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Abstract
Key message Flower to fruits × and seed-to-seedling were the most critical transition in the early regeneration cycle 
of pure and mixed Nothofagus forests, both in coastal and mountain geographic locations. Within mixed forest, the 
deciduous N. pumilio shows better recruitment performance (e.g., highest transition probabilities) than the evergreen 
N. betuloides. The evergreen species fails to recruit in the mixed coastal forests for two of the three analysed cohorts, 
which implies an advantage of N. pumilio over N. betuloides that must be further examined. However, N. betuloides 
in average value had a higher probability of reaching 2-year survivor in mixed forest.
Abstract Transition from flower to seedling encompasses major processes that define the success of the tree regeneration, 
and consequently, its study is crucial in the context of forest management. Here, we analysed the transition probability of 
the reproductive cycle of two Nothofagus species, which formed pure and mixed forests in coastal and mountain geographic 
locations of Tierra del Fuego (Argentina). Pure deciduous N. pumilio (Np), pure evergreen N. betuloides (Nb), and mixed 
N. pumilio–N. betuloides (M) forests in coasts and mountains (3 forest types × 2 geographic locations × 20 replicas = 120 
replicas) were evaluated. Reproductive structures (female flowers, fruits, seeds, sound seeds, emerged seedlings and surviv-
ing seedlings up to 2 years) were studied since 2012–2018. Our results suggested that transition probabilities from flower to 
surviving seedlings varied inter-annually between N. pumilio and N. betuloides. The hazard ratio in the transition showed an 
influence of the cohorts and the geographic location on N. pumilio, while forest type and geographic location influenced on 
N. betuloides. Flower to fruits and seed to seedling were the most critical process in all forest types and locations. Cumula-
tive transition probabilities (female flowers to 2-year-old seedlings) for N. pumilio were 0.3–46.2% in Np and 1.4–30.2% 
in M, and pure and mixed forests reached similar probabilities only in cohort 3. For N. betuloides, these were 2.8–24.4% in 
Nb and 0.0–6.5% in M. Both Nothofagus species showed a better performance of pure forests in mountains (15.9–46.2% 
Np; 3.8–24.8% Nb) than in coasts (0.3–16.1% Np; 2.8–5.3% Nb). Through this integrated approach, considering the full 
reproductive cycle, it is possible to quantify the influence of canopy composition and inter-annual variability in natural forest 
dynamic, and allows to identify the critical stages of tree recruitment in pure and mixed Nothofagus forests.

Keywords Transition probability · Reproductive phenology · Seed production · Pure forests · Mixed forests · Southern 
Patagonia

Introduction

Knowledge of the reproductive biology is crucial to under-
stand the population dynamic of plants (Menges 2000; Chen 
et al. 2016; Traveset et al. 2016). Understanding recruitment 
and mortality is critical to assessing tree species population 
status and implementing management strategies (Menges 
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2000; Crone et al. 2013). In species relying in sexual repro-
duction, pollen availability, flower fecundity and seed pro-
duction shape population structure and dynamic, as well 
as seed quality, seed predation and seedling establishment 
(Moles and Leishman 2008; Espelta et al. 2009; Soler et al. 
2017).

The ability of trees to pass reproductive transitions deter-
mines the composition of forest regeneration (Moles and 
Leishman 2008; Löf et al. 2018; Pillay et al. 2018). In mixed 
forests, the co-occurrence of two or more tree species is 
usually explained by niche partitioning (a differential per-
formance of the dominant species) (Zhang et al. 2012; Ali 
et al. 2019) or the complementarity of functional traits of 
different species conforming the mixed forests (e.g., seed 
size, predation rate, light demand). Reproductive traits and 
ability of the species to overcome different natural limita-
tions affect early stages of the tree life cycle, determining the 
degree of the mixture at maturity (Löf et al. 2018). Mixed 
forests can have ecological advantages compared to pure 
ones, associated to tree health, nutrient cycling, timber pro-
ductivity, resilience to climatic events (e.g., drought) and 
other potential environmental risks (Fisichelli et al. 2014; 
Löf et al. 2018). However, it is not clear if two coexisting 
species have similar reproductive success, or if one of them 
is able to outperform the other in the long time, making that 
mixed forests start to be dominated by the more successful 
species (e.g., conversion to pure forests), as we hypothesize 
for Nothofagus forests. Few studies (Espelta et al. 2009; Löf 
et al. 2018) have addressed the specific seed production con-
ditions in natural mixed forests, or the species interactions to 
surpass loss factors during preceding development processes 
(e.g., biotic and abiotic stressors during flowering and seed-
ing). Therefore, it is difficult to predict the natural regen-
eration success of different species in mixed forests. The 
specific seed production conditions in mixed forests have 
gained more interest during the last decades and most of the 
knowledge is focused on European tree species, and mainly 
for broadleaved–coniferous mixed forests (Espelta et al. 
2009; Wesołowski et al. 2015; Bogdziewicz et al. 2017).

At the southern end of South America, mixed Nothofa-
gus forests (Nothofagaceae) are composed of the deciduous 
N. pumilio (Poepp. et Endl.) Krasser and the evergreen N. 
betuloides (Mirb.) Oerst. This forest occupies a small area 
compared to monospecific pure forests: < 15% of the total 
forests in the Argentinean part of Tierra del Fuego Island, 
and < 20% in the Chilean part (Frangi et al. 2005; CONAF 
Corporación Nacional Forestal 2011). The mixed forests 
are usually considered transitional conditions between N. 
pumilio and N. betuloides pure forests (Frangi et al. 2005). 
In pure Nothofagus forests, most of the literature describes 
abiotic (e.g., air temperature during flowering) and biotic 
factors (e.g., seed predation during dispersion) influencing 
flowering and fruiting patterns (Martínez Pastur et al. 2013), 

as well as seedling emergence and establishment (Burgos 
et al. 2008; Bahamonde et al. 2011; Torres et al. 2015). 
Therefore, biotic and abiotic factors affecting each tree spe-
cies could differentially influence their reproductive suc-
cess, mainly those associated with the characteristics of the 
overstory canopy. For example, spontaneous abscission of 
female flowers and immature fruits caused by frost or heavy 
rains in pure deciduous forests during spring or early sum-
mer (Riveros et al. 1995; Martínez Pastur et al. 2013) could 
be damped out in mixed forests due to partial protection of 
the canopy of evergreen tree species. Moreover, a greater 
variety of food resources (e.g., different sizes and shapes 
of seeds) in mixed forests can attract more and diverse seed 
predators (Leishman et al. 2000), resulting in a higher pre-
dation rate than in pure homogeneous forests (Villacide and 
Corely 2008).

