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Abstract This study evaluated the seed production
and quality and the subsequent regeneration estab-
lishment in five pure Nothofagus antarctica forests
growing at different site qualities and crown cover
during 10 years, in Southern Patagonia (Argentina).
Four traps of 1 m? were installed in each stand and
sampled monthly (between February and May) each
year. The incorporation and survival of seedlings were
evaluated using four permanent plots of 1 m? in each
stand. The site quality of the studied forests did not
influence seed production and regeneration. The
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amount of seed production and seed quality were
proved to have a decisive influence on the N.
antarctica seedling establishment in the subsequent
years. At the same time, our results suggest that
independently of the site class, the canopy openness
for silvopastoral use improved the conditions for
seedling establishment. However, the success of
seedling survival over time would be conditioned for
the influence of other factors such as understory
competition.

Keywords Nire - Silvopastoral system - Seedling
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Introduction

Nothofagus genus dominates the temperate forests of
southern Argentina and Chile (Veblen et al. 1996).
Particularly, the deciduous Nothofagus antarctica (G.
Forster) Oerst. (fire, flirre) is present in the broadest
ecological amplitude, from sea level to 2000 ma.s.l.
and from 36°30’ to 56°00’ SL (Donoso et al. 2006),
with a high morphological variability in their popu-
lations (Ramirez et al. 1985; Steinke 2004), some of
which have been shown to be correlated with neutral
genetic variation (Premoli and Steinke 2008; Steinke
et al. 2008). Also, there are studies along its entire
latitudinal range showing that N. antarctica is highly
polymorphic for different molecular markers (Acosta
et al. 2012).

@ Springer


http://dx.doi.org/10.1007/s10457-016-9999-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s10457-016-9999-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10457-016-9999-7&amp;domain=pdf
https://doi.org/10.1007/s10457-016-9999-7

624

Agroforest Syst (2018) 92:623-635

In southern Argentinean Patagonia (Santa Cruz and
Tierra del Fuego provinces) iiire forests occupy
431,000 ha (Collado 2001; Peri and Ormaechea
2013), in a great variety of environmental conditions
(water balance, temperature gradient and soil quali-
ties), which derived in different stand site qualities.
Related to this, Ivancich et al. (2011) have proposed a
classification of site qualities for fire forests in
southern Argentinean Patagonia, which is based on
site index equations. In Santa Cruz province 97 % of
nire forests are growing in site classes (SC) with
dominant trees less than 12 m (Peri and Ormaechea
2013). Also, according to the new Argentinean
National Law of minimum environmental standards
for native forests (Law N° 26331), 70 % of N.
antarctica forests in southern Argentinean Patagonia
can be used as silvopastoral systems. This implies
removal of trees to increase forage production,
introduction of cattle and/or sheep into these forests,
which could modify different ecological and produc-
tive conditions (Bahamonde et al. 2012; Peri and
Bahamonde 2012, 2013). In this context, it is essential
to know the regeneration dynamics of these forests
with focus on its silvopastoral use and growing in
different environmental conditions (site quality
classes) to ensure the continuity of arboreal stratum
(Peri et al. 2009). There are antecedents indicating a
negative effect of cattle on the regeneration of trees
and shrubs (Raffaele and Veblen 2001) and N.
antarctica (Echevarria et al. 2012). The information
about this issue in Southern Patagonia has been
partially addressed both at temporal and spatial scales.
Bahamonde et al. (2011) published data about eco-
logical aspects of the regeneration in primary forest
(PF); Soler et al. (2013) studied the different stages of
the regeneration cycle (pre- and post- dispersal
drivers) in a 3 years study of different managed and
unmanaged forests, reporting that thinned forest
produced lesser male and female flowers than forests
with higher crown cover; and Bahamonde et al.
(2013a) evaluated the regeneration under silvopastoral
uses. However, some crucial gaps still remains
unstudied. For this, the objective of this work was to
answer the following questions: (1) Does the differ-
ences in site quality imply differences in the seed
quantity and quality and the subsequent regeneration
rate? (2) Does tree removal for silvopastoral use
decrease the seed production and the subsequent
regeneration establishment? (3) This thinning effect
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have the same magnitude at different site qualities
stands? (4) How the silvopastoral use modify the
regeneration pattern compared to unmanaged forests?
Based on these questions, we hypothesized: (1) Seed
production, quality and subsequent regeneration rate
in N. antarctica forests is more successful in better site
quality classes (2) The annual seed production and
quality for a same site quality class is related to the
crown cover of the stands, but the opposite may occur
with the establishment of seedlings and its survival.

