>60 cm), and the interactions
(species X post-harvest period, species X site condition).
The effect of silviculture on sexual regeneration and adult
trees was evaluated by considering the factors of site con-
dition (humid, mesic), forest category (primary, managed
forests > 20 years of tree harvest) and the interaction (site
condition X forest category) as fixed effects, and the plot
as random variable.

The sexual regeneration density, number of sprouts
per stump and adult trees density were analysed using
generalized linear mixed models (GLMMs) with the
glmmTMB function (glmmTMB package) for discrete
variables. Sprout height and basal area were evaluated
with linear mixed-effect models (GLM) using the lme
function (nlme package) for normal distributed data.
The established regeneration over time was particularly
analysed as a binary variable from incidence data (pres-
ence/absence) using a logistic regression (LR), since the
response variable showed many null values (mainly for
the first post-harvest periods). The asexual regenera-
tion was also evaluated using LR considering sprouted
and not sprouted stumps. The normality of the residual
distribution of both the response and the random vari-
ables were verified using the Shapiro test (p <0.05). Dis-
tributions for GLMMs were selected using Dharma and
Akaike information criterion (tweedie and negative bino-
mial distribution families), significance of the fixed effect
variables using Anova function, and pairwise compari-
son using emmeans. The composition of sexual regen-
eration and adult trees was compared between sites for
each post-harvest period in managed forest and, between
forest category, using contingency tables, x* tests and
Pearson residuals. Comparison of regeneration height
between forest category and site condition was analysed
using Kruskal-Wallis tests (p <0.05). All statistical analy-
ses were based on R (vers. 3.2.5) and Statgraphics Centu-
rion (vers. XVLI) (p <0.05).
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Results

The dynamics of managed forests

Sexual regeneration

The analysis of total, N. alpina and N. dombeyi regen-
eration density showed a significant interaction between
site condition and post-harvest period (Table 1, Addi-
tional file 1: Table S1). The total density was 20 times
higher in the humid site than in the mesic site dur-
ing the 10-20 years period after harvest (Fig. 2a). In
the last post-harvest period the regeneration density
strongly decreased in the humid but not in the mesic site
(Fig. 2a). Within the humid site, the difference for total
regeneration density and for N. alpina and N. dombeyi
density occurred between<20 and>20 years after har-
vest (Fig. 2a, Additional file 1: Table S1). At the mesic
site there were no significant differences in regeneration
density over time (Additional file 1: Table S1). The com-
position of sexual regeneration differed between site con-
ditions in all post-harvest periods (y*=2226.69, 8690.21,
2685.75 for the three post-harvest periods respectively,
p<0.05). Over time, the proportion of N. alpina regen-
eration was higher in the humid than in the mesic and
N. obliqua proportion was higher in the mesic site than
in the humid site. Nothofagus dombeyi was the dominant
species in the regeneration density of both sites during
the three post-harvest periods (64, 89 and 71%, for the
humid site, and 73, 75 and 74% for the mesic site).

Site condition and post-harvest period showed sig-
nificant effects on the presence of total, N. alpina and N.
dombeyi established regeneration (Table 1), being lower
for the first post-harvest periods and for the mesic site.
In the humid site, the density of the established regen-
eration tended to show a maximum during the second
post-harvest period and then began to decrease (Fig. 2b).
In the mesic site, the established regeneration reached a
lower density but continued to increase after 20 years of
tree harvest (Fig. 2b). The height class frequency distri-
bution of regeneration showed a similar pattern among
species over time and therefore the species were plotted
together (Fig. 3). A dominance of plants with #<30 cm
occurred in the first post-harvest period, and after that a
larger proportion of plants with /% >30-200 cm occurred.
In comparison to the mesic site, in the humid site the
recruitment of plants with /<30 increased after a longer
period (Fig. 3).

Asexual regeneration

Species, site condition, post-harvest period and stump
diameter showed a significant effect on the presence of
sprouted stumps (Table 1). The sprouted stumps were
higher for N. alpina, the mesic site, and the first post-har-
vest period. The smallest diameter class (<40 cm) also had
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Table 1 Models and significance for the analyses of the dynamics within the managed forests