The intrinsic variability of tree species to produce prop-
agules and the factors that trigger reproductive losses can 
cause a large variation in regeneration success in southern 
temperate forests (Toro Manríquez 2019). Yet, it is not clear 
if the mixed condition in these forests is stable or dynamic 
over time (e.g., throughout the new seedlings cohorts). If one 
of the tree species in the mixed forests overpass the other 
species in terms of reproductive success (e.g., proportion 
of seed production and seed viability), and attains higher 
transition values between flowering–fruiting–seed produc-
tion–seedling, then that species will have a better chance of 
remain, and maybe dominate the canopy in the future. The 
aim of this study was to analyse the transition probabilities 
throughout the reproductive cycle of two coexisting Nothofa-
gus species, considering pure and mixed forests in two con-
trasting geographic locations of Tierra del Fuego. Related 
to this objective, the following questions were addressed: 
(i) how does canopy composition influence the transition of 
flowers to fruits, seeds, and emerged seedlings? (ii) Are this 
influence and the magnitude of the reproductive losses simi-
lar among different cohorts? (iii) How does the reproductive 
performance of the two species vary within the mixed and 
pure forests? We expect that this study can contribute to 
the understanding of early stages of the tree life cycle of 
two southern native tree species growing in pure and mixed 
forests, and to detect the bottleneck stages of regeneration, 
through the identification of loss factors (biotic and abiotic) 
that influence on natural regeneration success.

Methods

Study area characterization

The study was conducted from September 2012 to Janu-
ary 2018 in pure and mixed old-growth Nothofagus forests 
(> 250 years), without harvesting impact on at least the last 
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60 years, in southwest of Tierra del Fuego Island, Argen-
tina (Fig. 1). Three Nothofagus forest types were considered 
according to their overstory composition: pure deciduous 
N. pumilio forests (Np), pure evergreen N. betuloides for-
ests (Nb) and mixed N. pumilio–N. betuloides forests (M), 
with a similar proportion of deciduous and evergreen species 
in the canopy (Toro Manríquez et al. 2016, 2019a, 2020). 
Likewise, two geographic locations were selected, each of 
which comprised these three forest types: (i) marine coasts 
close to the Beagle Channel, and (ii) mountains areas toward 
the inner island. The coastal forests were located within the 
Tierra del Fuego National Park (50–100 m a.s.l.), where 
the estimated mean annual air temperature was 4.3 °C and 
the annual precipitation was 756 mm  year−1, with abundant 
snowfalls during winter. The mountains forests were in 
Garibaldi Pass (450 m a.s.l.), within the Andes Mountains, 

where the estimated mean annual temperature was 3.1 °C, 
and the annual precipitation was 788 mm  year−1 (Fick and 
Hijimans 2017). In general, main soil type in both forest 
types for coasts and mountains locations is loam textured, 
with massive granular structures, low usable water capacity 
and moderate to slow internal and external drainage with a 
thick organic soil layer (Toro Manríquez et al. 2019a). How-
ever, coasts and mountains soils show some differences. For 
example, some soil properties (as pH and cation exchange 
capacity) change with the forest types (deciduous, ever-
green), but others (as moisture, N and P content) are more 
strongly influenced by the geographic location (Toro Man-
ríquez et al. 2019a). Pure and mixed forests vary in air and 
soil temperature (°C) and air relative humidity (%) accord-
ing to the geographic location (Fig. 2). The highest mean 
air temperature occurs during January (8.5–9.5 °C) for the 

Fig. 1  Study area in southwestern Tierra del Fuego indicating con-
tour lines and forest cover. Rectangles show the sampled geographi-
cal locations: (i) coasts along the Beagle Channel and (ii) mountains 
in the inner island. Nothofagus forest cover is shown in green, and 
photos next to the rectangles are views of each geographic location. 

Altitude is presented in ranges (m a.s.l.). Adapted from “Forest can-
opy-cover composition and landscape influence on bryophyte com-
munities in Nothofagus forests of southern Patagonia” by Toro Man-
ríquez et al. (2020). Copyright 2020 by the Toro Manríquez et al.
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three forest types and the two locations. However, mountains 
forests are colder in winter (− 0.7 °C air and 1.0 °C soil tem-
peratures) than coasts forests (1.0 °C air and 2.1 °C soil tem-
peratures). Soil temperature reaches maximum values dur-
ing January–February for the three forest types, but mixed 
forests show lower values on average (5.3 °C) than evergreen 
and deciduous forests (6.6–7.3 °C). Relative humidity (%) at 
forest interior remains constant throughout the year on the 
coasts (~ 70%), while in the mountains decreased sharply 
during spring and autumn (~ 40%). In general, the forest 
structure differs in forest types and geographic locations. 
For example, the basal area is higher in pure N. betuloides 
(84.5  m2  ha−1) than in mixed (77.1  m2  ha−1) and pure N. 
pumilio forests (66.5  m2  ha−1), as well as in the mountains 
(80.7  m2  ha−1) than in the coasts (71.4  m2  ha−1). Contrary, 
dominant height and diameter at breast height are higher in 
pure N. pumilio (21.1 m and 63.2 cm, respectively) than in 
mixed forests (17.6 m and 47.9 cm, respectively), than in 
pure N. betuloides forests (15.9 m and 37.5 cm, respectively) 
(for more details see Toro Manríquez et al. 2020).

Flower, fruit, and seed production

We used 20 randomly located, independent biomass traps 
(plastic recipients of 0.06  m2 in area and 30  cm deep) 
for each forest type and geographic location (N = 3 forest 
types × 2 geographic locations × 20 replicas = 120 biomass 
traps), which were perforated to allow rain and snow-water 
drainage. Fallen reproductive structures inside traps were 
monthly collected, starting in spring 2012 and ending in 
spring 2016, and associated to three consecutive different 
cohorts. Material was air dried and analysed in the labo-
ratory. We identified reproductive structures associated to 

different stages in the natural regeneration cycle (Fig. 3A): 
male flowers and abscised female flowers from October to 
December (spring), abscised and foraged (insects and birds) 
immature fruits during January and February (summer), and 
seeds during March–May (autumn). Classified plant material 
was oven dried at 70 °C to constant weight and subsequently 
weighted (± 0.0001 g). Seeds were counted and classified as 
damaged (e.g., foraged, empty, non-viable) or sound seeds 
[for more details, see Toro Manríquez et al. (2016) and Toro 
Manríquez (2019)]. With these data, we quantified the num-
ber of female flowers derived in fruits, and the number of 
fruits derived in sound seeds. During the post-dispersal stage 
(June–October), we quantified the seed losses (e.g., foraged 
by birds and mice), and the viability losses during winter 
stratification by groups of marked seeds left in soil, inside 
and outside small cages. With these data, we estimated the 
number of seeds capable of generating a seedling [for more 
details, see Toro Manríquez et al. (2016) and Toro Man-
ríquez (2019)].