Materials and methods
Study sites

The study sites were located in five pure N. antarctica
stands in the southwestern of the Santa Cruz province
(Patagonia, Argentina) as part of PEBANPA network
(Biodiversity and Ecological Long Term Plots of
Southern Patagonia, Peri et al. 2014). Three stands
were PF with not previous management growing at
three different site qualities. The site quality of the
stands was determined according to the previous
classification of Ivancich et al. (2011), where these
authors established five site classes based on models
that used the total height of dominant mature trees
(H) as indicator of productivity. The site classes of the
stands studied here were as follow: site class III
(SCIII) where H reached to 11.7 m (51°13'21”SL-
72°15'44"WL), site class IV (SCIV) where H reached
to 8.0 m (51°13/22”SL-72°15'32"WL) and site class
V (SCV) representing a marginal site in the limit with
the Patagonian steppe reaching a H of 5.0m
(51°19'05"SL-72°10'47"WL). The other two stands
were located adjacent to the SCIV and SCV, respec-
tively, but these were thinned 41 years ago. This
allows the comparison between forest with its original
crown cover (here after we refer to as PF) and
silvopastoral use in the same site quality. The average
age of the dominant trees in height ranged between 90
and 100 years. More detailed information about
climate, soil and structural characterization of stands
is available in Bahamonde et al. (2015).

Seed production and quality

To quantify the seed production four traps of 1 m*
were installed in each stand (randomly distributed in
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the PF and regularly separated in the silvopastoral
stands) 1 m above the ground. The traps were sampled
monthly during the period of seed fall at these latitudes
(February—May) (Bahamonde et al. 2011) during a
continuous period of 10 years (2004-2013). The
collected material was carried to the laboratory in
plastic bags and then, the seeds were quantified
manually. For each stand the mean annual seed
production per unit area (millions ha™') was calcu-
lated by summing the monthly values.

Seeds size was calculated weighting all seeds with
an analytical balance (£0.001 g) to determine the
weight of 1000 seeds. Also, three to five samples of
100 seeds (depending on the availability of seed each
year) were randomly taken for each stand to quantify
the percentage of seed germination. For this, the
selected seeds were stratified at 4 °C for 60 days
(Premoli 1991), then, the stratified seeds were placed
in a germination chamber according to ISTA (1999)
standards for Nothofagus spp. for a period of 60 days.
The counting of seedlings was carried out every
2 days. We consider a successfully germinated seed-
ling when two cotyledons were full developed.

Regeneration

To quantify the incorporation of seedlings in each
stand, four permanent plots of 1 m* (1 x 1 m) were
installed, and each individual seedling was located in a
XY coordinates system. Half of the permanent plots
were closed with wire mesh to avoid wild and
domestic animals browsing on regeneration. In each
plot, the number of seedlings incorporated (Decem-
ber) and its mortality during growth season (April)
were measured. These dates have been documented as
adequate to evaluate the effective new regeneration in
a given year (Bahamonde et al. 2011).

The volumetric water content (0-20 cm) was
measured in each stand using a soil moisture meter
Time Domain Reflectometry proven precision equip-
ment (TDR flag Eijkelkamp, Model FM-3-14.62,
Santa Barbara, USA), in two ways: (a) at the
beginning of the growing season (during the last
week of November each year from 2005 to 2011) to
evaluate water conditions for seedling establishment;
and (b) each month from November to April in order
to relate the soil water content with the seedling
survival.