Tree stage Dependent variable Fixed effect Model (distribution)
SC PH SCxPH SP SD SPxPH SPxSC
Sexual regeneration  Regeneration density Total ¥ e e - - - - GLMMs
Na ns  ns  *x _ _ _ _ (tweedie)
No ns ns ns - - - -
Nd ns XK *% _ _ _ _
Presence of established regeneration  Total =~ ***  ***  _ - - - - LR
Na *%%X * _ _ _ _ _ (log\t)
No ns ns - - - - -
/\/d *KK *KK _ _ _ _ _
Asexual regeneration  Presence of sprouted stumps FEE L REK *ooEx - LR
(logit)
Sprouts number ns  *** ns ¥ nsoons ns GLMMs
(negative binomial)
Sprouts height FEEOEEE ng ns ns ns GLM
(normal)
Adult trees Density Total ns ** ns - - - - GLMMs
Na ns ns ns - - - - (tweedie)
No ns ns ns - - - -
Nd ns  *** ns - - - -
Basal area Total ns ** ns - - - - GLM
Na ns ns ns - - - - (normal)
No ns ns ns - - - -
Nd ns ns ns - - - -

SC: site condition (humid, mesic), PH: post-harvest period (< 10, 10-20, > 20 years), Total: all three species, SP: species (Na: N. alpina, No: N. obliqua, Nd: N. dombeyi),
SD: stump diameter (<40, 40-60, > 60 cm). GLM: linear mixed effect model, GLMMs: generalized linear-mixed effect model, LR: logistic regression, ns: not significant,

*p<0.05, **p <0.01, ***p <0.001, -: not analysed

higher sprouted stumps (59%). Despite the interaction
could not be analysed, a trend toward a greater decrease
in N. obliqua sprouts in the humid site was observed over
time (Fig. 4). The mean number of sprouted stumps for
the first period was 80 ind ha™'. Species, site condition,
post-harvest period and stump diameter exhibited a sig-
nificant effect individually on any of the response vari-
ables (the number of sprouts per stump and the height of
the sprouts), but not interactively (Table 1). Nothofagus
alpina and the first post-harvest period showed a higher
number of sprouts (Additional file 1: Fig. S1). The sprouts
showed larger heights in the mesic site, the intermediate
diameter class (40—60 cm) and after 20 years of harvest,
reaching a mean sprout height of 6.6 m.

Adult trees

Post-harvest period was the unique explanatory vari-
able for both total and N. dombeyi density, and for total
basal area (Table 1). As site condition was not signifi-
cant, the forest structure is showed for both site condi-
tions together (Fig. 5). The total density and the basal
area increased over time, mainly for N. dombeyi (Figs. 2c,
5. The increase in N. dombeyi density occurred in the

smallest diameter class after 20 years of harvest (Figs. 2c,
5). The adult trees of the smallest diameter class (10—
20 cm) were mainly of N. dombeyi in the mesic site (69%)
and of N. alpina in the humid site (64%). Nothofagus obli-
qua was the least abundant species in that diameter class.
The composition of adult trees differed between site
conditions in all post-harvest period (y>=16.04, 15.60,
35.59 respectively, p<0.05). Nothofagus alpina contrib-
uted over time more to the composition of the humid
site and N. obliqua to the composition of the mesic site.
Nothofagus dombeyi was the least abundant species
within both sites in the three post-harvest periods (19, 14
and 24% for the humid site, 15, 13 and 32% for the mesic
site).

The effect of silviculture

Sexual regeneration

The total and N. dombeyi regeneration density showed a
significant interaction between site condition and forest
category (Table 2). In the humid site there was no dif-
ference in the regeneration density by comparing man-
aged and primary forest, whereas managed forest of the
mesic site showed a higher density than primary forests
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Fig. 2 Density of sexual regeneration considering total regeneration (a) and established regeneration (b) of Nothofagus in the humid (left)
and mesic site (right) in three post-harvest periods. The grey area of the left graph indicates the scale part used in the right graph. Density of adult
trees (c) is also included, at the same sites and post-harvest periods, for comparisons with sexual regeneration

(Fig. 6A, Additional file 1: Table S2). The composition of
sexual regeneration differed between humid and mesic
sites only in managed forests (y’=1273.95, p<0.05).
Nothofagus alpina contributed more to the composition
of the humid site and N. dombeyi to the composition of
the mesic site. However, N. dombeyi was the most abun-
dant in both sites (83 and 61% in the mesic and humid
site, respectively). Similar composition was found in
primary forests of both sites (y*=1.39, p>0.05). The
mean regeneration height of managed forests (humid:

x=3.23 m, se=2.62, mesic: x=3.04 m, se=2.10) dif-
fered from that of the primary forests (humid: x=0.34 m,
se=0.77; mesic: x=2.13 m, se=2.09) (Kruskal-Wallis
test, p<0.05).