Emerged and surviving seedlings

We established 10 randomly located, independent rectan-
gular plots of 1  m2 (5.0 × 0.2 m) for each forest type and 
geographic location (N = 3 forest types × 2 geographic loca-
tions × 10 replicas = 60 plots). In the mid-summer (late Janu-
ary), each recently germinated seed within each plot was 
individually identified using its position (x, y). The survival 
of each germinated seed was monitored along the two fol-
lowing seasons (ending the study of the third cohort in sum-
mer 2018). Thus, according with the last stage in the natu-
ral regeneration cycle (Fig. 3A) we determined as emerged 
seedlings to those germinated seeds with fully expanded 

Fig. 2  Mean monthly air (AT, 
°C) and soil (ST, °C) tempera-
tures, and relative air humidity 
(RAH, %) in stands of pure and 
mixed Nothofagus forests of 
studied coasts (black square) 
and mountains (white square) 
locations, between September 
2013 and August 2014. Vertical 
bars are standard error of the 
mean
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leaves, and in successive resurveys, we estimated seedling 
survival after 1 year and 2 years. In all forests, the different 
reproductive structures (Fig. 3A) were analysed for three 
consecutive cohorts, as showed in the diagram of Fig. 3B.

Data and statistical analyses

The number of total female flowers was estimated as the 
sum of all types of reproductive structures fallen into the 
traps (abscised female flowers, abscised and foraged imma-
ture fruits, foraged, empty, non-viable and sound seeds). 
However, the number of fruit/seeds produced by each 
female flower of Nothofagus varies according to the species 
(Ramírez 1987): N. pumilio produces 1 fruit (and 1 seed) 
per female flower, but N. betuloides produce three fruits per 
female flower. Therefore, we considered 3 seeds derived 
from one single female flower for N. betuloides species. 
Raw data monitored was shown in total for each year and 
expressed per square meters for major understanding of the 

original data in this study: male flower, female flower, fruit, 
seeds, and seedlings of each Nothofagus species in pure and 
mixed forests.

From these data, we calculated the probabilities of transi-
tion from any structure of a given stage to the next one, follow-
ing to Martínez Pastur et al. (2008), Pulido et al. (2010), and 
Soler et al. (2013). The successful transitions from one struc-
ture to the next, for each reproductive cycle, was estimated 
as a proportion of the initial amount of female flower—FF 
(Fig. 3A): total fruits (F), total seeds (S), total sound seeds 
(SS), total emerged seedlings (SE), total 1-year survivors (S1) 
and total 2-year survivors (S2). Moreover, we analysed the 
effect of the cohort (1, 2 and 3), forest types (pure and mixed) 
and geographic locations (coasts and mountains) over species 
(N. pumilio and N. betuloides) using the survival analysis (non-
parametric Kaplan–Meier estimator). This method estimates 
a curve from the observed survival times without the assump-
tion of an underlying probability distribution (Bewick et al. 
2004). The survival analysis measures the survival time to 

Fig. 3  A Model of natural regeneration cycle in Nothofagus forests. 
The whole regeneration process is divided in different stages (flower-
ing, seeding, and seedling emergence and survival), which are char-
acterized by different reproductive structures: female flowers, fruits, 
seeds, sound seeds, emerged seedlings, and surviving seedlings of 1 
and 2 years. At each stage, there are specific biotic and abiotic fac-
tors (indicated outside the circle) that influence the probability of 
transition from one stage to the next. These factors include interac-

tions with animals (e.g., insects and birds) and effects of the abiotic 
environment (e.g., winter stratification). B Diagram of the sampling 
design, showing the length of the reproductive cycle for each cohort 
analysed, from the beginning of the flowering (with the occurrence 
of female flowers in December) to the end of the seedling emergence 
and survival stage (with the evaluation of 2-year surviving seedlings 
in January, 2 years later)
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dead, from female flower to 2-year-old seedlings over a whole 
cycle (1–38 months). Each month was obtained from repro-
ductive phenological records (following to Toro Manríquez 
et al. 2016). The mean time of survival from female flowers to 
each reproductive structure was: 3 months to fruits, 6 months 
to seeds, 11 months to sound seeds, 14 months to emerged 
seedlings, 26 months to 1-year survivors, and 38 months to 
2-year survivors. We conducted log-rank (Mantel–Cox) tests 
to compare the survival time for each cohort, forest type and 
geographic location by species and it is similar to the Chi-
square test for association (p < 0.05). The log-rank test statistic 
compares the observed with the “expected” number of failures 
and has an asymptotic distribution under the null hypothesis 
(Kartsonaki 2016). Complementarily, we conducted a Cox 
proportional hazards model regression (Cox 1972) to exam-
ine the effect of explanatory variables on survival times for N. 
pumilio and for N. betuloides, which assumes a multiplying 
relationship between predictor variables (cohort, forest type, 
geographic locations, and their interactions) and the hazard 
function among transitions (from flowering to 2-year survi-
vors) (Kartsonaki 2016). Cox proportional hazards model 
regression allows several predictor variables to be considered 
and tests the independent effects of these predictor variables 
on the hazard of the event. The tested model for each tree spe-
cies included: Cohort, forest type, and geographic location. 
The likelihood-ratio statistic (− 2 Log Likelihood) and the 
overall Chi-square (p < 0.05) were included. For each vari-
able in the model, parameter estimates (β), standard errors, 
and Wald statistics (p < 0.05) were included. To understand 
the effects of individual predictors, Hazard Ratio (HR) is the 
predicted change in the hazard for a unit increase in the pre-
dictor. For this, the HR can be interpreted in a similar way to 
relative risk. It compares the risk of an event occurring in two 
groups (A/B) so, HR = 1: No effect, HR < 1: Reduction in the 
hazard, HR > 1: Increase in Hazard. The survival analyses and 
Cox proportional hazards model regression were conducted 
using SPSS Statistics version 25.0 (IBM Corporation Released 
2017).

