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Abstract: Natural regeneration of recalcitrant-seeded tree species is strongly limited in Mediterranean-
type climate zones due to increasing droughts imposed by climate change. Direct seeding can be a
low-cost alternative to seedling establishment, but there is still limited information for some species.
This study aimed to assess the effects of the seed source and forest cover on the germination and
survival of the endemic Cryptocarya alba Mol. established through direct seeding. Three habitat types
differing in forest cover were identified within the natural park Reserva Natural Altos de Cantillana,
Metropolitan Region, Chile. The forest cover corresponded to open (canopy density <25%), semi-
dense (canopy density around 50%), and dense forest (canopy density >75%). All forest cover had
C. alba as one of the dominant species. At each habitat type, 38 families from four seed sources
(Cuesta La Dormida (CD), Antumapu (AN), Cantillana (CA, local seed source) and Cayumanque
(CY)) were directly seeded. Germination (Germin) and survival (Surv) were evaluated weekly during
one growing season. There were significant differences between seed sources in Germin and Surv,
with means values varying from 7.8% to 37% for Germin and 0% to 20% for Surv. The local seed
source CA had the highest values in both traits. A significant variation was also observed between
families within seed sources only for Germin. The dense forest cover had the highest Germin (22%)
and Surv (55%) results compared to the other forest cover types, which was partially associated with
differences in soil moisture, temperature, and bulk density. Due to the most frequent droughts in
these Mediterranean-type climate zones, the use of local seeds on dense forest cover is recommended
for the direct seeding of the species in the initial recruitment.

Keywords: natural regeneration; recalcitrant plant species; forest restoration; provenance selection

1. Introduction

There are ecological and economical concerns about the effects of more intense
droughts and higher temperatures due to climate change on forests located in semi-arid
Mediterranean-type climates, which encompasses a decline in forest productivity and plant
species diversity and an increase in fire frequency [1]. This driest climatic scenario severely
restricts the natural recruitment of recalcitrant-seeded species because they are highly
sensitive to dehydration [2]. Unlike orthodox seeds, recalcitrant seeds are shed during high
water content and must germinate quickly before dehydration or death [3,4]. In semi-arid
Mediterranean-type climates, planting seedlings are costly and ineffective due to the low
quality and availability of nursery seedlings and low success in the establishment phase [5].
In such a case, incorporating direct seeding may be a potential alternative to assist in the
restoration and recovery of recalcitrant-seeded species [6,7]. High germination capacity and
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early survival are critical for species regeneration [8,9], but results may be highly variable
because both processes are affected by the geographical origin of the genetic material [10],
the microsite conditions where the mother plants grew and the restoration site [11], and
even due to seed predation and herbivory [12,13]. Although our understanding of seed
recalcitrance behavior has improved, especially from the point of view of species conserva-
tion [4], there is still limited knowledge about the factors influencing the germination and
survival of recalcitrant-seeded species via direct seeding.

The restoration and natural recruitment of tree species are mainly limited by microsite
conditions [6]. The microsite is affected by the climate and the vegetation structure, which in-
fluences the light availability, temperature, and humidity below the canopy [14,15]. In Mediter-
ranean zones, successful restoration and higher natural recruitment are achieved under the
shadows of canopies, which provide intermediate levels of light and humidity [16–20] and
reduce weed competition. Open forests have higher soil evaporation in the upper soil
layers, affecting seed germination and seedling recruitment [21,22]. Moreover, the forest
cover determines the amount and type of foliage litter, which hides the seeds, decreasing
their predation and slowing down their desiccation [23–25].

The seed source is also critical to determining the success of restoration programs and
the use of local seed sources is recommended [26,27]. Local provenances may be better
adapted to cope better with climatic variations in their habitat [28,29]. Nonetheless, restora-
tion using non-local sources may be needed if local sources are not available. However,
some species have limited information about the ecological limits of seed transfer. In the
same way, variability within a provenance or seed source must be recognized since maternal
effects influence seed germination and seedling establishment. Maternal effects are related
to the seed size and seed number, dormancy, germination capacity [30], and in some cases,
pathogen transmission [31]. Some forest species have shown better germination, survival,
and growth rate with bigger seeds [32], whereas in other species, smaller seeds favor their
dispersion [23]. Overall, seed size is related to the amount of nutrients stored [33].

Cryptocarya alba (Molina) Looser. (peumo) (Lauraceae family) is an endemic species
from the Mediterranean-type climate zone of central Chile and is distributed from arid
(31◦ S) to humid climates (40◦ S) [34]. The species is shade-tolerant and grows better in
humid sites of the sclerophyllous forest type, although its development in open areas
and shallow soils is mainly limited by soil moisture [35]. C. alba is monoecious with
flowering between November and January. The fruit is a drupe that can be found in winter
and spring, spread on the soil under mother plants and disappearing toward the dry
summer [35]. C. alba seeds are recalcitrant and have exogenous dormancy due to chemical
inhibitors in the pericarp and seed viability on the soil lasts five months [32]. At the nursery
level, C. alba showed high phenotypic variability in the responses to water restriction [36];
however, at the landscape level, the successful establishment of the species is limited due
to water scarcity [37]. In this context, there is a need for better information on how factors
such as seed source and forest cover influence the recruitment of C. alba [38] under the
dry conditions predicted under climate change scenarios. This information is relevant to
selecting alternative restoration methods to diminish the high mortality of the establishment
phase. Preliminary results suggest that sowing C. alba seeds (without pericarp) in the spring
months is recommended [39], although the germination in field conditions via direct seeding
is low (13% to 19%) [40]. In this study, we aimed to assess the effect of forest cover and seed
source on the germination and survival of C. alba. The study used direct seeding to mimic
the natural recruitment as an alternative for the restoration project with the species. As C.
alba is a recalcitrant-seeded species, we expect a better germination capacity and seedling
survival by sowing local seeds in habitats with a dense forest canopy.