Data analysis

Exploratory testings were carried out to verify the
compliance with the assumptions of normality,
homoscedasticity and independence of data for each
evaluated condition. While the Shapiro—Wilk test was
performed to verify the normality of the data, the
Levene test was used to verify homoscedasticity. The
independence was verified by analysing residuals from
graphs. To evaluate the incidence of site class on seed
production, seed weight, germination and temporal
distribution of seeds fallen, the three PF stands were
analysed with repeated measures ANOVAs with site
class as an inter-subject factor, and years as an intra-
subject factor. To analyse the seed production and
quality (seed weight and germination) and its temporal
distribution between crown cover, silvopastoral and
PF stands were compared at two site classes through
repeated measures ANOV As with site class and crown
cover as inter-subject factors, and years as an intra-
subject factor. This type of analysis has been shown to
be appropriate for studies like this where data obtained
are not independent in time (Gurevitch and Chester
1986). Then, when F-values were significant
(p < 0.05) a Tukey test was performed for media
comparisons. To avoid misinterpretations multiple
comparisons were made when the interaction between
factors were significant (Willems and Raffaele 2001).
With the aim of evaluate the possible incidence of an
environmental variable related to the seedling estab-
lishment and mortality, the volumetric soil moisture
between crown cover was analysed with one-way
ANOVA and Tukey test. The installation and survival
of seedlings were analysed with the no parametric
Kruskal-Wallis test because the data were not nor-
mally distributed and the U Mann—Whitney test when
significant differences were found.

Finally, to evaluate potential correlations between
different evaluated variables (amount, weight and
germination of seeds; litterfall production; total vol-
ume, crown cover and dominant percentage of trees;
volumetric soil moisture; seedling installation and
survival) Pearson correlation coefficient was calcu-
lated for the five studied stands for the ten evaluated
years. Also, the litterfall production evaluated in the
same stands during the same years and their structure
variables (Bahamonde et al. 2015), were used as others
independent variables to evaluate these correlations.
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Table 1 Repeated measures ANOVA for seed production, weight and seed germination, measured at three site classes (I, IV and

V), and 10 years (2004-2013) in primary N. antarctica forests

Source df

Seed production F (p)

Seed weight F (p) Seed germination F (p)

Between subject effects

Site class (SC) 2 1.05 (0.394) 26.50 (0.001) 317.36 (<0.001)
Within subject effects

Year (Y) 9 12.35 (<0.001) 6.12 (<0.001) 74.78 (<0.001)
Interactions

SC x Y 18 421 (<0.001) 3.43 (<0.001) 74.96 (<0.001)
Results production of 40 % occurred in February and declined

Seed production and quality in PF

Seed production did not differ between PF growing at
different site classes (Table 1), with an average
production during 10 years of 17, 20 and 11 million
seedsha™!,in SCIIL, IV and V, respectively. But, both
the seed production between years and the interaction
between SC and year were significantly different
(Table 1). Higher seed production occurred during
2005, 2008 and 2012, while the year 2004 showed the
lowest values (Fig. 1a). However, the interaction
between years and site classes indicated that maxi-
mum seed production not always occurs at the best SC.
In example, during 2005 PF in SCIII produced more
seeds, but in 2008 this occurred in SCIV (Fig. 1a).

The seed weight varied significantly between SC
and year, as well as the interaction between SC and
years (Table 1). In the 10 years average the weight of
seeds showed a gradient with 1.4, 1.2 and 1.0 g 1000
seeds ™' for SC V, IV and III, respectively. Despite this
there was a trend of higher seed weight values when
differences between site classes occurred (Fig. 1b).

Similarly, the differences of seed germination
between SC, years and its interaction were significant
(Table 1). The seed germination averaged 9.2, 2.4 and
2.9 % in the evaluated period for SC (V, IV and III),
respectively, being significantly greater in SCV, with
no differences among SCIV and SCIII. Comparing the
seed germination between SC in each year, it was
remarkably higher in SCV during the year 2008
(Fig. 1c¢).

When we analyzed the percentage of fallen seeds at
each month, not differences were found between years
(p > 0.05) and between SC. A total annual seed

@ Springer

to <10 % in April (see Supplementary Material).