Differences between losses of reproductive structures cor-
responded to the sum of the proportion of losses (%) produced 
by the different factors in each stage (flowering, seeding, seed-
ling emergence and survival) for three cohorts of Nothofagus 
species. The proportions of losses were analysed by one-way 
ANOVAs among cohorts, considering each geographic loca-
tion separately. The regeneration losses included seedling mor-
tality after 1 or 2 years. Mean comparisons for all the analyses 
were conducted using the Tukey honestly significant difference 
test (p < 0.05).

Results

General outcomes: reproductive structures at each 
cohort

From year 2012 to year 2015, we monitored 19,713 male 
flowers, 325 female flowers, 523 fruits, and 25,566 seeds. 
The number of reproductive structures was variable each 
year, differentiating between species, forest type and geo-
graphic location. For example, in the second year, we 
registered a total of 7347 seeds of N. pumilio, where the 
production of the mountains forests was 6 times higher 
than in the coasts. A similar trend occurred for N. betu-
loides during the second year, registering a total of 5484 
seeds. This production was 5 times higher in the moun-
tains than on the coasts. Regarding the seedlings, 584 
newly installed seedlings (1 year) were recorded in 2014, 
monitoring their survival until 2018, and only 239 seed-
lings reached the age of 5 years. More details of all the 
reproductive structures and seedlings are shown in Tables 
S1 and S2 (mean value per  m2 and the sum of all traps 
per site). Moreover, the N. pumilio and N. betuloides spe-
cies in pure and mixed forests showed strong cohort vari-
ation (Table S3). Male flower production of N. pumilio 
varied from 22.3 to 629.1 thousand  m−2 per basal area, 
and 2.2 to 338.1 thousand  m−2 for N. betuloides, with the 
maximum peak in the second cohort on the mountains 
for both species. The two species also presented inter-
annual variations in the production of other reproductive 
structures, in both pure and mixed forests and in coasts 
and mountains (Figs. S1 and S2). For example, in pure 
N. pumilio forests on the coasts, mean number of flow-
ers ranged from 20.1 ± 3.8 to 204.0 ± 19.5 thousand  m−2, 
fruits from 7.2 ± 3.8 to 86.0 ± 19.5 thousand  m−2, seeds 
from 0.26 ± 0.3 to 64.5 ± 3.1 thousand  m−2, and 2-year 
seedlings from 0.01 ± 0.01 to 1.15 ± 0.20 thousand  m−2.

Survival time for transitions in Nothofagus pumilio 
and N. betuloides

Survival analysis for the transitions from flowers to 
2-year-old seedlings showed significant differences in 
N. pumilio species in each cohort (Chi-square = 365.3; 
df = 2; p < 0.001), forest type (Chi-square = 3.9; df = 1; 
p = 0.048) and geographic location (Chi-square = 83.1; 
df = 2; p < 0.001) (Table 1). Average survival time (esti-
mate) was lower for cohort 1 (month 23, between emerged 
seedlings and 1-year survivors) than in cohorts 2 and 3 
(month 35, between 1-year survivors and 2-year survi-
vors). However, these differences were only slightly sig-
nificant between forest types as the average survival time 
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occurred between 1-year survivors and 2-year survivors. 
Among geographical locations, the average survival time 
was higher on the mountains (month 33) than on the coasts 
(month 28), occurring between 1-year survivors and 2-year 
survivors for both locations. Transition probabilities were 
described in more detail in Tables S4 and S5. In general, 
the highest probability of transition occurred in the moun-
tains (0.719 ± 0.044 in mixed and 0.622 ± 0.046 in pure 
forests) than in coastal forests (0.399 ± 0.044 in pure and 
0.168 ± 0.031 in mixed forests). Critical transition (where 
the percentage of transition was lower throughout all the 
structures) was from female flower to fruits (only 40.4% 
of the flowers became fruits in pure forests and 62.2% 
in mixed forests on the coasts; 63.5% in pure forests and 
54.3% in mixed forests on the mountains). Another critical 
stage was from sound seeds to emerged seedlings (only 
36.1% of the sound seeds became seedlings in pure forests 
and 10.3% in mixed forests on the coasts; 49.7% in mixed 
forests on the mountains) (Tables S4 and S5).

Survival analysis for the transitions from flowers to 
2-year-old seedlings showed significant differences in N. 
betuloides species in each cohort (Chi-square = 33.8; df = 2; 
p < 0.001), forest type (Chi-square = 16.2; df = 1; p < 0.001), 
except between geographic locations (Chi-square = 0.1; 
df = 2; p = 0.715) (Table 2). The mean survival time (esti-
mate) was lower for cohort 1 (month 24, between the 
emerged seedlings and 1-year survivors) than in cohorts 2 
and 3 (month 28, between the 1-year survivors and 2-year 
survivors), differing from N. pumilio. Furthermore, these 
differences were significant between forest types, although 
the mean survival time occurred between the 1-year survi-
vors and 2-year survivors stages. Regarding the geographical 

locations, the mean survival time was similar (1-year sur-
vivors to 2-year survivors) between coasts (month 27) 
and mountains (month 26). Transition probabilities were 
described in more detail in Tables S4 and S5.

Table 1  Kaplan–Meier survival estimated by means for survival time (transitions) for N. pumilio by cohorts (1, 2, 3), forest type (Np = pure N. 
pumilio forests, M = mixed forests) and geographic locations (coasts and mountains)

Estimate = Average survival time (months), Transitions = SE (emerged seedlings), S1 = 1-year survivors, S2 = 2-year survivors. CI confidence 
interval at 95% (lower bound–upper bound). Log-rank test for equality of survival distributions by Chi-square, df  degree free, p value at < 0.05

Estimate Transition Standard Error CI (95%)

Cohort
 1 23 SE–S1 0.67 21–24
 2 35 S1–S2 0.45 34–36
 3 35 S1–S2 0.44 35–36

Log rank (Mantel–Cox): Chi-square = 365.3; df = 2; p < 0.001
Forest type
 Np 31 S1–S2 0.52 30–32
 M 30 S1–S2 0.53 29–31

Log rank (Mantel–Cox): Chi-square = 365.3; df = 2; p < 0.001
Geographic location
 Coasts 28 S1–S2 0.55 27–29
 Mountains 33 S1–S2 0.45 32–31