2. Results
2.1. Seed Assessment in the Laboratory

Seed sources significantly differed in germination, survival, and seed mass (Table 1).
The seed source CA had the highest Germin (39.4%) and Surv (14.1%), whereas seed source
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AN had the highest SM. We found no significant differences in H among seed sources.
For all the traits, there was no observed trend associated with latitude because similar
values were found for the northernmost (CD) and southernmost (CY) seed sources (Table 1).
Overall, SM correlated positively with Surv (r = 0.36, p = 0.0318) and H (r = 0.37, p = 0.0604),
but not with Germin (r = 0.13, p = 0.4455).

Table 1. p-values from the analysis of variance and means per seed sources (plus standard errors) for
germination (Germin), survival (Surv), height (H), and seed mass (SM) on C. alba in the laboratory
experiment. Seed sources were Cuesta La Dormida (CD), Antumapu (AN), Cantillana (CA) and
Cayumanque (CY). Different letters within a column indicate significant differences according to
Tukey’s test.

Germin Surv H SM

p-values
Seed source <0.0001 0.0209 0.8291 <0.0001

Means (%) (%) (cm) (g)
CD 10.4 ± 4.2 b 3.3 ± 2.9 b 5.9 ± 0.6 a 0.73 ± 0.07 b

AN 11.7 ± 5.2 b 10.3 ± 4.1 ab 6.6 ± 0.8 a 1.37 ± 0.09 a

CA 39.4 ± 3.8 a 14.1 ± 1.9 a 5.9 ± 0.4 a 1.01 ± 0.07 b

CY 21.3 ± 6.9 ab 4.3 ± 3.5 b 6.5 ± 0.7 a 0.80 ± 0.12 b

2.2. Field Experiment

There was a significant main effect of habitat type on both germination and survival
(Table 2). The open and dense forest type had higher germination (around 20%) than
the semi-dense type (7%). However, the results showed successful survival only in the
dense forest cover (55.2%) and zero survival in the other habitat types (Table 2). Seed
sources significantly differed in Germin and Surv (Table 2). Interestingly, germination
means per seed source were similar to the ones obtained in the laboratory, supporting a
higher germination capacity for the local seed source CA, and low germination for seed
sources AN and CD (Tables 1 and 2). Seedlings from the CA seed source were the only ones
to survive after ten months. Similarly, there was a variation among mother trees within
seed sources for Germin but not for Surv, with variance components and standard errors of
0.750 ± 0.251 and 0.328 ± 0.220, respectively. Regarding the maternal variation for Germin,
the calculated maternal to phenotypic variance ratio (i.e., the proxy of heritability) was
low 0.18.

Table 2. p-values from the analysis of variance and means per seed source and habitat type (plus stan-
dard errors) for germination (Germin), survival (Surv) on C. alba in the field experiment. Seed sources
were Cuesta La Dormida (CD), Antumapu (AN), Cantillana (CA) and Cayumanque (CY). Different
letters within a column indicate significant differences according to Tukey’s test. Germination was
determined by counting the seeds with visible radicles and expressing them relative to the total seeds
sowed, whereas survival was expressed as the surviving seedlings relative to the germinated seeds.

Germin Surv

p-values
Forest Cover (FC) 0.0045 <0.0001
Seed source (SSo) 0.0498 0.0821

FC×Sso 0.8702 0.9734
Mother (Sso) 0.0032 0.1336

Means per forest cover (%) (%)
Open 19.0 (3.0) a 0.0 (0.0)

Semi-dense 7.0 (2.1) b 0.0 (0.0)
Dense 22.1 (4.2) a 55.2 (5.2)
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Table 2. Cont.

Germin Surv

Means per seed sources
CD 7.8 (2.1) c 0.0 (0.0)
AN 6.5 (2.3) c 0.0 (0.0)
CA 37.3 (5.4) a 20.0 (3.4)
CY 19.1 (6.4) b 0.0 (0.0)

The analysis of variance on soil moisture and temperature showed a significant effect
for forest cover, date, and their interaction (p < 0.0001). Overall, germination peaked on
October 4th when the recorded soil moisture and temperature were 0.20–0.29 m3 m−3 and
15–16 ◦C, respectively, and stopped on January 24th when soil moisture reached a minimum
of 0.04 m3 m−3 and maximum soil temperature close to 30 ◦C (Figure 1). During the period,
there was no clear pattern of the effect of the cover type on these soil traits, which explained
the interaction between cover type and date (Figure 1). There were significant differences
among forest cover on BD (p < 0.0010). Means and standard errors for BD for the open type
were 1.01 ± 0.06 g cm−3, semi-dense 1.23 ± 0.07 g cm−3, and dense 0.74 ± 0.07 g cm−3.
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Figure 1. Mean soil moisture (A), soil temperature (B), and number of germinated and survived
seeds (C) per forest cover type and date. Germination and survival were expressed based on the
40 initial seeds per mother tree. Errors bars represent the standard error.
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3. Discussion

The lower water availability and higher temperatures due to climate change might
limit the natural regeneration of some forest species of the Mediterranean-type climate
zones of central Chile. This is particularly true for recalcitrant-seeded species. Our results
suggest that the seed source and forest cover affect the germination of C. alba via direct
seeding. Overall, the germination of C. alba was low but still higher than reported in
previous studies [40,41]. Interestingly, the germination values among seed sources were
similar under controlled laboratory and field conditions. This suggests that seed quality
was already low among seed sources, likely influenced by the driest conditions recorded in
the last years in the seed collection areas or by other environmental factors affecting mother
trees during seed development [42]. In the study area, the megadrought has implied a 55 to
75% of precipitation deficit [43]. A worldwide decline in pollinators [44] has also critically
impacted the Mediterranean-type ecosystem of Chile [45]. Pollen availability may affect
both seed quality and germination [46]. In C. alba, lethal mutations in seedlings might
be attributed to the low genetic variability of the species [47]. Other preliminary results
in laboratory conditions with the same seed lot (not included in this study) showed that
germination may be improved by removing the seeds’ pericarp of C. alba, reaching the
best-case germination of 60%. This suggests that species have some inhibitory substances
in the pericarp that constrain the germination capacity [39].

