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Understanding regeneration processes is important for implementing new silvicultural treatments that
rely on natural regeneration from seed. Nevertheless, integrated, flower-to-sapling studies of the regen-
eration cycle evaluating the effect of management factors operating at each reproductive stage are scarce.
We analyzed the influence of variable retention harvesting on the biotic and abiotic drivers of regenera-
tion of Nothofagus pumilio forests of Southern Patagonia (Argentina). We quantified losses in reproductive
potential caused by biotic and abiotic factors within the landscape mosaic generated by variable reten-
tion, including harvested stands with aggregated retention and dispersed retention, and in primary
unharvested forests. Overall, pre-dispersal losses were caused by wind and insect predation acting on
flowers and developing fruits, whereas post-dispersal losses resulted from stratification during winter,
and impact of microclimate and rodent predation upon seeds. Dispersed retention areas modified the
main drivers of regeneration as compared to aggregates and control areas. Flowering and fruiting was
favored in the dispersed retention treatment, whereas seed and seedling survival were more successful
in aggregates and control stands. Aggregates retained within harvested areas maintained most of repro-
ductive processes of primary unharvested forests. The most critical step of the reproductive cycle is asso-
ciated with the seedling stage to the extent that complete regeneration failure can occur in certain years
independently of flower and seed crops.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The success of any regeneration method depends on its eco-
nomic feasibility, its impact on biodiversity, and the potential
recovery after harvesting. Forest regeneration is a dynamic process
whereby new trees are recruited into the adult population, thus
compensating for the losses derived from gradual mortality
(Busing and Mailly, 2004), wind-throws (Rebertus and Veblen,
1993), or harvesting (Gea et al., 2004). The full regeneration
process includes multiple transitions among different reproductive
stages (flowers, seeds, seedlings, and woody saplings) that depend
on abiotic and biotic factors affecting the final reproductive output
in terms of the number of new juvenile trees established (Pulido,
2002; Pulido and Díaz, 2005). In Patagonian forests, harvesting
greatly modifies the forest environment (e.g., microclimate and
nutrient cycles) (Frangi and Richter, 1994; Caldentey et al., 2001,
2009; Promis et al., 2010) and impact on most of their biodiversity
components (e.g., Deferrari et al., 2001; Spagarino et al., 2001).
These changes potentially influence the success of flowering,
ll rights reserved.
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fruiting, dispersal, recruitment, and, consequently, the overall
levels of natural regeneration (Soler Esteban et al., 2010).

Several methods have been proposed to manage southern
Patagonian forests based on their sexual regeneration, e.g., high-
grading cuttings, clear-cuts (Gea et al., 2004), shelterwood cuts
(Rosenfeld et al., 2006), and, recently, a variable retention system
(Gustafsson et al., 2012; Lindenmayer et al., 2012) was proposed
for these austral forests (Martínez Pastur et al., 2009, 2011a). This
method proposes to keep 30% of the timber quality forest area as
aggregated retention in 60 m diameter patches and 10–15 m2 basal
area as dispersed retention among aggregates, thus enhancing
biodiversity conservation of the harvested stands (Vergara and
Schlatter, 2006; Lencinas et al., 2009, 2011).

Regeneration of Nothofagus pumilio forests has been intensively
studied (e.g., Heinemann et al., 2000; Cuevas, 2000, 2002; Gea
et al., 2004; Rosenfeld et al., 2006; Heinemann and Kitzberger,
2006; Martínez Pastur et al., 2011a,b). Most previous reports a pri-
ori assumed single factors, such as microclimate or over-browsing
by guanaco (Lama guanicoe) (Pulido et al., 2000), as explanations of
regeneration failure without considering the interactive effects of
other factors along the cycle (e.g., foraging, fruit set, seed quality,
frost damage during stratification) (Cuevas, 2000; Soler Esteban
et al., 2010). Therefore, we lack an integrated picture of the whole
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regeneration process and of the contribution of each factor to the
final reproductive output (Pulido et al., 2010). For each sequential
stage (flower, fruit, seed, seedling), the reproductive potential de-
pends on the combined effects of biotic and abiotic factors (Wang
and Smith, 2002). Therefore, to develop sound silvicultural tech-
niques for improving N. pumilio regeneration, we must first know
the effects of these factors on the reproductive output at any given
stage of the whole cycle (Pulido et al., 2010). In this paper we used
an integrated approach to analyze the influence of variable reten-
tion harvesting on the biotic and abiotic drivers acting along the
reproductive cycle of Patagonian N. pumilio forests. Transition
probabilities between stages of the reproductive cycle in different
harvested and unharvested forests (Pulido and Díaz, 2005; Pulido
et al., 2010) were estimated to address the following questions:
(i) which is the relative importance of the different abiotic and bio-
tic drivers along the reproductive cycle?, (ii) does forest harvesting
modify the main drivers as compared to primary unharvested for-
ests?, (iii) does variable retention allow the maintenance of the
main natural reproductive processes operating in the primary
unharvested forests?, and (iv) what are the critical stages explain-
ing regeneration failure along the whole process?
2. Methods