Log rank (Mantel–Cox): Chi-square = 365.3; df = 2; p < 0.001

Table 2  Kaplan–Meier Survival Estimated by means for survival 
time (transitions) for N. betuloides by cohorts (1, 2, 3), forest type 
(Nb = pure N. betuloides forests, M = mixed forests) and geographic 
locations (coasts and mountains)

Estimate = Average survival time (months), Transitions = SE 
(emerged seedlings), S1 = 1-year survivors, S2 = 2-year survivors. 
CI = Confidence interval at 95% (lower bound–upper bound). Log-
rank test for equality of survival distributions by Chi-square, df  
degree free, p value at < 0.05

Estimate Transitions Standard Error CI (95%)

Cohort
 1 24 SE–S1 0.68 23–25
 2 28 S1–S2 0.68 27–30
 3 28 S1–S2 0.68 27–29

Log rank (Mantel–Cox): Chi-square = 365.3; 
df = 2; p < 0.001

Forest type
 Nb 26 S1–S2 0.56 25–27
 M 28 S1–S2 0.56 27–29

Log rank (Mantel–Cox): Chi-square = 365.3; 
df = 2; p < 0.001

Geographic loca-
tion
  Coasts 27 S1–S2 0.55 26–28

Mountains 26 S1–S2 0.57 25–27
Log rank (Mantel–Cox): Chi-square = 0.1; 

df = 2; p = 0.715
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The highest probability of transition occurred in the pure 
forest on the coasts (0.519 ± 0.046) followed by the moun-
tains (0.231 ± 0.034 in pure and 0.344 ± 0.041 in mixed for-
ests) and the mixed forest on the coasts (0.051 ± 0.016). Crit-
ical transition was from female flower to fruits (only 17.8% 
of the flowers became fruits in pure and 21.3% in mixed 
forests on the coasts; 20.8% in pure and 17.5% in mixed 
forests on the mountains). Similarly, to N. pumilio, the other 
critical stage was from sound seeds to emerged seedlings 
(only 7.9% of the sound seeds became seedlings in pure and 
0.3% in mixed forests on the coasts; 32.7% in pure and 9.5% 
in mixed forests on the mountains). The transitions recorded 
in coastal forests for N. betuloides (sound seeds–emerged 
seedlings) was the most critical as it fell to 0, in cohort 1 and 
cohort 2 in the mixed forest). However, N. betuloides had a 
high probability of reaching 2-year survivor in mixed forest 
(100% of seedlings survive) (Tables S4 and S5).

The Cox proportional-hazards model showed signifi-
cant differences when analysing all the predictor variables 
for both species (cohort, forest type, geographic locations 
and their interactions). The models generated were statisti-
cally significant for a good prediction both for N. pumilio 
(−  2 Log Likelihood = 4499.79, Chi-square = 464.79, 
df = 11, p < 0.001) and for N. betuloides (− 2 Log Likeli-
hood = 7636.63, Chi-square = 194.96, df = 11, p < 0.001).

The Model for N. pumilio (Table 3) showed that the forest 
type had no statistical significance in the survival, whose 
Hazard ratio was close to 1 (0.990). The interactions were 
statistically significant, with some exceptions for some pre-
dictor variables, such as Cohort 2 (2/1) × Geographic loca-
tion (mountains/coasts), Forest type (M/Np) × Geographic 
location (mountains/coasts), Cohort 2 (2/1) × Forest type (M/
Np) × Geographic location (mountains/coasts). However, the 
model had significance in several predictor variables. For 
example, the hazard rate was 5% higher for cohort 1 com-
pared to cohort 2 (2/1 = 0.050) and was 3% higher for cohort 
1 compared to cohort 3 (3/1 = 0.030.). Therefore, the cohorts 
had a reduced risk of 95% for cohort 2 and 97% for cohort 
3, compared to cohort 1. For the geographic location, the 
hazard rate is 52.5% higher for coasts compared to moun-
tains (mountains/coasts = 0.525). The Cohort 2 (2/1) × Forest 
type (M/Np) interaction indicated that the hazard in cohort 2 
and in mixed forest was 9.292 times higher than in cohort 1 
and in pure forest. The Cohort 3 (3/1) × Geographic location 
(mountains/coasts) interaction indicated that the hazard in 
cohort 3 and in the mountains was 7.623 times higher than 
in cohort 1 and on the coasts.

The model for N. betuloides (Table 4) showed that most of 
the predictor variables and the interactions among them were 
statistically significant. Forest type significantly influenced 

Table 3  Parameter estimates for Cox proportional-hazards models for transitions in N. pumilio 

The model includes the cohort (1, 2, 3), forest type (Np = pure N. pumilio forests, M = mixed forests) and geographic locations (coasts and moun-
tains). Next to each predictor variables, the analysed level in relation to the reference level defined by the model is indicated in parentheses
β parameter estimates, Wald tests for statistical significance, df = degree of freedom, p value at < 0.05, Hazard Ratio (eb) = Hazard ratio (or odds 
ratio); ratio > 1 it is associated with a higher hazard of transition. CI 95% interval for Hazard Ratio

Predictor variables β Standard Error Wald df p Hazard ratio (eb) CI (95%)

Cohort 76.27 2  < 0.001
Cohort 2 (2/1) − 3.006 0.458 43.04 1  < 0.001 0.050 0.020–0.122
Cohort 3 (3/1) − 3.517 0.586 36.03 1  < 0.001 0.030 0.009–0.094
Forest type (M/Np) − 0.01 0.141 0.01 1 0.944 0.990 0.751–1.305
Geographic location
(mountains/coasts)

− 0.645 0.170 14.45 1  < 0.001 0.525 0.376–0.732

Cohort × Forest type 27.96 2  < 0.001
Cohort 2 (2/1) × Forest type (M/Np) 2.229 0.492 20.56 1  < 0.001 9.292 3.546–24.352
Cohort 3 (3/1) × Forest type (M/Np) 1.907 0.635 9.02 1 0.003 6.733 1.940–23.375
Cohort × Geographic location 9.28 2 0.010
Cohort 2 (2/1) × 
Geographic location (mountains/coasts)

− 9.387 67.437 0.02 1 0.889 0.000 0.000–2.118E + 53

Cohort 3 (3/1) × 
Geographic location (mountains/coasts)

2.031 0.667 9.26 1 0.002 7.623 2.061–28.197

Forest type (M/Np) × Geographic location (mountains/
coasts)