Germination peaked in October and then decreased toward mid-January. According
to Figueroa [48], the germination of C. alba under field conditions occurs at temperatures
between 10 ◦C and 25 ◦C and is inhibited over 30 ◦C, which agrees with our results.
Similarly, germination started and peaked at soil moisture of around 0.20 m3 m−3 and
decreased later toward minimum soil moisture of c.a. 0.06 m3 m−3 for these soils. Some
studies showed that soil moisture is the main microsite factor affecting seed germination
and establishment [49], whereas tissue desiccation is the main cause of seedling mortality
when germination occurs in open areas [50]. In drier and warmer climates, as in our study,
canopies may facilitate recruitment through the maintenance of higher soil moisture, lower
temperatures, and herb control relative to open areas [51]. Thus, we expected a gradual
increase in germination from the open to the dense forest cover, as canopies might moderate
extreme environmental conditions for this shade-tolerant species, reducing seed mortality
and desiccation [41]. However, the germination in our study showed no differences
between the dense and open cover types, being the lowest germination in the semi-dense
cover. This result might be explained by the similar soil moisture conditions during the
germination period [52] or the presence of leaf litter which affects the germination of other
recalcitrant-seeded species [25], but this contention needs further research.

At the end of the experiment, only the dense forest cover had some surviving seedlings,
which were likely favored by the slightly higher soil moisture on this cover type during
the driest months (i.e., January and February) compared with the open and semi-dense
cover types. The lower light levels in this habitat type, though not measured, could
have also positively influenced seedling survival. Shade-tolerant species, such as C. alba,
requires shade conditions provided by dense canopy covers to regenerate successfully.
Conversely, although the semi-dense forest cover had slightly higher soil moisture in spring,
the germination in this cover type was probably constrained by the higher bulk density. Soil
compaction has been shown to reduce seed germination, root development, and survival
in forest and grass species because it reduces macroporosity, gas exchange, water flow, and
root exploration [53,54]. In a laboratory study, Skinner et al. [55] found that compaction
did not affect either the germination or the later mortality of Eucalyptus albens and Vulpia
myuros. This result was attributed to the humid conditions of the experiment that prevented
desiccation, even when radicles were not in contact with the soil surface. However, the
same author mentioned that seedlings were more susceptible to surface drying in more
compacted soils, which likely occurred in our study for the open and semi-dense cover
types. Basset et al. [53] found that the ability of roots to penetrate the soils (e.g., root length
and time to penetration) and the survival post-germination were inversely related to soil



Plants 2022, 11, 2918 6 of 12

compaction, even when the range of bulk density values in their study (0.7 to 0.91 g cm3)
were much lower than those found in the open and semi-open habitat type of our study.
Overall, studies conducted in similar Mediterranean-type climate areas have reported
low regeneration in woody species established in open areas [22,56]. This might have
been especially critical for the recalcitrant-seeded C. alba because the low soil moisture
condition during the growing season in the dry environment of the study site limited the
early survival [57].

Variability in germination among populations was reported in other forest species
and shrubs [58–61] and is attributed to genetic differences and climatic and geographic
effects [62]. The Mediterranean-type climate area of central Chile has a diversity of climatic
conditions due to its geography and latitudinal variation in germination capacity and early
performance was observed in species of the Nothofagus genus [61,63,64] and sclerophyllous
species including C. alba [37,65,66]. In our study, the success of seed germination and
survival of C. alba was significantly determined by the seed source, where only the local seed
source CA showed some survival at the end of the experiment. Seed sources are typically
better adapted to their local environment; thus, restoration programs are recommended
to use local seed sources [10,67]. The fact that the seed germination in laboratory and
field conditions was similar for each seed source suggests a carryover effect from the
mother trees. This would explain why the seed germination was largely unaltered by
the environmental conditions at the study site (e.g., why the northern seed sources CD
and AN did not take advantage of the milder environmental conditions at the study site).
In this sense, it is common that provenances from warmer climates are adapted to longer
growing found at lower altitudes but suffer from early or late frosts when moved into higher
altitudes [68]. It might be possible that the opposite has occurred to seed sources CD and
AN, which were moved from higher altitudes to the lower altitude of the experimental site.
Additionally, our results showed a low but significant variation in seed germination among
mother trees within seed sources (Supplementary Table S1), where approximately 18% of
the phenotypic variance was explained by the variability of mothers within seed sources
and this is the reason why we prefer using the term seed source instead of provenance.
Because seeds from different mother trees were tested in a common environment, this
source of variation suggests some genetic control on this trait [59]. Selection of individual
genotypes within the seed source might improve germination rates of C. alba; however, this
requires larger trials and many plots. The position of fruits within the tree crown and the
age of mother trees might exert some maternal effects, influencing seed germination [69].
In recalcitrant seeds, desiccation tolerance might be an ability acquired during development
before seeds are shed from the mother plants [4]. Thus, germination was also influenced by
the environmental conditions experienced by mother plants in the previous generation and
where the seed maturation occurs [42] which explained our results. The Mediterranean-
type climate zones of central Chile have experienced a Megadrought since 2010 [43], likely
affecting the maturation and quality of C. alba seeds, which need further research.

The seed mass was moderately and positively related only to survival, but not height
and germination. This partially agreed with other studies on C. alba [70] and other species
in Mediterranean zones [71]. Seed mass and/or size very often have significant effects on
final germination percentage, germination rate, seedling survival and/or seedling growth,
and even on resistance to intra- or interspecific competition; however, some studies have
shown contrasting results [64,72,73]. Harper [74] suggested that the poorer performance
of lighter seeds is due to their lower endosperm content. Thus, the positive correlation
between seed mass and survival suggests that a higher seedling survival and growth from
the larger seeds would be expected in C. alba since they contain greater amounts of nutrients
than other species with tiny seeds and little reserves.
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4. Materials and Methods
4.1. Seed Collection

This study utilized seeds from four seed sources of C. alba collected by the Centro Pro-
ductor de Semillas y Árboles Forestales (CESAF), Universidad de Chile, Chile. From north
to south, the seed sources corresponded to Cuesta La Dormida, Antumapu (experimental
population), Cantillana, and Cayumanque, and spanned a broad range of the species dis-
tribution (Table 3, Figure 2). From May to June 2017, seeds were directly collected from
4–16 mother trees per seed source (total = 38 mothers) and then stored in sealed containers
at 4 ◦C until experimentation. We used the International Seed Testing Association [75]
standards to assess seed germination and weight in the laboratory. One hundred seeds
per mother tree were weighed to calculate the individual seed mass (SM) and then used to
assess germination (Germin), survival (Surv), and seedling height (H) after 45 days. H was
determined with a rule. Because the species has hypogeal emergence, the germination was
determined by counting the seeds with visible radicles and expressing them relative to
the total seeds sowed. Survival was expressed as the surviving seedlings relative to the
germinated seeds.