2.1. Natural history of N. pumilio

N. pumilio forests are the main commercial woodlands in south-
ern Argentina and Chile. N. pumilio is a deciduous broadleaved spe-
cies that grows mainly in pure stands, but also in mixed stands
with the evergreen N. betuloides (Cruz et al., 2007). It is a medium-
to large-sized tree reaching up to 30 m in height and up to 1.7 m in
DBH in the best site qualities (Barrera et al., 2000; Gea et al., 2004).
According to Martínez Pastur et al. (2008), N. pumilio is a monoe-
cious, anemophilous species, with solitary male flowers appearing
first at the base of the shoots, and solitary female flowers growing
later at the distal extremes. Wind pollination occurs in late spring,
whereas fruit development takes place during early summer. The
fruit is a nut that reaches maturity during late summer and early
autumn. Flowers and fruits are exposed to pre-dispersal predation
by insect and birds. After dispersal seeds are consumed by rodents
(e.g., Akodon, Euneomys and Oligoryzomys species) or birds. Surviv-
ing seeds germinate during the subsequent growing season in late
spring and early summer. There is no persistent seed bank in the
forest floor, but seedlings can persist up to 25 years with sup-
pressed growth in the understory (Cuevas, 2000, 2002).
2.2. Study sites and forest structure

We estimated the transition probabilities between stages of the
reproductive cycle in different harvested and unharvested primary
forests at Los Cerros ranch (54�200SL, 67�520WL), Tierra del Fuego,
Argentina. Timber managed forests were harvested through the
variable retention system (Martínez Pastur et al., 2009). Nine plots
were selected within an area of 3500 ha: three aggregates (AR:
dense circular patches 60 m in diameter), three areas of dispersed
retention 20–30 m between the aggregates (DR), and three unhar-
vested primary forests (PF) located in different stands. Location of
the plots within the area was selected according its homogeneity
and accessibility. In the harvested plots, harvesting was performed
2 years before the onset of this study. We studied three consecu-
tive reproductive cycles (2006, 2007 and 2008) producing seed-
lings in 2007, 2008 and 2009. Each seedling cohort was
monitored for three consecutive years until the sapling stage.

Forest structure was characterized in six plots using the point
sampling method (BAF 6) (Bitterlich, 1984). The plots were
systematically located 30 m apart from the biomass traps in DR
and PF, and in the center of 6 different aggregates at each sampling
point. In each sampling-point, total height and quadratic mean
diameter (QMD) of each tree were measured, and dominant height
(DH), tree density (N), basal area (BA) and total over bark volume
(TOBV) were measured using methodology proposed by Gea
et al. (2004). To characterize canopy structure and irradiance, we
used hemispherical photographs of the forest canopy taken 1 m
above ground level with an 8 mm fish eye lens (Sigma, Japan)
mounted on a 35 mm digital camera (Nikon, Japan). Gap Light
Analyzer software v.2.0 (Frazer et al., 1999) was used to estimate
crown cover (CC), effective leaf area index (LAI) integrated over
the zenith angles 0–60�, global radiation (GR) at understory level
transmitted through the canopy along the growing season
(November–March), and percentage of global radiation (PGR) as
the ratio of GR to the amount of direct and diffuse radiation
incident on a horizontal surface located above forest canopy (for
details see Martínez Pastur et al., 2011a,b).

Climatic variables (air temperature, soil temperature at 30 cm
depth, average maximum wind speed at 2 m height and rainfall
reaching the forest floor) were measured with three weather sta-
tions (Davis Weather Wizard III and accessories, USA) placed in
each treatment for 3 years (2006–2008). Climate was characterized
by short, cool summers and long, snowy and frozen winters
(Fig. 1). Temperatures below zero occurred all the year round,
and the growing season extended for approximately 5 months
(November–March). Mean monthly air temperatures were higher
in PF than in AR and DR. Soil temperature was always above zero
in PF and AR, but soil freezing was observed in DR during July.
Wind speed was higher in DR > AR > PF. Rainfall was homoge-
neously distributed throughout the year, and was higher in
DR > AR > PF (Fig. 1).

2.3. Flower and fruit production (pre-dispersal phase)

In each of the nine plots, we installed 10 biomass traps (plastic
buckets 0.06 m2 in area and 30 cm deep), which were perforated to
allow water drainage. In PF and DR the traps were established
along a 50 m transect. In AR the traps were placed close to the cen-
ter of the aggregate to minimize edge effects. Flowers and fruits
fallen into the traps were collected monthly and transported to
the laboratory. Classified plant material was oven-dried at 70 �C
until constant weight and subsequently weighed to the nearest
0.0001 g.