Changes in seed production and quality due
to thinning

The seed production was not modified by the crown
cover, but did vary according to the site class and year
(Table 2). During the 10 years evaluated period the PF
averaged 20 million seeds ha~' and the silvopastoral
(SP) stands 13 million seeds ha~' in SCIV, while in
SCV the PF and SP stands averaged 11 and 9 million
seeds ha™', respectively. Comparing each year among
different crown cover there were significant differ-
ences during 2005 and 2006 in stands growing at SCIV
with greater values in the PF (see Supplementary
Material). In SCV there was different production of
seeds only in the year 2013 with major values in PF.
The interaction between site class and year is due to
the maximum seed production differed between SCIV
(2012) and SCV (2008). Similarly to what occurred in
PF, the percentage of fallen seeds at each month
decreased from 43 % in February to less than 8 % in
April without differences between years (p > 0.05)
and between SC (see Supplementary Material).

The seed weight only varied between years with not
significant interactions between the main factors (site
quality class, crown cover) (Table 2). Analyzing
separately each SC every year, in SCIV there were
differences between crown cover during 2 years (2006
and 2009) with major values in PF, while in SCV the
seed weight was higher in SP only one of the 10 years
(2006) (Table 3).

In the case of seed germination the differences were
significant for all factors (Table 2). According site
class, the percentage of seed germination was higher
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Fig. 1 Seed production (a), seed weight (b) and seed germi-
nation (c¢) measured during 10 years in three primary N.
antarctica forests growing at different site classes (SC). Bars

in SCV (10.5 %) than in SCIV (2.6 %). According the
crown cover SP showed higher values (7.3 %) than PF
(5.8 %). Finally, according years of study, the per-
centage in 2008 was higher (20.3 %) than the other
years (ranged from 1.2 to 9.6 %). The interactions
were significant among all factors (Table 2). In the
stands growing at SCIV the seed germination was
higher at SP in 2 years (2010 and 2011), while in SCV

—o

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Year

represent the standard error of the mean. Different letters among
columns indicate significant differences among SC (p < 0.05).
Ns not significant differences

the differences among crown cover alternated among
years (Table 3).

Regeneration in PF
No differences were found in the seedling installation

between the plots with or without wire mesh protection
against herbivores (p > 0.05). Therefore these results
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Table 2 Repeated
measures ANOVAs for seed
production, weight and seed
germination estimated for

Source df Seed production F (p) Seed weight F (p) Seed germination F (p)

Between subject effects

. Site class (SC) 1 5.59 (0.042) 4.55 (0.062) 519.90 (<0.001)
two site classes (IV and V),
two crown cover (PF and Crown cover (CC) 1 2.85 (0.146) 0.002 (0.97) 18.40 (0.001)
silvopastoral stand) and Within subject effects
10 years (2004-2013) in N. Year (Y) 9 19.80 (<0.001) 2.77 (0.007) 75.90 (<0.001)
antarctica forests .
Interactions
SC x CC 1 1.31 (0.282) 0.142 (0.72) 12.0 (0.005)
SCxY 9 11.27 (<0.001) 0.82 (0.602) 76.80 (<0.001)
CCxY 9 1.82 (0.077) 1.17 (0.329) 16.37 (<0.001)
SCx CCxY 9 0.91 (0.520) 0.74 (0.674) 22.03 (<0.001)

Table 3 Seed weight and seed germination evaluated in N. antarctica primary forest (PF) and silvopastoral (SP) stands growing at
SCIV and SCV during 10 years

Year Seed weight (g 10007" seeds) Seed germination (%)