Table 3. Climatic and geographic data for seed sources Cuesta La Dormida (CD), Antumapu (AN),
Cantillana (CA) and Cayumanque (CY).

Seed Sources
(Number of

Mother Trees)
Climatic Classification Latitude/Longitude Elevation

(m.a.s.l.)
M.A.R. 1

(mm)
M.A.T. 2

(◦C)
DM

Cuesta la
dormida
CD (11)

Suprathermal warm temperate,
semi-arid humid regime (Csb2Sa) 33◦04′17′′/70◦58′00′′ 743 429 14.4 17.5

Antumapu
AN (7)

Temperate Mediterranean with
dry hot summer (Csb) 33◦34′19′′/70◦37′53′′ 629 371 14.5 15.1

Cantillana
CA (16)

Suprathermal warm temperate,
semi-arid humid regime (Csb2Sa) 33◦52′07′′/70◦55′20′′ 373 543 12.0 24.7

Cayumanque
CY (4)

Temperate, warm summers and
cold winters (Cfb) 36◦42′31′′/72◦31′52′′ 733 1292 10.0 64.6

1 MAR = mean annual rainfall; 2 MAT = mean annual temperature; DM = De Martonne aridity index, estimated
as MAP/(MAT + 10).

4.2. Field Experiment

A direct seeding trial was established in July 2017 in the private natural park Reserva
Natural Altos de Cantillana (Cantillana seed source, Table 3). Three habitat types differing
in forest cover were identified within the park and corresponded to: (1) open forest (canopy
density < 25%, dominated by sclerophyllous species dominated by Quillaja saponaria Mol.
and C. alba); (2) semi-dense forest (canopy density around 50%, mixed formation of C. alba
and Peumus boldus Mol.); and (3) dense forest (canopy density >75%, hygrophilous forest
dominated by C. alba, Crinodendron patagua Mol., and Beilshmiedia miersii (Gay) Kosterm).
Moreover, the open forest was regenerated mainly by seeds, whereas the other cover types
were by seeds and resprouting. The canopy density was determined using hemispheric
photographs and the Glama software [76]. At each habitat type, a grid of 5 by 8 plots
was installed, with each plot being 30 × 30 cm. Mother trees were randomly assigned to
each plot and 40 seeds per mother tree were directly sowed. Prior to seeding, the litter
was removed to expose the organic soil. Then, the seeds were homogeneously distributed
within the plots, adding some soil and litter to avoid animal feeding [23,25]. Additionally,
a 1 m height fence was built to prevent damage by herbivore mammals.

After seeding, germination was assessed weekly for the first months, whereas seedling
survival was assessed during the growing season 2017–2018. Additionally, at the same
dates of the germination assessment, soil moisture and temperatures were measured in the
first 5 cm depth using a portable sensor Decagon GS3 (Meter Group, Inc, Pullman, WA,
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USA), on three measurement points per habitat type. Soil Bulk density (BD) was estimated
on ten soil cores (height 5 cm, diameter 10 cm) per habitat type, which were dried after
collection at 105 ◦C for 24 h. BD was calculated as the soil mass-to-volume ratio.
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4.3. Statistical Analysis

We used a generalized linear model (glm) approach with the log-link function for
binomial data (germination and survival), and traditional analysis of variance for con-
tinuous data (growth traits). Data distribution and stability of variance required for the
analyses were checked graphically. The statistical model for laboratory data included only
the fixed effect of seed source (levels: Cuesta La Dormida, Antumapu, Cantillana, and
Cayumanque). Pearson’s coefficient of correlation was used to explore the effect of the
seed weight on germination, survival, and growth. For the field experiment, the model
included the fixed effects of habitat type (levels: open forest, semi-dense forest, and dense
forest), seed source, and their interaction, and the random effect of the mother tree nested
within the seed source. Post-hoc mean comparisons were made using Tukey’s method.
Soil moisture and temperature data were modeled by a repeated measured analysis that
included the fixed effects of forest cover, measurement date, and their interaction. Because
these soils measurement were collected at regular intervals, the variance–covariance matrix
was modeled as an autoregressive model of order 1. Differences in soil Bulk density (BD)
were analyzed with habitat type as the main factor. All statistical analyses were performed
using the Asreml package (VSNi, Hemel Hemepstead, UK) for R software (R Core Team,
r-proyect.com, accessed on 31 July). Because of the low replication of the trials, we used a
significant level of 0.1.

5. Conclusions

The results of this study showed that the recruitment of C. alba was influenced by
the forest cover and seed source but not by soil conditions. Only the local seed source
Cantillana showed survival post-germination, corroborating the use of local seed sources
in restoration projects. Under the drier and warmer condition of Mediterranean climatic
zones, the restoration via direct seeding must be mostly restricted to dense forest cover
as it provides appropriate environmental conditions for seed germination and seedling
establishment. However, the low rates of germination and survival of the species reflect its
vulnerability to natural recruitment under the climate change scenario and support the use
of alternative restoration methods such as direct seeding.
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Author Contributions: Conceptualization, C.R.M. and E.M.-H.; methodology, C.R.M., E.M.-H. and
N.S.; formal analysis, M.A.Y., S.E.E. and N.S.; writing—original draft preparation, N.S. and M.A.Y.;
writing—review and editing, C.R.M., E.M.-H., N.S., S.E.E., M.A.Y., Á.F., I.Q. and I.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the people from the private natural park Reserva Natural Altos de
Cantillana, and the AngloAmerican Los Bronces operation for supporting this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peñuelas, J.; Sardans, J.; Filella, I.; Estiarte, M.; Llusià, J.; Ogaya, R.; Carnicer, J.; Bartrons, M.; Rivas-Ubach, A.; Grau, O.; et al.