Flowers from traps were classified as intact male flowers (MF),
intact female flowers (FF), female flowers damaged by insects (FFI),
abscised female flowers (FFA), and female flowers resulting in
empty fruits (FFEF). Fruits were classified as fruits damaged by in-
sects (FRI), fruits damaged by birds (FRB), abscised immature fruits
(FRA), and sound fruits (SFR). Insect damage was deduced from the
deformation due to dehydration of the reproductive organs,
whereas bird damage was assessed on the basis of uneaten fruit
parts rejected after foraging. Seed development (full or empty)
was assessed by means of internal inspection. Subsequently, the
tetrazolium test (2,3,5-triphenyltetrazolium chloride) was con-
ducted to assess seed viability. Embryos were incubated for 24 h
in a water dilution of 0.1% solution in darkness at 25 �C (Cuevas,
2000). Seeds were considered viable if the solution turn red due
to hydrogen reduction derived from enzymatic activity. Seeds
showing no reaction and seeds with aborted embryos were consid-
ered as non-viable seeds.

2.4. Seed production and seed losses (post-dispersal phase)

In the post-dispersal phase we quantified the number of sound
seeds produced (SS), seeds predated by mice (SM), seeds predated



Fig. 1. Climate characterization (mean values for 2006–2008) for managed with different retention types (aggregated and dispersed) and primary unmanaged Nothofagus
pumilio forests.
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by birds (SB), and non-predated seeds died during winter stratifi-
cation (SWS). In each plot, one wire cage of 0.2 m2 with a
30 � 30 mm mesh size to exclude bird foraging and allowing mice
activity was operating from April to October. Seeds were marked
with 4 cm colored nylon thread attached to the nuts. Five groups
of 25 marked seeds were placed inside the cages (exposed only
to mice foraging), and five groups were placed outside close to
the cages (exposed to both mice and bird foraging). Marked seeds
were mixed with the litter on the forest floor. Seeds remaining
after winter were recovered and counted at the end of the experi-
mental period each year. A second assay was established close to
the first one in order to analyze losses of seed viability during win-
ter. Five bags of 2 � 2 mm mesh size (to avoid consumption) con-
taining 25 seeds were placed in the litter of the forest floor of each
plot. Seed viability was determined as described above at the
beginning and at the end of the assay each year.
2.5. Seedling emergence and survival

After spontaneous germination we recorded the number of
emerged seedlings (that is, shoots emerged but still lacking fully
developed leaves; EME) (million ha�1), establishment success
(seedlings emerged that developed fully expanded leaves; EST)
(%), seedling survival after 1 year (SUR1) (%), and seedling survival
after 2 years (SUR2) (%). Two permanent transects of 5 � 0.2 m
were established in each of the nine plots at the beginning of the
study. In mid-summer (late January), each emerged seedling was
identified with its coordinates (x, y) within the transect to allow
subsequent assessment of seedling survival.

Summarizing, in all plots the transitions between flower, fruits,
seeds and seedlings were monitored in three consecutive repro-
ductive cycles and cohorts (hereafter Year 1: from flowering in
October 2006 to seedling survival to the second growing season
in January 2010; Year 2: October 2007–January 2011; and Year
3: October 2008–January 2012).
2.6. Statistical analyses

We compared the structural traits of trees within the plots by
means of one-way ANOVA with treatment (AR, DR and PF) as fac-
tor. With respect to the demographic analysis, the probabilities of
transition (%) from any given stage to the next were used as re-
sponse variables (Pulido and Díaz, 2005; Pulido et al., 2010). We
used General Linear Models (GLMs) on a mixed model nested AN-
OVA design to test for the effect of Year and Treatment (fixed fac-
tors) and Plot as a random factor nested in Treatment. Normality
and homoscedasticity were tested, and variable were log trans-
formed when the assumptions were not met. Differences between
treatments were evaluated with a post hoc Tukey (honestly signif-
icant difference) test at p < 0.05. Statistica 7.0 (StatSoft Inc., Tulsa,
USA) package was used for all statistical analyses.
3. Results

3.1. Forest structure

Site quality of the studied plots showed slightly higher values in
the harvested sectors (site quality II–III) than in the primary unhar-
vested forests (site quality III), with a difference of 2.2 m in the to-
tal height. Harvesting significantly changed most of the studied
variables. These changes resulted in dramatic differences between
DR and AR-PF, the latter treatments being statistically similar for
most variables (Table 1). Crown cover was the only variable show-
ing differences in all pairwise comparisons (PF > AR > DR). Qua-
dratic mean diameter increased 32% in DR due to the selection of
larger trees for the retention. Basal area, total over bark volume
and effective leaf area index were reduced to 17%, while number
of trees were reduced to 8% in DR. Finally, irradiance at the under-
story level (GR and PGR) increased 3.6-fold in DR as compared to
AR and PF.



Table 1
Results from GLM analyses on one-way ANOVA-type design of the forest structure for managed with different retention types (dispersed and aggregated) and primary
unmanaged Nothofagus pumilio forests, considering: dominant height (m) (DH), quadratic mean diameter (cm) (QMD), number of trees (n ha�1) (N), basal area (m2 ha�1) (BA),
total over bark volume (m3 ha�1) (TOBV), crown cover (CC) (%), effective leaf area index (LAI), global radiation (GR) (W.m2) and percentage of global radiation (PGR) (%) at
understory level transmitted through the canopy.