The forest category was the only factor that explained
the variation of total density in the established regen-
eration (Table 2), being 13 times higher in managed
than in primary forests (Fig. 6B, Additional file 1:
Table S3). The forest category was also the unique fac-
tor that explained the variation of density in N. dombeyi
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established regeneration; this species also exhibited
a higher density in managed forests in comparison to
primary forests (Fig. 6b, Additional file 1: Table S3).
In managed forests, the established regeneration

represented 53% and 61% of the total regeneration den-
sity in the humid and mesic sites, respectively, whereas
in primary forests the established regeneration repre-
sented 2% and 47% of the total density in the humid
and mesic sites, respectively (Fig. 7).
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Adult trees

Forest category explained the variation in total basal
area in the primary (59 m? ha™') and managed forests
(33 m? ha™?!) (Table 2). Site condition explained the vari-
ation in N. obliqgua density in the mesic (77 ind ha™?)
and humid site (27 ind ha™') (Table 2). The diameter
frequency distribution in the managed forests showed
many individuals in the 10-20 diameter class mainly
of N. dombeyi and N. alpina. Nothofagus alpina also
exhibited a large number of individuals in the larger
size classes (Additional file 1: Fig. S2). The primary for-
ests showed a more flattened size distribution with less
contribution of the smaller size classes (Additional file 1:
Fig. S2). The composition of adult trees differed between
the site conditions in the managed and primary forests,
with a higher contribution of N. obliqua in the mesic site
(x*=26.49 and 27.07 for managed and primary forests
respectively, p <0.05).

Discussion

This long-term monitoring is a precursory study in
analysing the dynamics of the Nothofagus forests from
northwestern Patagonia, growing in a divergent pre-
cipitation regime and under a shelterwood system. Our
results revealed that both silviculture and site condi-
tion are relevant factors modelling the dynamics of the
regeneration of N. alpina, N. obliqua and N. dombeyi.
The silviculture modifies the biotic and abiotic inter-
acting factors that promote colonisation and estab-
lishment of immature individuals as light regime, soil
properties, and understory cover, corroborating that
site condition critically influences post-disturbance
stand development (Martinez Pastur et al. 2014; Pare-
des et al. 2020; Li et al. 2022). Although Nothofagus
regeneration was higher in the managed forest, site
condition primarily defined by precipitation intensity
affected the performance of this process. However, the
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Table 2 Models and significance for the analyses of the effect of silviculture on different tree stages

Tree stage Dependent variable Fixed effect Model (distribution)
SC FC SCx FC
Sexual regeneration Regeneration density Total xxx xxx ** GLMMs (negative binomial)
Na ns ns ns
No ns ns ns
Nd *% XH* *%
Established regeneration density Total ns Hxx ns
Na ns ns ns
No ns ns ns
Nd ns xxx ns
Adult Density Total ns ns ns GLMMs (tweedie)
Na ns ns ns
No ** ns ns
Nd ns ns ns
Basal area Total ns i ns GLM (normal)
Na ns ns ns
No ns ns ns
Nd ns ns ns

SC: site condition (humid, mesic), FC: forest category (primary and managed forests), Total: all three species, Na: N. alpina, No: N. obliqua, Nd: N. dombeyi, GLM: linear
mixed effect model, GLMMs: generalized linear-mixed effect model, ns: not significant, *p <0.05, **p <0.01, ***p <0.001

a)
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Fig. 6 Density of Nothofagus regeneration in different site conditions and forest category (a) and established regeneration within managed

and primary forests (b). Total: all three species. Vertical bars indicate the standard error of the mean and dissimilar lowercase letters significant
differences among treatments within species (Tukey test, p < 0.05)

difference in total regeneration density between humid
and mesic sites during the first 20 years of harvest dis-
appeared as time elapsed. The more positive water bal-
ance of the westernmost areas could have favoured a
larger initial tree recruitment, although other ecologi-
cal processes such as competition for light would have

Total

N. alpina N. obliqua N. dombeyi

caused differential mortality over longer time scales.
The decrease in the number of saplings during the
last period would have been due not only to mortality
but also to their incorporation into the adult cohort,
caused by a diameter growth preliminarily estimated
in 0.4+0.2 cm year™! (data not shown). However, this
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incorporation was relatively low (i.e., 42 and 29 ind
ha~! for the humid and mesic sites, respectively).

The opening of the canopy would have favoured not
only seed germination and seedlings establishment but
also the development of the advanced regeneration. The
promotion of these young pre-harvest regeneration to
the adult cohort could be particularly relevant for the
most shade tolerant N. alpina (Dezzotti et al. 2003; Don-
oso et al. 2013; Sola et al. 2015). Although the present
study did not determine the abundance of this category,
trees that attained 10-20 cm dbh before 20 years of har-
vest would have already been present on the forest floor
as pre-harvest regeneration, and those that reached this
size after 20 years would have established later as post-
harvest regeneration. Therefore, N. dombeyi would domi-
nate the post-harvest regeneration in the mesic site (94%
of total density) whereas N. alpina the pre-harvest regen-
eration in the humid site (73%).