− 0.323 0.255 1.6 1 0.206 0.724 0.439–1.194

Cohort × Forest type × Geographic location 7.36 2 0.025
Cohort 2 (2/1) × Forest type (M/Np) × Geographic loca-

tion (mountains/coasts)
− 1.896 95.37 0 1 0.984 0.150 0.000–2.266E + 80

Cohort 3 (3/1) × Forest type (M/Np) × Geographic loca-
tion (mountains/coasts)

− 2.268 0.836 7.36 1 0.007 0.104 0.020–0.533
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survival, where the Hazard ratio for M/Nb was 5.471. The 
cohorts also significantly influenced survival, since the haz-
ard ratio was 2.647 times greater in cohort 2 than in cohort 1. 
However, the interactions with the cohorts showed that the 
Hazard ratio is reduced in Cohort 2 (2/1) × Forest type (M/
Nb) = 0.349 and Cohort 3 (3/1) × Forest type (M/Nb) = 0.251 
and in Cohort 2 (2/1) × Geographic location (mountains/
coasts) = 0.127 and Cohort 3 (3/1) × Geographic location 
(mountains/coasts) = 0.098. This suggests that N. betuloides 
had a higher Hazard ratio in the mixed forest in cohort 1 and 
on the coasts, as indicated by the Kaplan–Meier survival 
analysis.

Cumulative probabilities of transition and influence 
of loss factors along the whole cycle

The losses along with the reproductive cycle influenced on 
the probability of transitions of N. pumilio, where reproduc-
tive capacity significantly varied among the studied forest 
types, mainly in cohorts 2 and 3 (Fig. S3). For N. betuloides, 
reproductive losses were quite similar between pure and 
mixed forests. However, reproductive losses were quite vari-
able among the different cohorts for coasts and mountains 
(Fig. S4). In the cohorts 1 and 2, the seedling emergence of 
N. betuloides completely failed in mixed forests at the coasts 
location, while in the mountains, there were no losses in 
seedling emergence (100% survival) during cohort 1.

Figure 4 shows the mean cumulative probabilities of suc-
cessful transition for each Nothofagus species and cohorts 
at different forest type and geographic locations. In gen-
eral, probabilities were much higher for the flowers and 
fruits in the tree canopy than for seeds and seedlings in the 
understory. The cumulative probabilities of transition for N. 
pumilio varied between 0.3–46.2% in pure and 1.4–30.2% in 
mixed forests, but only cohort 3 reached a similar probability 
at both forest types. N. betuloides varied between 2.8–24.4% 
in pure and 0.0–6.5% in mixed forests. Both Nothofagus spe-
cies showed better performance in mountains (15.9–46.2% 
Np and 3.8–24.8% Nb) than in coasts (0.3–16.1% Np and 
2.8–5.3% Nb). However, N. pumilio had a higher overall 
probability transition for all cohorts in the mountains than 
in the coasts. While N. betuloides in mountains resulted in 
a higher probability of transition in cohort 2 and 3 in pure 
and mixed forests, the probability in cohort 1 and 2 was 0.0% 
at mixed forests in the coasts. Pre-dispersal losses were in 
turn higher for fruits than for flowers, in each forest type and 
geographic location in all cohorts. Percentages of female 
flower loss were consistently low for all cohorts and species 
in each forest type and geographic location. For example, 
in cohort 1 for the pure forest of N. pumilio, of 100% of 
female flowers, 19.5% was lost by abscised female flowers 
and then 53% was lost by female flowers derived in empty 
fruits. Once on the forest floor, seeds suffered from foraged 
similarly in all cohorts and species in each forest type and 

Table 4  Parameter estimates for Cox proportional-hazards model for transitions in N. betuloides 

The model includes the cohort (1, 2, 3), forest type (Nb = pure N. betuloides forests, M = mixed forests) and geographic locations (coasts and 
mountains). Next to each predictor variables, the analysed level in relation to the reference level defined by the model is indicated in parentheses
β estimated parameter, Wald tests for statistical significance, df degree of freedom, p value at < 0.05, Hazard Ratio (eb) = Hazard ratio (or odds 
ratio); ratio > 1 it is associated with a higher hazard of transition. CI = 95% interval for Hazard Ratio

Predictor variables β Standard error Wald df p Hazard ratio (eb) CI (95%)

Cohort 13.956 2 0.001
Cohort 2 (2/1) 0.973 0.285 11.692 1 0.001 2.647 1.515–4.625
Cohort 3 (3/1) 0.345 0.317 1.183 1 0.277 1.412 0.758–2.628
Forest type (M/Nb)  1.699 0.264 41.507 1  < 0.001 5.471 3.262–9.174
Geographic location (mountains/coasts) 1.655 0.265 39.116 1  < 0.001 5.235 3.116–8.795
Cohort × Forest type 15.481 2  < 0.001
Cohort 2 (2/1) × Forest type (M/Nb) −1.052 0.322 10.694 1 0.001 0.349 0.186–0.656
Cohort 3 (3/1) × Forest type (M/Nb) − 1.381 0.376 13.472 1  < 0.001 0.251 0.120–0.525
Cohort × Geographic location 43.813 1  < 0.001
Cohort 2 (2/1) × Geographic location (mountains/coasts) −2.061 0.311 42.181 2  < 0.001 0.127 0.047–0.201
Cohort 3 (3/1) × Geographic location (mountains/coasts) − 2.327 0.368 39.872 1  < 0.001 0.098 0.237–0.964
Forest type (M/Nb) × Geographic location (mountains/

coasts)
− 0.739 0.358 4.255 1 0.039 0.478 0.069–0.234

Cohort × Forest type × Geographic location 15.037 2 0.001
Cohort 2 (2/1) × Forest type (M/Nb) × Geographic location 

(mountains/coasts)
0.763 0.508 2.258 1 0.133 2.144 0.793–5.797

Cohort 3 (3/1) × Forest type (M/Nb) × Geographic location 
(mountains/coasts)

1.742 0.450 15.012 1  < 0.001 5.711 2.366–13.789
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geographic location, while winter stratification seed losses 
exceeded those from foraged especially in cohorts 1 and 
2 for N. betuloides in the mixed forests in coasts. Overall, 
losses at the seed process were quantitatively similar to those 
in the flower and fruit process.

Emerged seedlings was by far the most critical stages, 
accounting for greater losses in all cohorts and species in 
each forest type and geographic location. Drop in recruit-
ment potential at this stage were much more severe in mixed 
forests in coastal location. Within mixed forests, N. betu-
loides species suffered the greatest losses in emerged seed-
lings, thus leading to virtually no recruitment in the latter. 
Concerning seedling survival, values were around or below 
9% in all cases, except in pure N. pumilio and N. betuloides 
forests in the mountains location (about 20%). Survival from 
1 to 2 years was consistently lower in in all cohorts and spe-
cies in each forest type and geographic location.