Treatment DH QMD N BA TOBV CC LAI GR PGR

Dispersed 23.4b 74.2b 42.4a 13.0a 157.9a 44.5a 0.40a 27.63b 69.8 b
Aggregated 23.8b 56.1a 505.2b 78.5b 953.8b 80.3b 2.30b 7.73a 19.5a
Primary 21.4a 53.5a 510.5b 71.5b 788.8b 88.2c 2.51b 6.08a 15.3a

F 7.18 11.30 42.71 91.51 98.45 315.5 370.5 370.5 370.5
p 0.002 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

F = Fisher statistic; p = probability. Different letters denote differences in Tukey test at p < 0.05.
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3.2. Flower production and fruit set

The absolute numbers of male and female flowers (mil-
lion ha�1) were significantly higher in PF compared to harvested
areas (AR > DR) (Table 2). The production of male flowers showed
similar values during Year 1 and Year 2, but it increased 2.5-fold
in Year 3. Female flowers decreased in number during Year 2 but
peaked during Year 3. Significant Treatment � Year interactions
were noted due to a different trend in male flower production in
PF (Year 3 > Year 1 > Year 2), and a different trend of female flower
production between harvested and unharvested plots (Table 2).
The sex-ratio (male to female flower numbers) differed between
treatments, with higher values in PF (3.3) than in the harvested
stands (2.0 in AR and 1.6 in DR).

Losses in female flowers caused by insect damage, abscission or
abortion were not globally affected by treatments, though greater
losses were consistently found in PF. As a consequence, the per-
centage of undamaged flowers that were successfully fertilized
(fruit set) showed marginally significant differences among treat-
ments, with greater values in DR than in AR and PF. Inter-annual
variability of female flower damages was highly significant in all
cases, with Year 1 presenting the lowest values and, therefore,
higher fruit set. We found highly significant treatment � year
interactive effects for all rates of flower losses (Table 2).
3.3. Fruit development and fruit damage

The absolute number of fruits (million ha�1) was significantly
higher in AR and PF compared to DR (Table 3). The Treat-
ment � Year interaction was significant due to a different trend
in the number of fruits between harvested and unharvested stands
(Year 1 > Year 3 > Year 2). Concerning fruit fate, the percentage of
fruits damaged by insects was significantly higher in PF as
Table 2
GLM analysis on a mixed model, nested ANOVA-type design testing for the effect of treatm
(million ha�1), female flowers (million ha�1), female flowers predated by insects (%), ab
Percentages refer to the absolute number of female flowers.

Variable Male flowers Female flowers Predated

Treatment Dispersed 7.89 a 4.86 a 0.67 a
Aggregated 20.85 b 10.63 b 1.08 a
Primary 46.05 c 13.78 c 2.59 b

Year 1 16.24 a 9.53 b 0.53 b
2 16.49 a 5.98 a 3.34 c
3 42.06 b 13.76 c 0.47 a

Source (df) Treatment F 6.921 2.719 3.384
(2, 6) p 0.027 0.144 0.103
Year F 195.432 53.562 25.543
(2, 255) p <0.001 <0.001 <0.001
Treatment � Year F 10.645 34.765 11.876
(4, 255) p <0.001 <0.001 <0.001
Plot (Treatment) F 48.268 26.432 2.873
(6, 255) p <0.001 <0.001 <0.001

F = Fisher statistic; p = probability. Different letters showed differences in Tukey test at
compared to harvested areas (AR and DR), while no significant
differences were found for bird damage or fruit abscission. The
percentage of sound fruits was higher in harvested areas (DR > AR)
than in primary forests. The Treatment � Year interaction was sig-
nificant due to a different trend of sound fruits between harvested
(AD and DR) and primary forests (Table 3).

3.4. Post-dispersive stage

The absolute numbers of seeds (million ha�1) was significantly
higher in AR and PF as compared to DR (Table 4). Treatment � Year
interaction and among-stand differences were significant, as seed
production greatly varied among treatments, years and plots. PF
showed higher seed production during Year 1, AR in Year 3, and
DR in Year 2 (Table 4). We found significant effects of treatment
on the percentage of seeds predated by birds, seeds damaged dur-
ing winter stratification, and sound seeds. The percentage of seeds
foraged by mice was homogeneous among treatments (Table 4).
Seed damage by birds significantly increased in DR as compared
to the other treatments (PF > AR). The percentage of seeds died
during winter stratification also was higher in DR than in the other
treatments (AR and PF; Table 4). The effect of treatment in all seed
losses showed significant temporal variation, as shown by Treat-
ment � Year interactions. Overall, the percentage of sound seeds
was higher in AR > PF than in DR. Significant differences were
found between years and between plots, again pointing to strong
spatio-temporal variation in final seed output (Table 4).