The decrease in the density of N. obligua adult trees
over post-harvest time could be better explained by a
lower incorporation of larger regeneration into the adult
cohort than for a higher mortality. There was no inter-
specific difference in adult mortality after harvest, result-
ing in around 30% (8 ind ha™') in more than 20 years
(data not shown). A better understanding of the silvicul-
tural effects on the pattern and process of stands under
management requires to determine the contribution of
the advance regeneration, because it constitutes a key
biological legacy for post-disturbance recovery (Martinez
Pastur et al. 2008; Johnstone et al. 2016; Ashton and Kelty
2018; Franklin et al. 2018; Kashian et al. 2023).

In comparison to the managed Nothofagus forests, the
primary forests showed a larger basal area and a more
balanced composition of regeneration. However, this
regeneration showed lower mean heights due to the
higher presence of one-year seedlings. In other temper-
ate mixed forests, the larger seedling density of primary
forests compared to managed counterpart was due to a

higher seed production although subsequently few seed-
lings survived given greater shadow, litter depth, and
competition with understory plants (Li et al. 2022). The
decrease of canopy cover after tree harvest to 35-45%
(Chauchard et al. 2012) was crucial for the process of
regeneration in Nothofagus forests. However, N. dombeyi
regeneration dominated the post-harvest microsites in
both site conditions despite its lower contribution in
the adult cohort. This compositional imbalance can be
related to the capability of this species to colonize areas
with extensive ranges of light and soil moisture (Veblen
et al. 1996; Pollmann and Veblen 2004; Sola et al. 2020).
In the Valdivian district of the subantarctic forest where
Nothofagus species are stand-initiating pioneers, N.
dombeyi dominates the initial phases of community
development after the formation of small to medium-size
gaps (Veblen et al. 1996; Miiller-Using 2020). The larger
proportion of N. alpina in the humid site and of N. obli-
qua in the mesic site can be linked to interspecific differ-
ences in adaptation to the seasonal climate and soil water
content existing along the precipitation gradient (Wein-
berger and Ramirez 2001; Varela et al. 2012; Sola et al.
2020).

The comparatively limited abundance of sexual regen-
eration in the deciduous Nothofagus could partially be
offset by sprouting, which was particularly abundant for
N. alpina in the mesic site. During the first post-harvest
period, the mean density of sprouted stumps for N. alpina
and N. obliqua was 50 and 30 stems ha}, respectively, of
sprouts with 3.4 m height but much taller in stumps with
40-60 cm diameter. The sprout plays a key role in for-
est resilience because it contributes to incorporate part
of the pre-harvest gene pool into the future forest, and
therefore making more likely to maintain populations
in place because of the higher capacity for recovery fol-
lowing disturbance and stress (Li et al. 2013, 2022; Aubin
et al. 2016; Sola et al. 2016; Matula et al. 2020). How-
ever, the high mortality of sprouts due to self-thinning,
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particularly for N. obliqgua in the humid site, suggests that
the reduction of sprout number after harvest could be an
adequate silvicultural prescription for developing taller
and larger stems as previously proposed in other sprout-
ing species (Li et al. 2013).

In summary, N. obliqua exhibited a comparative short-
age of sprouts in the humid site, a low density of total and
established regeneration in managed and primary forests,
and a limited transitions from young to adult trees. These
features could indicate that in the humid areas of the gra-
dient, N. dombeyi and N. alpina would exhibit a greater
competitive ability than N. obliqua at the initial stages of
stand development. On the contrary, in the mesic areas,
the low abundance of established regeneration for the
primary and managed forests, and the limited transition
of regeneration to adult trees recorded in N. alpina could
indicate the restriction imposed on this species by the
climate.

Management implications

The regeneration response to silvicultural treatments
of mixed Nothofagus forests differed across spatial and
temporal scales. Thus, relationships between microsite
and forest structure developed at any single scale may
not be applicable at other scales (Chen et al. 1999). The
application of the same silvicultural management in sites
with different environmental conditions has resulted in
failures in regeneration, from a simple lack of regenera-
tion to a shift in species composition (Weetman 1996;
Dey et al. 2009; Lopez-Bernal et al. 2012). The compo-
sitional dissimilarity found in this study, by comparing
the post-harvest regeneration and adult cohort, was pre-
viously reported (Dezzotti et al 2003; Sola et al. 2020).
Management systems of these Nothofagus forests should,
therefore, diversify silvicultural practices throughout the
forest landscape, to provide the micro-environmental
conditions required by each species and to maintain bio-
diversity and forest functions.