SC IV scv SC IV sCv
PF SP PF SP PF SP PF SP

2004 1203)a 2052  22(08a 210.0a  20(08a 2202a  28(3)a 3.1 (0.2)a
2005 1.1 0.Da 09 (0.1a 1.2 (0.1)a 1.9 (1.5)a 1.5 (0.6)a 1.5 (0.6)a 10.5 (4.4)a 4.5 (4.2)b
2006 1.3 (0.2)a 1.0 (0.1)b 1.1 (0.1)a 1.6 (0.3)b 4.7 (0.8)a 1.9 (0.8)a 1.9 (0.8)b 25.0 (8.2)a
2007 1.4 (0.2)a 1.8 (1.3)a 1.0 (0.2)a 1.6 1.0)a  93(33)a  9.0(29a 1.7 (0.8)b 183 (6.3)a
2008 1.3 (0.2)a 1.1 (0.2)a 1.7 (0.1)a 1.6 (0.3)a 13052  23(1.0a 460 4.9a 323 (2.1)b
2009 14 (03)a 0.9 (0.2)b 1.6 (0.2)a 1.1 03)a 0.5 (0.6 1.0 (0.8)a 12.8 (4.6)a 2.5 (0.6)b
2010 09 (0.Da 0.8 (0.1a 1.2 (0.3)a 1.1 (03)a  03(0.5b  47(09a 3.0 (0.8)b 6.7 (4.5)a
2011 1.1 0.Da 0.9 (0.1a 1.4 (0.2)a 1.0 (0.5 0.7 (0.5b 1.70.5)a 03 (0.5)b 2.0 (0.8)a
2012 1.0 0.Da 0.9 (0.1)a 1.6 (0.3)a 1503)a  20(08a  0.7(0.9a 128 (1.3)b  20.0 2.9)a
2013 1.2 (0.D)a 1.0 (0.1)a 1.3 (0.1)a 1306a 21@2Da 2405a 0b 4.4 (2.2)a

Numbers in parentheses are the standard deviation of the mean

Among PF and SP for a same year and site class, means followed by the same letter do not differ significantly (p > 0.05)

were unified and are presented all together (with and
without protection) for each stand. Comparing different
site classes of PF, the seedling installation depended on
the year. In 2006 seedling installation only occurred in
SCIII (10,000 seedling ha™ l) with 100 % of mortality at
the end of the growing period (April). In 2008 there were
5000 and 180,000 seedlings ha~' in SCIII and SCV,
respectively (p < 0.05). The survival was 100 % in
SCHI and 19 % in SCV at the end of period (p < 0.05),
but the mortality was 100 % at the second year in both
stands. In SCIV the seedling installation was not
recorded in any of the evaluated years. Similarly in the
others evaluated years there were not seedlings in none
of the stands.

@ Springer

Changes in regeneration due to thinning

As was described before for PF the regeneration was
also independent of protection against domestic or
wild large herbivorous. In SCIV seedling installation
only occurred in SP stand, therefore it was not possible
to conduct statistical comparison among different
crown cover. The establishment of seedlings occurred
during 4 years, with 33,000, 8000, 8000 and 5000
seedlings ha~' during 2004, 2007-2009, respectively.
Only during the year 2008 there was 67 % of seedling
survival at the end of the summer, but at the second
year all seedlings did not survive the first growing
season. In SCV seedling installation occurred in SP
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stand during the years 2004, 2008 and 2009 with
63,000, 240,000 and 20,000 seedlings ha_l, respec-
tively. At the end of the growing season there was
survival of 39 and 75 % during the years 2008 and
2009, respectively. In 2008 the PF stand had an
establishment of 180,000 seedlings ha~!, with not
differences (p > 0.05) with the equivalent SP stand.
However, the survival at the end of the season was
lower (p < 0.05) in the PF stand with 19 %. Never-
theless, in all cases the seedlings did not survive a
second year.

Soil moisture did not change between PF and SP
neither at the beginning (November) and the average
for the entire growing season (November to April) in
the two studied site quality classes (see Supplementary
Material). However soil moisture differed between
years in both site classes (p < 0.05), being higher
during the season 2005-2006 than the other years.

Correlation between structural, environmental
and seeds

Seedlings establishment was significantly and posi-
tively associated to the seed production and its quality
(e.g., seed weight and seed germination; Table 4).
However, the seedling survival was not correlated
with any of the evaluated variables. The seed germi-
nation was positively correlated with the seed weight.
With regard to the structural variables, the total
volume of the stand was positively correlated with
the litterfall production and crown cover, but nega-
tively associated to the seed weight, seed germination
and % of dominant trees. Also, the % of dominant trees
was negatively correlated with the litterfall production
and crown cover (Table 4). This last variable was also
positively associated to the litterfall production and
soil moisture average during the seedling growth
season. Finally, the litterfall production was nega-
tively correlated with the soil moisture during the
seedling installation.