3.5. Seedling emergence and survival

The absolute number of emerged seedlings (million ha�1) was
higher in AR and PF compared to DR, with maximum occurring
during Year 1 > Year 3 > Year 2 (Table 5). Great spatio-temporal
ent, Year (fixed factors) and plot (random factor) on the production of male flowers
scised female flowers (%), empty female flowers (%), and fruit set (%) as variables.

female flowers Abscised female flowers Empty female flowers Fruit set

6.56 a 19.23 a 73.54 c
6.34 a 23.72 b 68.86 b
13.81 b 23.43 b 60.17 a

3.84 a 19.93 a 75.70 b
7.49 b 26.31 b 62.86 a
15.38 c 20.15 a 64.00 a

3.289 0.872 4.675
0.108 0.464 0.059
46.493 36.665 61.671
<0.001 <0.001 <0.001
7.662 10.981 6.487
<0.001 <0.001 <0.001
7.345 20.134 12.041
<0.001 <0.001 <0.001

p < 0.05.



Table 3
GLM analysis on a mixed model, nested ANOVA-type design testing for the effect of treatment, Year (fixed factors) and plot (random factor) on the production of fruits
(million ha�1), fruits predated by insects (%), fruits predated by birds (%), abscised immature fruits (%), and sound fruits (%) as variables. Percentages refer to the absolute number
of fruits.

Variable Number of fruitsa Insect-predated fruits Bird-predated fruits Abscised immature fruits Sound fruits

Treatment Dispersed 3.55 a 5.14 a 7.07 33.75 a 54.04 c
Aggregated 7.04 b 2.95 a 8.16 39.91 b 48.98 b
Primary 8.46 b 13.34 b 9.42 45.60 c 31.64 a

Year 1 6.95 b 3.40 a 4.65 a 35.46 a 56.49 c
2 3.69 a 9.10 b 9.75 b 32.86 a 48.29 b
3 8.42 c 8.94 b 10.23 b 50.94 b 29.89 a

Source (df) Treatment F 2.458 7.974 0.492 3.000 14.222
(2, 6) p 0.165 0.023 0.634 0.124 0.005
Year F 49.378 22.709 15.556 65.686 125.007
(2, 255) p <0.001 <0.001 <0.001 <0.001 <0.001
Treatment � Year F 49.420 13.609 1.958 14.691 26.997
(4, 255) p <0.001 <0.001 0.101 <0.001 <0.001
Plot (Treatment) F 21.869 8.112 4.597 8.048 6.558
(6, 255) p <0.001 <0.001 <0.001 <0.001 <0.001

F = Fisher statistic; p = probability. Different letters showed differences by Tukey test at p < 0.05.
a Log-transformed variable.

Table 4
GLM analysis on a mixed model, nested ANOVA-type design testing for the effect of treatment, Year (fixed factors) and plot (random factor) on the production of seeds (S)
(million ha�1), seeds predated by mice (%), seeds predated by birds (%), seeds died during winter stratification (%) and sound seeds (%) as variables. Percentages refer to the
absolute number of seeds.

Variable Number of seedsa Mice-predated seeds Bird-predated seeds Frost-damaged seeds Sound seeds

Treatment Dispersed 1.89 a 11.38 a 9.16 c 46.27 b 33.19 a
Aggregated 3.13 b 12.30 b 5.84 a 34.76 a 47.10 c
Primary 3.22 b 11.17 a 7.28 b 35.16 a 46.39 b

Year 1 3.94 c 5.33 b 2.43 a 47.45 c 44.79 b
2 1.81 a 25.93 c 13.93 c 43.80 b 16.34 a
3 2.48 b 3.46 a 5.76 b 24.98 a 65.8 c

Source (df) Treatment F 1.062 0.531 14.371 88.816 203.873
(2, 6) p 0.402 0.612 0.005 <0.001 <0.001
Year F 43.883 4325.541 3749.456 4146.563 57443.121
(2, 255) p <0.001 <0.001 <0.001 <0.001 <0.001
Treatment � Year F 80.051 184.179 99.319 377.512 1074.651
(4, 255) p <0.001 <0.001 <0.001 <0.001 <0.001
Plot (Treatment) F 19.089 19.106 18.600 13.874 27.721
(6, 255) p <0.001 <0.001 <0.001 <0.001 <0.001

F = Fisher statistic; p = probability. Different letters showed differences by Tukey test at p < 0.05.
a Log-transformed variable.

Table 5
GLM analysis on a mixed model, nested ANOVA-type design testing for the effect of treatment, Year (fixed factors) and plot (random factor) on the number of emerged seedlings
(million ha�1), established seedling (%), survival at Year 1 (%) and survival at Year 2 (%). Percentages refer to the number of emerged seedlings.