Discussion

Influence of forest type and geographic locations 
in early life stage transitions

We have considered early stages of regeneration to detect 
the main bottlenecks in pure and mixed forests, in pro-
cesses ranging from flowering to the installation and sur-
vival of seedlings. Through the integrated approach of 
the reproductive cycle and how the forest type and three 
cohorts influenced, we found multiple pathways for tree 
regenerations, e.g., from seedling emergence failure, 
extremely poor fruiting years, to high rates of female flow-
ers forming 2-year-old seedlings. However, performance 
of the species was strongly determined by forest type and 
geographic location, principally for N. betuloides (accord-
ing to the Cox proportional-hazards models). In concord-
ance with previous studies in Nothofagus species (e.g., 
Soler et al. 2013), the most critical stages in the whole 
natural regeneration cycle considered in this study were 
from female flower to fruit and from the sound seeds to 
emerged seedlings for all forests type on the coasts and 
mountains. The loss of individuals during the natural 
regeneration cycle is mainly driven by biotic interactions 
but probably, also by resource competition with other tree 
plants, or neighbouring vegetation (Messaoud and Houle 
2006), although it is unknown for Nothofagus species. 
The abrupt decrease in the transition from female flowers 
to fruits could be related to: (i) an unfavourable devel-
opment of the female flower due to the high energy cost 
demanded by this process (Pulido et al. 2010), or (ii) also 
to the attack of pathogens and insects, whose abundance 
is greater in unmanaged Nothofagus forests (Martínez Pas-
tur et al. 2013). It should be noted that these forests have 
not been managed in the last 60 years or more. Another 
cause could be the effect of wind speed and rainfall that 
lead to pollination failures forming empty fruits, as has 
already been seen in other primary Nothofagus forests 
(Martínez Pastur et al. 2013; Soler et al. 2013). Regarding 
emerged seedlings, resource competition is considered a 
main determinant of plant survival and growth and, con-
sequently, of species coexistence during the regeneration 
stage (Nelson and Wagner 2014). Temperature, radiation, 
and soil humidity are key factors affecting the seedling 
emergence and survival in southern forests (Heinemann 
et al. 2000; Toro Manríquez et al. 2019b). Seedling emer-
gence may also be limited by the availability of seeds 
or suitable microsites for seed germinations and growth 
(Clark et al. 1999). Rey and Alcántara (2000) indicate that 
there may be a decoupling of different selective forces that 
act on seeds and seedlings, or due to ontogenetic changes 
(development phases) in resource requirements and stress 

Fig. 4  Mean cumulative probabilities (%) of transition between repro-
ductive structures resulting from the incidence of loss factors on N. 
pumilio in pure (Np) and mixed (M–Np) forests, and on N. betuloides 
in pure (Nb) and mixed (M–Nb) forests, in coasts and mountains 
locations and each cohort (1, 2, and 3). Percentages refer to the ini-
tial number of female flowers (FF). Axis Y is on a logarithmic scale. 
Lines crossing the horizontal axis drop to zero values. FF female 
flowers. Losses factors: AFF abscised female flowers, FFE female 
flowers derived in empty fruits, AIF abscised immature fruits, 
FPI fruits predated by insects, FPB fruits predated by birds, SPI seeds 
predated by insects, SPB seeds predated by birds, SF seeds foraged in 
the forest floor (mice + birds), NVS non-viable seeds, DSS dead seeds 
during winter stratification, SE emerged seedlings, S1 1-year survi-
vors, S2 2-year survivors
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in various microenvironments. Forest structure (i.e., can-
opy cover) and microsites mainly determine the spatial 
context in which the forest is located (Martínez Pastur 
et al. 2011; Toro Manríquez et al. 2019b).

Results of our study showed a determining role of geo-
graphic location on the seedling emergence related to the 
inter-annual variation of seeds production (number and qual-
ity). Spatial and temporal heterogeneity in seedling emer-
gence is a common characteristic among other Nothofagus 
species (Bahamonde et al. 2011; Soler et al. 2013), where 
the effective seedling emergence is influenced by cycli-
cal and intermittent seeds production (synchronized at a 
regional scale) along with inter-annual climate variability 
(Martínez Pastur et al. 2013; Soler et al. 2013). Regarding 
the seedling survival, this characteristic is mainly affected 
by abiotic factors, mainly those related to the soil (e.g., soil 
moisture), which are more favourable in mountains forests 
(Toro Manríquez et al. 2020).

Within mixed forest, where both Nothofagus species 
coexist and potentially compete by resources, the deciduous 
N. pumilio showed better recruitment performance (high-
est transition probabilities among reproductive structures) 
than the evergreen N. betuloides. The evergreen species 
failed to recruit in the mixed coastal forests for two of the 
three cohorts analyzed, which implies an advantage of N. 
pumilio over N. betuloides that must be further examined. 
However, if we focus on forest type and geographic loca-
tion factors (not interannual variability), the results showed 
that survival can be 100% in N. betuloides 2-year seedlings 
in mixed coastal forests. In Nothofagus mixed forests, we 
expected some advantages in reproductive performance 
mainly for the deciduous species, because at canopy level, 
the evergreen species have greater availability of light dur-
ing a part of the year, which does not happen in pure ever-
green forests. According to Pretzsch (2014), the multiple 
crowns overlap in a mixed forest to maximize the space fill-
ing, drawing additional advantages in resource utilization. 
In our mixed forests, the highest probability of transition 
was for N. pumilio compared with N. betuloides, both on the 
coasts and mountains. This would indicate that the seedling 
bank is neither stable nor permanently mixed, and that the 
greater reproductive success and recruit of the deciduous 
species foster the dominance of such species in the under-
story, at least during early years after seeding (e.g., masting 
years). Therefore, the semi-open condition of mixed cano-
pies infers an improvement in the environmental conditions 
for the deciduous species.