Discussion

The seed production and quality, establishment and
survival of seedlings evaluated are discussed regard-
ing the potential influence of the environmental
conditions and management of N. antarctica forests.
In general, in the studied sites the site quality did not

influence their seed production and regeneration.
However, the management for silvopastoral use
showed some incidence in the regeneration.

Seed production and quality in PF

The seed production was in the range of the reported
by Soler et al. (2013), in a primary N. antarctica forest
of similar structural features to our SCIII stand,
evaluated during 3 years in Tierra del Fuego.
Although the evaluation of seed production in
Nothofagus spp. in general, and for N. antarctica in
particular, are scarce, the great inter annual variability
has been reported. Allen et al. (2014) measured seed
production in Nothofagus solandri forests in New
Zealand during 45 years and reported great inter
annual variation with values between 0 and more than
10,000 seeds m~2. In a shorter study Marchelli and
Gallo (1999) found significant inter annual variation in
seed production of Nothofagus nervosa in Chile and
Argentina. These variations have been related with
some type of periodicity in the seeding of the species,
which would imply some “special” years with very
high production also known as “mast seeding”
(Herrera et al. 1998) occurring at certain intervals of
years or periodicity. But, strictly there are not
antecedents for Nothofagus spp. in support of such
fixed periodicity. In this study, although we recorded
some years with very high seed production, we could
not glimpse the mentioned periodicity.

Previous studies in temperate forests around the
world have suggested various weather conditions as
cues for masting depending on tree species and areas
(Kelly and Sork 2002; Richardson et al. 2005; Masaki
et al. 2008). For Fagus sp. forests in Japan, lower
temperature in spring and higher temperature in
summer and seed fall density in a year were proved
to have a decisive influence on the seed fall density in
the subsequent year (Masaki et al. 2008). For N.
solandri forests in New Zealand, Richardson et al.
(2005) reported that high seed production was related
to cool summers with high soil moisture, warm
summers during flower primordia development, and
low net C availability. Actually in these same stands
studied here, Bahamonde et al. (2011) found an
inverse relationship (p < 0.001) between seed pro-
duction and the number of days with air temperature
bellow 0 °C during late winter (previous flowering
period). However, such weather conditions should be

@ Springer
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infrequent enough to provide the above mentioned
masting periodicity. This fact can explain the com-
plexity of the process and may clarify why not
differences were found in the seed production between
the studied stands growing at different site quality
classes, associated with contrasting total wood volume
(Lencinas et al. 2002), understory productivity (Ba-
hamonde et al. 2012) or litterfall production (Baha-
monde et al. 2015).

The range of seed size (evaluated through weight of
1000 seeds) found in this study is similar to the
informed in other publications for N. antarctica
(Premoli 1991), but still being one of the most small
of the south American Nothofagus spp. with N. nitida
(Donoso and Escobar 2006). Despite inter annual
variations, the trend was that stands in SCV had
heavier seeds than SCIV. The factors that determine
this trend are not clear, but there are antecedents
relating the seeds size to genetic variations (Pastorino
and Gallo 2000), environmental effects during devel-
opment of mother plants (Leishman et al. 2000) or
forest structure (Henriquez 2004).

In general, the germination of N. antarctica is
known as one of the lowest among south American
Nothofagus spp. (Donoso et al. 2006). Similarly, the
variation between years and stands also has been
reported for the species in northern latitudes (Premoli
1991). Also, this author found that a population that
produced highest percentage of germination had also
the heaviest seeds and suggested that these results
could be related to optimum environmental conditions
in that population. In our study, surprisingly, the
percentage of germination in the SCV stand during
2008 was higher than expected, being the highest
found in the literature for N. antarctica. This great
variation between years in the same stand suggests a
decisive influence (direct or indirect) of some envi-
ronmental driver. But unfortunately it was not detected
in the present work. There are antecedents indicating a
close direct relationship between the seeds size and its
further germination or viability (Cellini 2010), as well
as interactions among seeds size and environmental
conditions (i.e., light) (Pearson et al. 2002).