Variable Emerged seedlingsa Established seedlings 1-Year survival 2-Year survival

Treatment Dispersed 0.57 a 3.45 a 1.26 a 0.19 a
Aggregated 1.63 b 3.34 a 1.29 ab 1.02 ab
Primary 1.79 b 11.51b 3.08 b 1.79 b

Year 1 2.00 b 12.52 b 3.29 b 1.91 ab
2 0.29 a 8.10 b 4.53 b 3.12 b
3 1.70 b 0.35 a 0.26 a 0.15 a

Source(df) Treatment F 4.436 7.599 1.150 1.848
(2, 6) p 0.066 0.022 0.377 0.236
Year F 217.675 211.111 0.210 47.175
(2, 255) p <0.001 <0.001 0.453 <0.001
Treatment � Year F 118.537 76.422 76.319 27.368
(4, 255) p <0.001 <0.001 <0.001 <0.001
Plot (Treatment) F 18.252 8.397 24.332 20.063
(6, 255) p <0.001 <0.001 <0.001 <0.001

F = Fisher statistic; p = probability. Different letters showed differences by Tukey test at p < 0.05.
a Log-transformed variable.
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heterogeneity was shown by Treatment � Year interactions and by
among-plot differences, with DR being more homogeneous than
the other treatments. Establishment success was significantly
higher in PF than in harvested areas. The percentage of seedlings
surviving after 1 year increased in PF, whereas the percentage of
seedlings which survive after two years increased with overstory
crown cover (PF > AR > DR). The effects of Year and Plot were
highly significant in all cases (Table 5).



Fig. 2. Mean cumulative probabilities of transition between stages as a result of damage by biotic and abiotic factors according to treatment (PF = primary unmanaged forests,
AR = aggregated retention, DR = dispersed retention) and cohorts (2006–2010, 2007–2011, 2008–2012) in Nothofagus pumilio forests. Percentages are referred to the initial
number of female flower (FF) of each treatment. Note the logarithmic scale of the vertical axis. Lines crossing the horizontal axis drop to zero values. Key to abbreviations: FF:
female flowers; FFI: female flowers foraged by insects; FFA: abscised female flowers; FFEF: female flowers derived in empty fruits; FRI: fruits foraged by insects; FRB: fruits
foraged by birds; FRA: abscised immature fruits; SM: seeds foraged by mice; SB: seeds foraged by birds; EME: seedling emergence; EST: seedling establishment; SUR1:
survival at Year 1; SUR2: survival at Year 2.
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3.6. Synthesis: Cumulative probabilities of transition along the whole
cycle

Cumulative probabilities of successful transition along the
recruitment cycle for different cohorts and treatments are shown
in Fig. 2. In general, probabilities were much higher for the pre-
dispersal stages (flowers and fruits in the tree canopy) than for
post-dispersal stages (seeds and seedlings in the understory).
Pre-dispersal losses were in turn higher for fruits than for flowers,
especially in cohorts 2 (2007) and 3 (2008). Percentages of female
flower loss were consistently low for all cohorts and treatments. By
the end of the pre-dispersive stage, the percentage of sound fruits
in all cohorts was lower in PF than in the other treatments (similar
in AR and DR; Fig. 2). Once on the ground, seeds suffered from
animal predation similarly in all cohorts and treatments, while
cold-mediated seed losses exceeded those from predation espe-
cially in cohort 2 in the more open habitat, that is, DR. Overall,
losses at the seed stage were quantitatively similar to those in
the flower and fruit stages.

Emergence and establishment of seedlings was by far the most
critical stages, accounting for greater losses in all cohorts and treat-
ments (Fig. 2). Drop in recruitment potential at this stage were
much more severe in harvested stands. Within harvested treat-
ments, AR suffered the greatest losses in seedling establishment,
thus leading to virtually no recruitment in the latter. Concerning
seedling survival, values were around or below 3% in all cases,
but losses were clearly greater in harvested stands. Survival from
Year 1 to Year 2 was consistently lower in DR. Overall, the proba-
bility of reaching the 2-yr sapling stage was similar in PF and AR
(cohorts 1 and 2), with successful recruitment being unlikely in
DR. For cohort 3 final recruitment was virtually zero in both har-
vested treatments, whereas values for PF were still moderate.
The above assessment is based on relative percentage of losses
and therefore does not account for differences in absolute fecun-
dity among treatments. Thus, as reported in Tables 2–5, the abso-
lute number of propagules per hectare (flower, fruits, seeds or
seedlings) was proportional to the unharvested area in each treat-
ment. The relative magnitude of the losses in potential recruitment
varied according to treatments at each transition but they did not
compensate for the inherent differences in the initial per area
fecundity, resulting in greater absolute recruitment in unharvested
stands.