Impacts of Global Change on Mediterranean Forests and Their Services. Forests 2017, 8, 463. [CrossRef]
2. Berjak, P.; Pammenter, N.W. Recalcitrant seeds. In Handbook of Seed Physiology: Applications to Agriculture; Haworth Press: New

York, NY, USA, 2004; pp. 305–345.

https://www.mdpi.com/article/10.3390/plants11212918/s1
https://www.mdpi.com/article/10.3390/plants11212918/s1
http://doi.org/10.3390/f8120463


Plants 2022, 11, 2918 10 of 12

3. Pammenter, N.W.; Berjak, P. A review of recalcitrant seed physiology in relation to desiccation-tolerance mechanisms. Seed Sci.
Res. 1999, 9, 13–37. [CrossRef]

4. Berjak, P.; Pammenter, N.W. From Avicennia to Zizania: Seed recalcitrance in perspective. Ann. Bot. 2008, 101, 213–228. [CrossRef]
5. Bannister, J.R.; Vargas-Gaete, R.; Ovalle, J.F.; Acevedo, M.; Fuentes-Ramirez, A.; Donoso, P.J.; Promis, A.; Smith-Ramírez, C. Major

bottlenecks for the restoration of natural forests in Chile. Restor. Ecol. 2018, 26, 1039–1044. [CrossRef]
6. Doust, S.J.; Erskine, P.D.; Lamb, D. Direct seeding to restore rainforest species: Microsite effects on the early establishment

and growth of rainforest tree seedlings on degraded land in the wet tropics of Australia. For. Ecol. Manag. 2006, 234, 333–343.
[CrossRef]

7. Cole, R.J.; Holl, K.D.; Keene, C.L.; Zahawi, R.A. Direct seeding of late-successional trees to restore tropical montane forest. For.
Ecol. Manag. 2011, 261, 1590–1597. [CrossRef]

8. Sánchez-Gómez, D.; Valladares, F.; Zavala, M.A. Performance of seedlings of Mediterranean woody species under experimental
gradients of irradiance and water availability: Trade-offs and evidence for niche differentiation. New Phytol. 2006, 170, 795–806.
[CrossRef]

9. Zavala, M.A.; Espelta, J.M.; Caspersen, J.; Retana, J. Interspecific differences in sapling performance with respect to light and
aridity gradients in Mediterranean pine–oak forests: Implications for species coexistence. Can. J. For. Res. 2011, 41, 1432–1444.
[CrossRef]

10. Bischoff, A.; Vonlanthen, B.; Steinger, T.; Müller-Schärer, H. Seed provenance matters—Effects on germination of four plant
species used for ecological restoration. Basic Appl. Ecol. 2006, 7, 347–359. [CrossRef]

11. Legras, E.C. The role of germination microsite in the establishment of sugar pine and Jeffrey pine seedlings. For. Ecol. Manag.
2010, 260, 806–813. [CrossRef]

12. Marañon, T.; Zamora, R.; Villar, R.; Zavala, M.; Quero, J.L.; Pérez-Ramos, I.M.; Mendoza, I.; Castro, J. Regeneration of tree species
and restoration under constrasted Mediterranean habitats: Field and glasshouse experiments. Int. J. Ecol. Environ. Sci. 2004, 30,
187–196.

13. Eriksson, O.; Ehrlén, J. Seedling recruitment and population ecology. In Seedling Ecology and Evolution; Cambridge University
Press: New York, NY, USA, 2008; pp. 239–254.

14. Jennings, S.; Brown, N.; Sheil, D. Assessing forest canopies and understorey illumination: Canopy closure, canopy cover and
other measures. Forestry 1999, 72, 59–74. [CrossRef]

15. Gavinet, J.; Prévosto, B.; Fernandez, C. Do shrubs facilitate oak seedling establishment in Mediterranean pine forest understory?
For. Ecol. Manag. 2016, 381, 289–296. [CrossRef]

16. Gómez-Aparicio, L.; Pérez-Ramos, I.M.; Mendoza, I.; Matías, L.; Quero, J.L.; Castro, J.; Zamora, R.; Marañón, T. Oak seedling
survival and growth along resource gradients in Mediterranean forests: Implications for regeneration in current and future
environmental scenarios. Oikos 2008, 117, 1683–1699. [CrossRef]

17. Holmgren, M.; Scheffer, M. Strong facilitation in mild environments: The stress gradient hypothesis revisited. J. Ecol. 2010, 98,
1269–1275. [CrossRef]

18. Mucina, L.; Bustamante-Sánchez, M.A.; Pedra, B.D.; Holmes, P.; Keeler-Wolf, T.; Armesto, J.; Vilagrosa, A. Ecological restoration
in mediterranean-type shrublands and woodlands. In Routledge Handbook of Ecological and Environmental Restoration; Routledge:
London, UK, 2017; pp. 173–196.