General factors that can influence along the whole 
cycle

Strong variability in annual seed production and occur-
rence of years with exceptionally large seeding is a common 

feature of trees in the Fagaceae family (Kelly 1994; Kelly 
and Sork 2002; Espelta et al. 2009; Kelly et al. 2013; Soler 
et al. 2017). Previous studies related masting events to cli-
matic drivers. Torres et al. (2015) demonstrated the rele-
vance of precipitation in the seeds production of Nothofagus 
in Tierra del Fuego. Richardson et al. (2005) demonstrated 
that cold, wet summers produce higher seeds number in 
the forests of Nothofagus solandri in New Zealand. On the 
other hand, Kon et al. (2005) demonstrated the correlation 
between seed production and the minimum temperatures of 
the previous spring for Fagus crenata, demonstrating that 
such production is sensitive to changing climatic conditions 
based on its specific ecophysiological traits.

Although we did not detect exceptional seeding years, 
variability in seed production had consequences for the 
recruitment in mixed forests, as was observed in the years 
with high proportion of N. pumilio seeds, when great forag-
ing occurred in post-dispersal, because these attract more 
predators, causing less availability of viable seeds for instal-
lation. On the contrary, in other Fagaceae species, it was 
observed that the production of seeds is inversely related 
to foraging: the lower the production the greater the forag-
ing (Pulido et al. 2010). There are also some other studies 
(involving larger seeds), which have demonstrated that for-
aging and predation are key in the installation of seedlings 
(Jordano 2000; García Castaño et al. 2006).

Seeding fluctuations could lead to a meta-stable situation 
of mixed canopy or instability, with alternation of domi-
nance between the two conforming species, mainly caused 
by its relationship with the climate. For example, alternating 
wet and dry years frequently might determine years with 
high seedling survival and good seed production. For some 
mixed forests, this alternation of dry and wet years makes 
the regeneration process occur as pulses, although these 
establishment pulses do not occur with a regular frequency 
(White 1979). The alternation of dominance phenomenon 
has been studied in European forests (Roženbergar et al. 
2007), but no for Nothofagus in the southern hemisphere. 
The alternation in the dominance of the species could 
explain the greater dominance of N. pumilio over N. betu-
loides regeneration in the three cohorts studied. In general, 
N. betuloides presents a persistent and permanent bank of 
older plants than N. pumilio, with higher probabilities of 
survival over medium or long time. It can be due to the tol-
erance to shading conditions of N. betuloides, which could 
indicate a subsequent dominance when microclimatic con-
ditions change and favour growth (e.g., gap opening due to 
the fall of a large tree), accompanied by these pulses of seed 
(Toro Manríquez 2019). After longer periods in such under-
story, shade-tolerant tree species will probably dominate the 
tree regeneration at the understorey level (Löf et al. 2018).

Due to the dependency of seeding on climatic conditions, 
as well as its repercussion on predation and alternation of 
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dominance, climatic change could be a strong threat to 
mixed forests. Complementary, the evaluation of the stabil-
ity of mixed forests against climatic change would only be 
possible through long-term studies of the seed, installation, 
and survival stages, accompanied by climatic data at vari-
ous scales. According to climate change models in Southern 
Patagonia, it is predicted that temperature and precipitation 
would increase, which would favour regional productivity 
(Kreps et al. 2012), but not the predominance of species 
sensitive to high temperatures and low humidity.

Reproductive performance in coasts and mountains 
forests: two contrasting stability trends

The coasts and mountains location differ principally in 
topographic conditions (Toro Manríquez et  al. 2019a). 
Any modification in these environmental parameters could 
modify the stability (proportion of deciduous and evergreen 
in the canopy) of the mixed forests towards the predomi-
nance of such species boosted by such changes. According 
to our results, the probabilities of transition were generally 
higher in the pure forests and in the mountains than in the 
coasts for N. betuloides in mixed forests, but with great vari-
ations between cohorts. This demonstrates a clear effect of 
the landscape location and the inter-annual variability in 
how the limiting factors intervene in the reproductive per-
formance, seeding and seedling emergence. Even the same 
species in pure forests displayed differences in the transitions 
between reproductive structures for both coasts and moun-
tains location. Although both species reached the lowest 
reproductive success on the coasts, it was more noticeable 
for N. betuloides in mixed forests as it only recruited 2-year-
old individuals only in one of the three cohorts studied. For 
the pure N. pumilio forests, 1-year seedling survival on the 
coasts was a critical stage, probably due to driest soil condi-
tions in the coasts than in the mountains (Toro Manríquez 
et al. 2019a), or other not studied factors that may occur at 
this critical stage (e.g., insect or fungal attacks on seedlings, 
soil nutrient lacks).

In the mountains, N. pumilio had a greater loss dur-
ing seedling emergence in mixed forests compared to the 
pure ones. This could be related to less amount of effective 
precipitation reaching the forest floor of the mixed forests 
(e.g., more water interception under partial evergreen can-
opy) than in the pure deciduous forests, and therefore, the 
upper centimetres of soils, where the radicles develop were 
much drier. In addition, the pure forests of N. pumilio in the 
mountains, have greater forbs cover in the understory (Mes-
tre et al. 2017), which benefit the retention of relative air 
humidity near the soil that avoid apex desiccation and, there-
fore, improve seedling development as was demonstrated by 
previous studies (Martínez Pastur et al. 2011).

Conclusion

This study highlights the importance of evaluating early 
stages of regeneration to detect the main bottlenecks in pure 
and mixed Nothofagus forests, in aspects ranging from flow-
ering to the installation and survival of seedlings. Through 
the integrated approach of the reproductive cycle in different 
forest types, geographic locations and cohorts, our results 
provide quantitative evidence for multiple pathways for tree 
regenerations. Nevertheless, the performance of the species 
(hazard ratio) is strongly determined by the forest type and 
the geographic location in N. betuloides, and for the geo-
graphic location in N. pumilio. However, N. betuloides in 
the pure forest presented a better transition probability than 
other forest type on the coasts. Although variable, the most 
critical stage detected in this study were from female flower 
to fruits and the emerged seedling in all forests for coasts 
and mountains forests. Within mixed forest, the deciduous 
N. pumilio shows better recruitment performance (high-
est transition probabilities among reproductive phases and 
seedling survival) than the evergreen N. betuloides, which 
completely fails some years. However, N. betuloides species 
had a higher probability of survival than N. pumilio at 2-year 
survivors. This implies differential advantages of both spe-
cies (e.g., N. pumilio had a greater number of propagules and 
a better transition probability and N. betuloides had greater 
seedling survival at 2 years), and that mixed forests tend to 
be unstable but rather dynamic, depending on the installa-
tion pulses, which do not always coincide with both species 
mainly on the coasts. Medium and long-term studies are 
essential to determine if the dominance of deciduous species 
over the evergreen persists over-time.
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