In western plots of the watershed, the greater availabil-
ity of water determined a higher recruitment after the
reduction in canopy cover. However, saplings and sprouts
should be thinned to avoid growth decreasing due to
competition for light over time and to release less abun-
dant species. This is possible because despite the greater
abundance of N. dombeyi, N. alpina had also a consid-
erable density of established regeneration in the humid
site (1932 ind ha™! after more than 20 years of harvest).
In eastern plots of the watershed or with less availability
of water, the lower tree recruitment, the grater composi-
tional imbalance of the stands and the scarce established
regeneration of N. alpina and N. obliqua suggest that
different harvest intensities should be implemented
between sites. Residual canopy cover greater than 50%
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should be tested to facilitate seedling establishment with
more favourable conditions for mid-tolerant to shade
species. A silviculture more aligned to natural processes
should consider the creation of small and intermediate
openings that would better imitate the natural falling of
trees under small-scale perturbations. Establishment
and survival of regeneration depend primarily on water
and light availability, and therefore a particular combina-
tion of these regulators and resources in each site con-
dition might favour one species or another (Peri et al.
2009; Martinez Pastur et al. 2011). Particularly, in sites
with annual precipitation of around 1200 mm, N. alpina
only establishes under conditions of canopy cover>40%
(Weinberger and Ramirez 2001). However, for N. obliqua
and N. alpina and regardless site condition, silviculture
should promote that saplings of >200 cm height attain
2500 ind ha™! as prescribed for the regeneration period
(Chauchard et al. 2012), a condition that has not yet been
completely achieved in all mixed Nothofagus forest.

Two considerations should be taken into account to
compensate the scarce regeneration of both species.
First, advance regeneration: careful logging should be
applied to preserve pre-harvest regeneration, mainly of
N. alpina, the highest commercial value species. This
advance regeneration not only comes from many parent
trees (greater effective population size) but also acceler-
ates trees recolonization. Second, asexual reproduction:
it would be of great importance to apply coppice man-
agement allowing sprouts of N. alpina and N.obliqua to
reach the upper canopy. The strong shoot competition
in each stump determines their progressive loss of vigor
and, therefore, management should test the reduction
of sprouts from stumps, anticipating competition and
ensuring their adequate survival and growth.

All these prescriptions become even more relevant
given the predictions of future climate scenarios to
Nothofagus forests, in which an intense decrease in pre-
cipitation, greater frequency of disturbances (IPCC 2022)
and a drastic reduction in the distribution range of N.
alpina would be expected (Marchelli et al. 2017). There-
fore, the adaptation of forests would be achieved by plan-
ning anticipatory silvicultural interventions that generate
favorable microclimatic responses considering pattern
and process of stand development and complex spatial
scales. This adaptive forest management would allow
mitigate the negative additive effects of both disturbances
(harvest of trees+climate change) creating legacies that
become key elements for the post-disturbance recovery.

Conclusions

Our study provides knowledge on regeneration dynam-
ics of Nothofagus mixed forests, highlighting that sil-
viculture should consider the environmental variation
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occurring through the entire landscape. The increase of
tree regeneration after harvest indicates that the shel-
terwood system is ecologically suitable for the man-
agement of Nothofagus mixed forests. The ongoing
monitoring will determine if the current low propor-
tion of seedlings and saplings of N. alpina will increase
after canopy closure. There are feasible silvicultural
options that promote uneven-aged stands as occurred
naturally, in which small-scale disturbances promote
habitat heterogeneity and a shifting mosaic. The reali-
zation of this objective requires to consider explicitly
the composition and abundance of the sexual and asex-
ual regeneration existing before and after intervention,
and the size variability of the artificial gaps. The trans-
formation of the stand structure toward those exhibit-
ing more spatial variability demands more frequent
interventions along longer time scales. In order to pro-
mote the continuous supply of regeneration and har-
vestable trees, a particular attention should be paid to
the vitality of individuals under different site conditions
and level of canopy closure. An adaptive management
that considers the pattern and process of regeneration
and disturbance in the context of the physical variabil-
ity of sites and microsites will contribute to promote a
greater resilience of this Nothofagus forest ecosystem.
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No Nothofagus obliqua
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GLM Linear mixed-effect model
LR Logistic regression
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