4. Discussion

4.1. Changes in the forest structure

Harvesting produced significant changes in the structure of the
timber managed forests. Traditional silviculture (e.g., shelterwood
cuts) homogenizes stand conditions due to systematic canopy
removal (Gea et al., 2004; Rosenfeld et al., 2006; Promis et al.,
2010). By contrast, variable retention practices maintain at the
stand level some of the natural heterogeneity of the primary for-
ests (Franklin et al., 1997; Gustafsson et al., 2012). Harvesting
modifies microclimate through alterations of overstorey canopy,
increasing temperature, radiation and soil moisture (Richter and
Frangi, 1992; Promis et al., 2010). These modifications change
according to the retention type and level (Chen et al., 1999;
Heithecker and Halpern, 2006, 2007; Martínez Pastur et al.,
2011a). Temperature, radiation and soil moisture are the most
critical factors that affect growth and survival of seedlings in these
forests (Lieffers et al., 1999; Heinemann et al., 2000). Also, these
factors have been shown to influence decomposition and natural
cycles (Barrera et al., 2000; Caldentey et al., 2001), as well as bio-
diversity (e.g., insect and bird populations) (Spagarino et al., 2001;
Lencinas et al., 2009).
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4.2. Effect of treatments during flowering

Traditionally, studies on forest dynamics considered seed pro-
duction as the starting point of the cycle. However, the under-
standing of flowering and fruiting processes is crucial to
determine whether and how regeneration is limited by tree
fecundity. In this study flower production per hectare was signif-
icantly higher in the primary unharvested forests than in the
harvested ones. Also the ratio male/female flower production
was higher in the absence of harvesting. Since, in general female
flowers are more costly in terms of energy investment, this differ-
ence could be due to the improved performance of remnant trees
in harvested stands, as found in oak woodlands (Pulido et al.,
2010).

Insect damage of female flowers (due to the action of moths or
weevils; Sullivan et al., 1995) was related to overstory retention
degree. This could be due to the fact that abundance and diversity
of insects in unharvested forests is higher than in harvested stands
(Spagarino et al., 2001) or associated non-timber quality forests
(Lencinas et al., 2008). Many insect species are missing in the har-
vested stands (Spagarino et al., 2001), but high levels of insect pop-
ulations are retained inside the aggregates. This could explain why
the percentage of flower damage in aggregates was intermediate
between primary forests and isolated trees, of the dispersed reten-
tion treatment.

In Fagaceous trees flower fertilization is mainly controlled by
climatic factors acting in several stages (Wolgast and Stout,
1977; Pulido and Díaz, 2005 for oaks, and Kelly et al., 2001 for
southern beech). For example, wind velocity and rainfall can
influence the abscission of female flowers leading to pollination
failure (Boavida et al., 2001; Díaz et al., 2003). Higher percentage
of losses found in primary unharvested forests can be explained
by decreased effectiveness of pollination caused by lower wind
speed (eight times higher in the dispersed retention than primary
unharvested forests). In addition, pollination effectiveness in
harvested stands could be favoured by lower crown cover
enhancing cross-pollination (Bazzaz et al., 2000; Williams et al.,
2006).

Female flowers deriving in fruits with empty seeds were the
main source of loss in the flowering stage, its importance being
greater in PF and AR than in DR. As noted in previous studies,
empty fruits could be the result of self-pollination causing fertiliza-
tion failure (Martínez Pastur et al., 2008). Dispersed retention may
allow increased cross-fertilization due to higher wind speed and
decreased self-pollination by removing neighboring, genetically-
related trees (Riveros et al., 1995). High percentages of empty
seeds were previously reported for N. pumilio, with high variation
between stands and years (Cuevas, 2000). Also, this phenomenon
is commonplace in the Nothofagus genus (Wardle, 1970; Allen
and Platt, 1990). For N. antarctica, Vidal and Premoli (2004) attrib-
uted these high rates of empty seeds to the self-incompatibility
mechanisms that prevent self-fertilization of individuals in popula-
tions with a similar genetic structure. Summarizing, losses in the
flowering stage were mainly related to wind and insect damage,
these factors being more favorable under the dispersed retention
treatment.

4.3. Effects of treatments during fruiting

As noted for the flowering stage, fruit damage by insects was
higher in primary unharvested forests, whereas bird damage did
not respond to forest treatments. Beside this, the number of for-
aged seeds was apparently related to year-to-year variation in
predator abundance, which was independent of fruit crops during
the study period (Lencinas et al., 2008, 2011). The abscission of
immature fruits, especially in primary unharvested forests, was
the main source of loss during the pre-dispersive stage. Usually,
the abscission of fruits is related to the direct mechanical damage
by wind (Martínez Pastur et al., 2008) or to early abortion under
resource limitation in stressing environments (Díaz et al., 2003;
Moreno et al., 2007). Accordingly, abscission rates were directly re-
lated to fruit numbers in this study. Consistent with results found
for flowering, losses during fruiting were related to both abiotic
and biotic components that were more favorable in the dispersed
retention treatment.
4.4. Post-dispersal seed fate