As has been previously reported (Bahamonde et al.
2011) the proportion of fallen seeds at each month was
independent of the production every year. Donoso
et al. (2006) have suggested that the period of seed
fallen in N. antarctica would vary as a function of the
latitude and biotope where the stands are located.

Changes in seed production and quality due
to thinning

In general, the differences in forest structure between
PF and SP was not reflected in seed production in
both site quality classes. Thus, it would be valid to
say that individually the trees growing in the
silvopastoral stands produced higher quantity of
seeds compared to the trees in PF. These results were
different to the published by Soler et al. (2013) for N.
antarctica forests in Tierra del Fuego, who informed
that PF produced more seeds compared to silvopas-
toral use stands in a period of 3 years. According
these authors such differences may be related to the
major basal area (and in consequence major crown
cover) in the PF compared to the silvopastoral one. In
our study, the lower basal area and crown cover in SP
stands (Bahamonde et al. 2015) did not imply less
seed production. There is information assigning an
important role in the seed production to the size of the
individual plants (Weiner 1988). Moreover, in the
case of trees seed production some authors uses only
measurements in dominants and co dominant trees
(Greene and Johnson 1994). In our work, the
proportion of dominant and co-dominant trees were
higher in the SP stands (especially in SCV), which
could explain in part the obtained results. In the same
way, litterfall production evaluated in the same
stands and years showed a similar pattern (Baha-
monde et al. 2015).

In general, the change of the structure derived
from the different stand uses did not modify the size
of seeds, keeping it within the range found in the
literature. In the case of seeds germination, different
patterns were found among site classes. In SCIV, the
trend was not different among uses, but in SCV there
were differences among years and uses. There are not
antecedents about seeds germination in N. antarctica
during several years. Soler et al. (2013) did not find
differences in the parameter ‘“non-viable seeds”
between different uses of fiire forests in Tierra del
Fuego in a period of 3 years, although significant
differences between years were informed. In a
noticeable long period study (45 years) in N. solandri
forests, Allen et al. (2014) reported a great inter
annual variation in the production of viable seeds.
Also these authors published that the changes in
viable seeds were associated to rainfall and
temperatures.
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Regeneration in PF

There was very low (or null) generalized establish-
ment of seedlings and their survival during the
following years in the evaluated stands independently
of the site quality class where forests were growing.
This contrast with Soler et al. (2013) in Tierra del
Fuego, where they measured seedlings establishment
during 3 years in a primary N. antarctica forest in a
site equivalent to our SCIII, with an average value of
2.6 million ha~'. The scarce existing antecedents
about seedlings establishment in N. antarctica forests
highlighted the low reproductive success through
seeds, being its main reproductive strategy the vege-
tative regrowth (Veblen et al. 1996; Donoso et al.
2006).This is consistent with the latest inventory in N.
antarctica forests in Santa Cruz province, where Peri
and Ormaechea (2013) informed that 40 % of the total
surface of fire forest has scarce or null regeneration,
and 70 % of the total regeneration when exists is
related to fire. Also there are antecedents evidencing
favorable resprouting of stumps after thinning prac-
tices in Santa Cruz (Bahamonde et al. 2013b). Beside
this, it is possible that in better growing conditions
(i.e., higher rainfall through the year) as in Tierra del
Fuego, the natural regeneration can be the main
reproduction strategy for these forests (Soler et al.
2013).

Changes in regeneration due to thinning

Although it was not possible to analyze statistically the
establishment and survival of seedlings between PF
and silvopastoral stand, it was evident that the canopy
openness of silvopastoral stands favored the estab-
lishment of seedlings in both site classes. This pattern
had already been previously reported in a shorter study
in these sites (Bahamonde et al. 2013a). Similarly,
Soler et al. (2013) informed higher establishment
success in silvopastoral stands compared to PF of V.
antarctica in Tierra del Fuego. Also these authors
reported very low percentage of seedlings survival
during the two subsequent years, with not differences
among PF and SP stands. This is concordant with the
literature indicating that in general the Nothofagus
spp. have more successful establishment of seedlings
in high light and soil moisture conditions (Veblen et al.
1996; Cuevas 2000; Martinez Pastur et al. 2011),
although in our study the soil moisture did not differ