19. Mendoza, I.; Gómez-Aparicio, L.; Zamora, R.; Matías, L. Recruitment limitation of forest communities in a degraded Mediter-
ranean landscape. J. Veg. Sci. 2009, 20, 367–376. [CrossRef]

20. Rodríguez-García, E.; Bravo, F.; Spies, T.A. Effects of overstorey canopy, plant–plant interactions and soil properties on Mediter-
ranean maritime pine seedling dynamics. For. Ecol. Manag. 2011, 262, 244–251. [CrossRef]

21. Castro, J.; Zamora, R.; Hódar, J.A.; Gómez, J.M. Use of Shrubs as Nurse Plants: A New Technique for Reforestation in Mediter-
ranean Mountains. Restor. Ecol. 2002, 10, 297–305. [CrossRef]

22. Becerra, P.I.; Montenegro, G. The widely invasive tree Pinus radiata facilitates regeneration of native woody species in a semi-arid
ecosystem. Appl. Veg. Sci. 2013, 16, 173–183. [CrossRef]

23. Fenner, M.; Thompson, K. The Ecology of Seeds; Cambridge University Press: Cambridge, UK, 2005; 250 p.
24. Pérez-Ramos, I.M.; Marañón, T. Factors affecting post-dispersal seed predation in two coexisting oak species: Microhabitat, burial

and exclusion of large herbivores. For. Ecol. Manag. 2008, 255, 3506–3514. [CrossRef]
25. Kremer, K.N.; Promis, Á.A.; Mancilla, G.; Magni, C.R. Leaf litter and irrigation can increase seed germination and early seedling

survival of the recalcitrant-seeded tree Beilschmiedia miersii. Austral. Ecol. 2019, 44, 86–94. [CrossRef]
26. Vander Mijnsbrugge, K.; Bischoff, A.; Smith, B. A question of origin: Where and how to collect seed for ecological restoration.

Basic Appl. Ecol. 2010, 11, 300–311. [CrossRef]
27. Bischoff, A.; Steinger, T.; Müller-Schärer, H. The Importance of Plant Provenance and Genotypic Diversity of Seed Material Used

for Ecological Restoration. Restor. Ecol. 2010, 18, 338–348. [CrossRef]
28. Lucas-Borja, M.E.; Candel-Pérez, D.; Tíscar, P.A.; Prévosto, B.; Hedo, J. Pinus nigra Arn. ssp salzmannii early recruitment and initial

seedling growth in warmer and drier locations: The role of seed and soil provenance. Plant Ecol. 2017, 218, 761–772. [CrossRef]
29. McKay, J.K.; Christian, C.E.; Harrison, S.; Rice, K.J. “How Local Is Local?”—A Review of Practical and Conceptual Issues in the

Genetics of Restoration. Restor. Ecol. 2005, 13, 432–440. [CrossRef]

http://doi.org/10.1017/S0960258599000033
http://doi.org/10.1093/aob/mcm168
http://doi.org/10.1111/rec.12880
http://doi.org/10.1016/j.foreco.2006.07.014
http://doi.org/10.1016/j.foreco.2010.06.038
http://doi.org/10.1111/j.1469-8137.2006.01711.x
http://doi.org/10.1139/x11-050
http://doi.org/10.1016/j.baae.2005.07.009
http://doi.org/10.1016/j.foreco.2010.05.039
http://doi.org/10.1093/forestry/72.1.59
http://doi.org/10.1016/j.foreco.2016.09.045
http://doi.org/10.1111/j.1600-0706.2008.16814.x
http://doi.org/10.1111/j.1365-2745.2010.01709.x
http://doi.org/10.1111/j.1654-1103.2009.05705.x
http://doi.org/10.1016/j.foreco.2011.03.029
http://doi.org/10.1046/j.1526-100X.2002.01022.x
http://doi.org/10.1111/j.1654-109X.2012.01221.x
http://doi.org/10.1016/j.foreco.2008.02.032
http://doi.org/10.1111/aec.12655
http://doi.org/10.1016/j.baae.2009.09.002
http://doi.org/10.1111/j.1526-100X.2008.00454.x
http://doi.org/10.1007/s11258-017-0727-9
http://doi.org/10.1111/j.1526-100X.2005.00058.x


Plants 2022, 11, 2918 11 of 12

30. Mao, P.; Han, G.; Wang, G.; Yu, J.; Shao, H. Effects of age and stand density of mother trees on early Pinus thunbergii seedling
establishment in the coastal zone, China. Sci. World J. 2014, 2014, 468036. [CrossRef]

31. Fort, T.; Pauvert, C. Maternal effects shape the seed mycobiome in Quercus petraea. New Phytol. 2021, 230, 1594–1608. [CrossRef]
32. Chacón, P.; Bustamante, R.O. The effects of seed size and pericarp on seedling recruitment and biomass in Cryptocarya alba

(Lauraceae) under two contrasting moisture regimes. Plant Ecol. 2004, 152, 137–144. [CrossRef]
33. Slot, M.; Palow, D.T.; Kitajima, K. Seed reserve dependency of Leucaena leucocephala seedling growth for nitrogen and phosphorus.

Funct. Plant Biol. 2013, 40, 244–250. [CrossRef]
34. Rodríguez, R.; Matthei, O.; Quezada, M. Flora arbórea de Chile; Editorial de la Universidad de Concepción: Concepción, Chile, 1983.
35. Cabello, A.; Donoso, C. Cryptocarya alba (Mol.) Looser. Peumo Familia: Lauraceae. In Las especies arbóreas de los bosques templados

de Chile y Argentina; Autoecología, Marisa Cuneo Ediciones: Valdivia, Chile, 2013; pp. 206–212.
36. Espinoza, S.; Yáñez, M.; Magni, R.; Martínez, E.; Ovalle, J.; Vaswani, S. Growth of provenances of Criptocarya alba during water

stress and re-watering in the nursery. Sci. Agric. 2021, 78, e20200292.
37. Espinoza, S.E.; Yañez, M.A.; Martínez, E.E.; Carrasco-Benavides, M.; Vaswani, S.; Gajardo, J.; Magni, C. Influence of provenance

origin on the early performance of two sclerophyllous Mediterranean species established in burned drylands. Sci. Rep. 2021,
11, 6212. [CrossRef] [PubMed]

38. Joët, T.; Ourcival, J.M.; Capelli, M.; Dussert, S.; Morin, X. Explanatory ecological factors for the persistence of desiccation-sensitive
seeds in transient soil seed banks: Quercus ilex as a case study. Ann. Bot. 2016, 117, 165–176. [CrossRef] [PubMed]

39. Vogel, H.; Razmilic, I.; San Martín, J.; Doll, U.; González, B. Plantas medicinales chilenas: Experiencia de domesticación y cultivo de
boldo, matico, bailahuén, canelo, peumo y maqui; Editorial Universidad de Talca: Talca, Chile, 2005; 178 p.