The percentage of seeds foraged by mice was greater in har-
vested stands, especially within patches of aggregated retention
treatment where these animals presumably look for shelter. Seed
predation seemed to be inversely related to seed availability, being
greater when seed production is lower, as frequently found in
other Fagaceous trees (Pulido et al., 2010). The amount of seeds
foraged by birds was greater in harvested areas, a fact that could
be related to increased bird density as compared to unharvested
areas (Lencinas et al., 2009). Again, the intensity of damage was
apparently related to seed availability, being greater when seed
production is lower. The main seed consumers are passerine birds
(e.g., Carduelis barbata and Phrygilus patagonicus) and psittacids
(e.g., Enicognathus ferrugineus) (Díaz and Kitzberger, 2006) which
are generalists inhabiting both forest types (Deferrari et al., 2001;
Lencinas et al., 2009). In the harvested forests, food availability is
greater than in the unharvested primary stands due to the increase
in understory biomass (Martínez Pastur et al., 2002). Increased
availability of this important food source, notably herbaceous
seeds for granivorous birds, could attract them to harvested stands,
with developing beech fruits being used as supplementary food
source (Vergara and Schlatter, 2006; Lencinas et al., 2009).

Seed mortality during winter stratification was the main loss
factor acting after seed dispersal, being more severe in DR than
in intact patches (AR) and continuous forests (PF). These differ-
ences could be related to: (i) lower litter production to cover seeds
during stratification, or (ii) lower temperatures during winter in
harvested areas. The magnitude of these factors varied according
to years due to microclimatic variation, causing extreme variation
in the rates of seed loss.
4.5. Seedling recruitment

Seedling recruitment inside the aggregates presents the same
characteristics than the seedling bank of N. pumilio primary
forests (Gea et al., 2004), e.g., high density, small size, and slow
annual growth of seedlings. Since no seed bank is formed in the
understory of these forests (Cuevas, 2002), a continuous recruit-
ment and mortality in the seedling bank occurs every year. In
contrast, the density of seedlings is lower in dispersed retention
areas mainly due to mechanical damage during harvesting
operations and self-thinning (Rosenfeld et al., 2006). The seedling
bank can survive for long periods of time (Cuevas, 2002),
awaiting a canopy opening to occur in a natural dynamic process
(Rebertus and Veblen, 1993; Heinemann et al., 2000) or due to
human harvesting (Rosenfeld et al., 2006; Martínez Pastur et al.,
2011a).

Survival of seedlings and saplings depends on the species eco-
physiological characteristics. N. pumilio is considered as mid-shade
tolerant in early development stages (Gutiérrez, 1994), as it
reaches maximum photosynthetic efficiency at relatively low light
levels (26% of total incident irradiance) (Martínez Pastur et al.,
2007). In our work, seedling establishment and survival to the sap-
ling stage were mainly related to the overstory, increasing with
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canopy cover due to increased photosynthetic performance (Sun
et al., 1995; Martínez Pastur et al., 2007).

4.6. Implications for forest management

The current silvicultural prescriptions for Nothofagus forests are
based mainly on opening the canopy to stimulate natural regener-
ation by modifying soil moisture and light availability at the
understorey level (Promis et al., 2010; Martínez Pastur et al.,
2007). The best retention strategy for establishment and growth
of early regeneration varies with species and stage of seedling
development (Martínez Pastur et al., 2011b), and a balance must
be found among functional integrity of the forest ecosystem, tim-
ber yield, biodiversity, and ensuring adequate survival and regen-
eration growth (Palik et al., 2003). The presence of aggregated
retention in the harvested stands benefits biodiversity conserva-
tion (e.g., Franklin et al., 1997; Lencinas et al., 2009; Lindenmayer
et al., 2012), but also influences the whole regeneration cycle.

We have shown that flowering and fruiting were favored in the
dispersed retention treatment, whereas seed and seedling survival
were more successful in aggregates and undisturbed plots (Fig. 2).
It can thus be concluded that, in general, regeneration rates are a
direct function of harvesting impact in the overstory canopy. We
found that the most critical step of the reproductive cycle is asso-
ciated with the seedling stage, to the extent that complete regen-
eration failure can occur in certain years independently of flower
and seed crops. However, seedling growth rates are higher in open
areas under dispersed retention (Rosenfeld et al., 2006; Martínez
Pastur et al., 2011a,b), as N. pumilio is tolerant of high irradiances
in the post-establishment stage (Gutiérrez, 1994; Martínez Pastur
et al., 2007). This study showed that regeneration dynamics in
the aggregates is similar than in PF, but somehow different from
that in the dispersed areas. It was demonstrated that patch shape
and orientation can be used, for example, to reduce the area sus-
ceptible to elevated light and temperature (Martínez Pastur et al.,
2011a). Some micro-environments can increase the chances of
the regeneration survival (e.g., debris or understory) (Heinemann
and Kitzberger, 2006). Therefore, increasing the occurrence of
favorable micro-environments for seed protection during winter
stratification and seedlings during recruitment can enhance regen-
eration in intensively harvested stands. On the other hand, a limit
of minimum crown cover of remnant overstory trees must be de-
fined during harvesting, to increase litter production and allow
protection of seeds and seedlings during the first years after
harvesting.
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