@ Springer

between PF and SP stands. Particularly N. antarctica
has been labeled as an specie with low tolerance to the
shade (Frangi et al. 2004). The generalized very low
survival of seedlings was not related to the soil
moisture because its values were in a range considered
adequate for growth. However, we can speculate that
may be caused by the high competition with the
understory grasses proliferating specially in more
open areas. Particularly, in the studied sites there are
antecedents reporting that the aerial biomass of
grasses inside the forest was similar to the measured
in open areas surrounding the forest (Bahamonde et al.
2012).

Correlations between structural, environmental
and seeds

The global analysis allow us to determine the positive
association between seedling establishment and the
seed production and its quality (size and germination),
and explain the scarce reproductive success in the
studied sites, which may be due to a general low seed
production, seed weight and germination rate. About
this, there are antecedents indicating that bigger seeds
have more success in establishment and survival of
seedlings for different species (Osunkoya et al. 1994;
Walters and Reich 2000). Similarly, Pearson et al.
(2002) reported an interaction between different light
levels and seeds size on the germination of 16 species
of pioneer trees in semi-deciduous rain forest in
Panama. On the other hand, the negative correlation
between the quality of seeds (size and germination)
and total volume of wood (combination of density and
tree size) was because the PF in SCIII and SCIV
(greater volume stands) produced lighter seeds with
low germination. Although we included the litterfall
production in this analysis to check if it was related to
the seed production but no correlation was found. The
significant correlations between litterfall production
and structural variables have been discussed in
Bahamonde et al. (2015). The positive correlation
between crown cover and soil moisture could be due to
the decrease of strong winds by the trees in these
stands (Bahamonde et al. 2009) which reduce water
loss from evaporation. The negative correlation
between litterfall production and the soil moisture at
the beginning of seedling establishment could reflect
higher level of rainfall interception at the soil level.
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The 10 years of measurements and antecedents
suggest that in Santa Cruz province the regeneration of
N. antarctica forests from seeds is strongly restricted
by several factors. On the one hand, seed production
and its quality would restrict the seedling installation.
Soler et al. (2013) reported several factors affecting
seedling establishment such as flowers production,
losses by predation (i.e., insects, birds, mice) and
losses due to environmental conditions (i.e. stratifica-
tion during winter). On the another hand, the thinning
practices that open the canopy for silvopastoral use
improved the conditions (specially availability of
light) for the establishment of seedlings, but at the
same time the canopy openness stimulates the under-
story growing, which would restrict the seedlings
survival. In Tierra del Fuego Soler et al. (2013)
informed major success of seedling establishment and
survival in silvopastoral stands compared to primary
and secondary forests.

In any case, the silvopastoral use of these forests
implies the introduction of cattle, which have negative
consequences for regeneration. Echevar-
ria et al. (2012) determined that high animal stocking
rate (>0.6 bovine units ha~' year™') affected nega-
tively the surviving and growth of N. antarctica
regeneration in silvopastoral systems in Chubut
province. In this context, management practices are
necessary to guarantee the continuity of the arboreal
stratum. There are antecedents where individual
protections in regeneration have been used (Martinez
Pastur et al. 2013). These authors reported that
protected saplings had higher mean annual growth in
height (10.1 cm) compared to unprotected saplings
(0.4 cm), mainly after the second year of protections
setting up.

Conclusions

In general terms the site quality of the studied forests
did not influence their seed production and regener-
ation. The amount of seed production and seed quality
were proved to have a decisive influence on the N.
antarctica seedling establishment in the subsequent
year. At the same time, our results suggest that
independently of the site class where the stands are
growing, the canopy openness for silvopastoral use
improve the conditions for seedling establishment.
However, the success of seedling survival over time

would be conditioned for the influence of another
factors not measured here (e.g., understory competi-
tion, drought). Finally, the results suggest that man-
agement of regeneration is necessary to ensure
continuity of arboreal stratum in N. antarctica forests
under silvopastoral use. Further studies are still needed
to better understand the reproductive strategies of this
species.
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