40. Vita, A. Reforestación por siembra directa con quillay (Quillaja saponaria Mol.) y peumo (Cryptocarya alba (Mol.) Looser); Universidad de
Chile: Santiago, Chile, 1966; 86 p.

41. Jiménez, H.E.; Armesto, J.J. Importance of the Soil Seed Bank of Disturbed Sites in Chilean Matorral in Early Secondary Succession.
J. Veg. Sci. 1992, 3, 579–586. [CrossRef]

42. Baskin, C.; Baskin, J. Seeds: Ecology, Biogeography, and, Evolution of Dormancy and Germination; Academic Press: San Diego, CA,
USA, 2014; 1586 p.

43. Garreaud, R.D.; Alvarez-Garreton, C.; Barichivich, J.; Boisier, J.P.; Christie, D.; Galleguillos, M.; LeQuesne, C.; McPhee, J.;
Zambrano-Bigiarini, M. The 2010–2015 megadrought in central Chile: Impacts on regional hydroclimate and vegetation. Hydrol.
Earth Syst. Sci. 2017, 21, 6307–6327. [CrossRef]

44. Rodger, J.; Bennett, J.; Razanajatovo, M.; Knight, T.; van Kleunen, M.; Ashman, T.; Steets, J.; Hui, C.; Arceo-Gómez, G.;
Burd, M.; et al. Widespread vulnerability of flowering plants seed production to pollinator declines. Sci. Adv. 2021, 7, eabd3524.
[CrossRef]

45. Vieli, L.; Murúa, M.; Flores-Prado, L.; Carvallo, G.; Valdivia, C.; Muschett, G.; López-Aliste, M.; Andía, C.; Jofré-Pérez, C.;
Fortúrbel, F. Local actions to tackle a global problem: A multidimientional assessment of the pollination crisis in Chile. Diversity
2021, 13, 571. [CrossRef]

46. Baskin, J.; Baskin, C. Pollen limitation and its effect on seed germination. Seed Sci. Res. 2018, 28, 253–260. [CrossRef]
47. Alvarez, C.; Acevedo, M.; González, M.; Cartes, E.; Bannister, J. Detección de albinismo en la regeneración de Persea lingue y

Cryptocarya alba procedentes del cerro Cayumanque, región del Biobio. Gayana Botánica 2017, 74, 296–298. [CrossRef]
48. Figueroa, P. Germinación de semillas de Cryptocarya alba (Mol.)Looser y Persea lingue Ness bajo distintas condiciones de temperatura;

Universidad de Concepción: Concepción, Chile, 1999; 53 p.
49. Urbieta, I.R.; Pére-Ramos, I.M.; Zavala, M.A.; Marañón, T.; Kobe, R.K. Soil water content and emergence time control seedling

establishment in three co-occurring Mediterranean oak species. Can. J. For. Res. 2008, 38, 2382–2393. [CrossRef]
50. Elliott, S.; Navakitbumrung, P.; Kuarak, C.; Zangkum, S.; Anusarnsunthorn, V.; Blakesley, D. Selecting framework tree species for

restoring seasonally dry tropical forests in northern Thailand based on field performance. For. Ecol. Manag. 2003, 184, 177–191.
[CrossRef]

51. Caldeira, M.C.; Ibáñez, I.; Nogueira, C.; Bugalho, M.N.; Lecomte, X.; Moreira, A.; Pereira, J.S. Direct and indirect effects of tree
canopy facilitation in the recruitment of Mediterranean oaks. J. Appl. Ecol. 2014, 51, 349–358. [CrossRef]

52. Batlla, D.; Nicoletta, M.; Benech-Arnold, R. Sensitivity of Polygonum aviculare seeds to light as affected by soil moisture conditions.
Ann. Bot. 2007, 99, 915–924. [CrossRef] [PubMed]

53. Bassett, I.E.; Simcock, R.C.; Mitchell, N.D. Consequences of soil compaction for seedling establishment: Implications for natural
regeneration and restoration. Austral Ecol. 2005, 30, 827–833. [CrossRef]

54. Busse, M.D.; Fiddler, G.O.; Shestak, C.J. Conifer Root Proliferation after 20 Years of Soil Compaction. For. Sci. 2016, 63, 147–150.
[CrossRef]

55. Skinner, A.K.; Lunt, I.D.; Spooner, P.; McIntyre, S.U.E. The effect of soil compaction on germination and early growth of Eucalyptus
albensand an exotic annual grass. Austral Ecol. 2009, 34, 698–704. [CrossRef]

56. Fuentes-Castillo, T.; Miranda, A.; Rivera-Hutinel, A.; Smith-Ramírez, C.; Holmgren, M. Nucleated regeneration of semiarid
sclerophyllous forests close to remnant vegetation. For. Ecol. Manag. 2012, 274, 38–47. [CrossRef]

57. Pardos, M.; Calama, R. Adaptive Strategies of Seedlings of Four Mediterranean Co-Occurring Tree Species in Response to Light
and Moderate Drought: A Nursery Approach. Forests 2022, 13, 154. [CrossRef]

http://doi.org/10.1155/2014/468036
http://doi.org/10.1111/nph.17153
http://doi.org/10.1023/A:1011463127918
http://doi.org/10.1071/FP12255
http://doi.org/10.1038/s41598-021-85599-3
http://www.ncbi.nlm.nih.gov/pubmed/33737615
http://doi.org/10.1093/aob/mcv139
http://www.ncbi.nlm.nih.gov/pubmed/26420203
http://doi.org/10.2307/3235824
http://doi.org/10.5194/hess-21-6307-2017
http://doi.org/10.1126/sciadv.abd3524
http://doi.org/10.3390/d13110571
http://doi.org/10.1017/S0960258518000272
http://doi.org/10.4067/S0717-66432017000200296
http://doi.org/10.1139/X08-089
http://doi.org/10.1016/S0378-1127(03)00211-1
http://doi.org/10.1111/1365-2664.12189
http://doi.org/10.1093/aob/mcm029
http://www.ncbi.nlm.nih.gov/pubmed/17430979
http://doi.org/10.1111/j.1442-9993.2005.01525.x
http://doi.org/10.5849/FS-2016-053
http://doi.org/10.1111/j.1442-9993.2009.01977.x
http://doi.org/10.1016/j.foreco.2012.02.019
http://doi.org/10.3390/f13020154


Plants 2022, 11, 2918 12 of 12

58. Humara, J.M.; López, M.; Casares, A.; Majada, J. Temperature and provenance as two factors affecting Eucalyptus nitens seed
germination. Forestry 2000, 73, 87–90. [CrossRef]

59. Rix, K.D.; Gracie, A.J.; Potts, B.M.; Brown, P.H.; Gore, P.L. Genetic control of Eucalyptus globulus seed germination. Ann. For. Sci.
2015, 72, 457–467. [CrossRef]

60. Aigbe, H.; Fredrick, C.; Omukhua, G. Effect of seed source on germination and early seedling growth of Heinsia crinita (Afzel.) G.
Taylor. Appl. Trop. Agric. 2016, 21, 180–185.

61. Santelices Moya, R.; Espinoza Meza, S.; Magni Díaz, C.; Cabrera Ariza, A.; Donoso Calderón, S.; Peña-Rojas, K. Variability in seed
germination and seedling growth at the intra- and inter-provenance levels of Nothofagus glauca (Lophozonia glauca), an endemic
species of Central Chile. New Zealand J. For. Sci. 2017, 47, 10. [CrossRef]

62. Donohue, K.; Dorn, L.; Griffith, C.; Kim, E.; Aguilera, A.; Polisetty, C.R.; Schmitt, J. Environmental and genetic influences on the
germination of Arabidopsis thaliana in the field. Evolution 2005, 59, 740–757. [CrossRef] [PubMed]

63. Veblen, T.; Read, J.; Hill, R. The Ecology and Biogeography of Nothofagus Forests; Yale University Press: New Haven, CT, USA,
1996; 414p.

64. Santelices-Moya, R.E.; González Ortega, M.; Acevedo Tapia, M.; Cartes Rodríguez, E.; Cabrera-Ariza, A.M. Effect of Temperature
on the germination of five coastal Provenances of Nothofagus glauca (Phil.) Krasser, the Most Representative Species of the
Mediterranean Forests of South America. Plants 2022, 11, 297. [CrossRef] [PubMed]

65. Magni, C.; Espinoza, S.; Poch, P.; Abarca, B.; Grez, I.; Martínez, E.; Yáñez, M.; Santelices, R.; Cabrera, A. Growth and biomass
partitioning of nine provenances of Quillaja saponaria seedlings to water stress. South. For. 2018, 81, 103–109. [CrossRef]

66. Yáñez, M.A.; Gonzalez, B.; Espinoza, S.E.; Vogel, H.; Doll, U. Phenotypic variation of fruit and ecophysiological traits among
maqui (Aristotelia chilensis [Molina] Stuntz) provenances established in a common garden. Sci. Rep. 2022, 12, 185. [CrossRef]

67. Thomas, E.; Jalonen, R.; Loo, J.; Boshier, D.; Gallo, L.; Cavers, S.; Bordács, S.; Smith, P.; Bozzano, M. Genetic considerations in
ecosystem restoration using native tree species. For. Ecol. Manag. 2014, 333, 66–75. [CrossRef]

68. Broadhurst, L.; Boshier, D. Seed provenance for restoration and management: Conserving evolutionary potential and utility.
In Genetic Considerartions in Ecosystem Restoration Using Native Tree Species; Food and Agriculture Organization of the United
Nations: Rome, Italy, 2014; pp. 27–38.

69. Gutterman, Y. Maternal Effects on seeds during development. In Seeds: The Ecology of Regeneration in Plant Comunnities, 2nd ed.;
CABI Publishing: Wallingford, UK, 2000; pp. 59–84.

70. Chacón, P.; Bustamante, R.; Henriquez, C. The effect of seed size on germination and seedling growth of Cryptocarya alba
(Lauraceae) in Chile. Rev. Chil. De Hist. Nat. 1998, 71, 189–197.

71. Hallett, L.M.; Standish, R.J.; Hobbs, R.J. Seed mass and summer drought survival in a Mediterranean-climate ecosystem. Plant
Ecol. 2011, 212, 1479. [CrossRef]

72. Giménez-Benavides, L.; Escudero, A.; Pérez-García, F. Seed germination of high mountain Mediterranean species: Altitudinal,
interpopulation and interannual variability. Ecol. Res. 2005, 20, 433–444. [CrossRef]

73. Moles, A.T.; Westoby, M. Seed size and plant strategy across the whole life cycle. Oikos 2006, 113, 91–105. [CrossRef]
74. Harper, J. Population Biology of Plants; Academic Press: Cambridge, MA, USA, 1977; 892 p.
75. ISTA. International Rules for Seed Testing; ISTA (International Seed Testing Association): Zurich, Switzerland, 2006.
76. Tichý, L. Field test of canopy cover estimation by hemispherical photographs taken with a smartphone. J. Veg. Sci. 2016, 27,

427–435. [CrossRef]

http://doi.org/10.1093/forestry/73.1.87
http://doi.org/10.1007/s13595-014-0450-9
http://doi.org/10.1186/s40490-017-0091-5
http://doi.org/10.1554/04-419
http://www.ncbi.nlm.nih.gov/pubmed/15926686
http://doi.org/10.3390/plants11030297
http://www.ncbi.nlm.nih.gov/pubmed/35161278
http://doi.org/10.2989/20702620.2018.1512789
http://doi.org/10.1038/s41598-021-04013-0
http://doi.org/10.1016/j.foreco.2014.07.015
http://doi.org/10.1007/s11258-011-9922-2
http://doi.org/10.1007/s11284-005-0059-4
http://doi.org/10.1111/j.0030-1299.2006.14194.x
http://doi.org/10.1111/jvs.12350

	Introduction 
	Results 
	Seed Assessment in the Laboratory 
	Field Experiment 

	Discussion 
	Materials and Methods 
	Seed Collection 
	Field Experiment 
	Statistical Analysis 

	Conclusions 
	References

