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Abstract: The availability of soil-stored seed determines initial plant functional types in post-fire
landscapes. We evaluated the post-fire regeneration of Nothofagus pumilio forests, in Patagonia,
Argentina, analyzing the soil seed bank (SSB) and the above-ground vegetation (AV). At three sites:
La Colisién, Rio Turbio and Monte Zeballos, burned in 2008, 1980 and 1941, respectively, we sampled
the SSB and AV in two transects from the edge of the remaining forest, up to 90 m within the
burned area, and recorded the emergence (198 soil samples) and presence of vascular species. To
determine the effect of the distance to the remnant forest on the germinable seed bank, we performed
simple linear regression analysis through the use of linear mixed-effect models, and we analyzed
the similarity between the composition of SSB and AV with PERMANOVA. The emergence of plant
growth forms had different patterns in relation to the distance from the forest in the three sites, which
might be associated with the time of fire occurrence, and specific characteristics of each site. The
emergence of N. pumilio was registered at more than one distance at the recent burning site. Herbs
constituted the main source of cover with 69% of the composition, and native/endemic species
represented 71%. This study contributes to the understanding of the relationship between the seed
bank and standing vegetation and a better understanding of the resilience of post-fire N. pumilio
forests. Our findings suggest that from 15-20 m from the edge, the SSB would be insufficient to
ensure the spontaneous recovery of the forest, making active restoration necessary in order to tend to
a recovery of the structure and functionality of the original community.

Keywords: temperate forests; resilience; fire; lenga; diversity; ecological restoration

1. Introduction

The seed bank present in the soil is a relevant factor in the dynamics and structure of
plant communities in the recovery process after a disturbance [1]. Fire represents one of
the main recurrent disturbances that affect temperate forests depending on severity and
frequency, as well as the adaptations of the affected species [2-4]. The term fire severity
provides a description of how fire intensity affects ecosystems, particularly after wildfires
with variable responses depending on the type of ecosystem [5]. The fire had a severe but
differential impact on the soil seed bank: species with transient seed reserves accumulated
on the soil surface are usually eliminated from the site after a fire event; whereas, species
with persistent buried seed reserves tended to remain in the soil [6]. If the fire severity
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is moderate, the ecosystem maintains part of its ecological integrity, resilience and the
ability to recover through natural regeneration. On the other hand, if the severity is high,
several ecological processes are affected and the recovery of the ecosystem is delayed or
disrupted [7]. Additionally, climatic conditions and the presence of other disturbances, such
as herbivory, can negatively interact with the ecological conditions of the ecosystem [8].

In Patagonia Argentina, Nothofagus pumilio (Poepp. & Endl.) Krasser (lenga) is the
most important tree species in terms of distribution area (1.2 million ha of pure forests)
and timber production from 350,000 ha corresponding to productive forests [9]. Its dis-
tribution ranges from 35°35’ S in the province of Neuquén to 55°03’ S in the province of
Tierra del Fuego. It occupies the altitude limit of vegetation (treeline) from 2000 m a.s.1.
in the northern areas and the sea level in the extreme south of the Island of Tierra del
Fuego [2,3,10]. In the western sector of the provinces of Chubut and Santa Cruz, there are
extensive areas of N. pumilio forest degraded by fire and grazing [11,12]. Regeneration of N.
pumilio occurs exclusively by seeds [13], which form a transient seed bank [14-16]. Seed
production is very irregular between years, with high seed production events (masting
year) and viability [10,17]. Seed viability decreases significantly from seed dispersal time
in late summer and early fall, until germination in mid-spring [15,16,18]. Moreover, if the
environmental conditions are not favorable after germination, a large number of seedlings
die [18].

Although fire is one of the most important disturbance factors in N. pumilio forests [3],
which normally occurs during extreme drought years affecting hundreds of hectares, the
species does not present adaptive mechanisms for rapid recovery after the occurrence of
fires. The seedling establishment after wildfires relies exclusively on their ability to colonize
burned areas from unburned areas depending on seed production, seed dispersal distance,
seed germination rate in the post-fire environment and distance from the seed source [19].

Fire affects, directly and indirectly, the regeneration processes of this species, where
the resulting system after disturbance may differ substantially from the original forest
structure and composition [20,21]. In general, burned forests of N. pumilio in northwestern
Patagonia show slow and low post-fire regeneration, characterized by a successional
process dominated in its early stages by opportunistic exotic herbaceous species [22]. In
areas with grazing, the “empastado” process usually occurs, which consists of the formation
of a layer of herbaceous vegetation with a dense superficial root system, that avoids the
establishment of regeneration of N. pumilio [15]. Thus, after intense fires and depending on
the type of forest considered, transformations from forest to grassland (steppe), or open
forest can be expected [20,23]. To improve the knowledge about the effects of fire on the
ecosystem components and its resilience is essential to restore forests after this type of
disturbance [24,25].

The objectives of this work were to determine the regeneration capacity of N. pumilio
forests after the occurrence of fire events of different ages in the center—south region of
its continental distribution in Argentina, and to define the relationship between post-fire
establishments with distance to the seed source. The germinable seed bank of N. pumilio and
associated species were analyzed across a spatial gradient from the edge of the remaining
unburned forest to the burned area, and the composition of the soil seed bank and the
above-ground vegetation present in the burned area. We postulated as a hypothesis that,
in burned forests of N. pumilio, the regeneration potential of the dominant tree species is
insufficient to ensure forest re-establishment.

2. Materials and Methods
2.1. Study Area

We carried out the study in three N. pumilio sites distributed in a latitudinal gradient
of 8° in Patagonia, Argentina. Each site consisted of a burned N. pumilio forest and the
adjacent unburned remnant forest (Figure 1). From north to south, the first site La Colision
is located near Esquel (LC: 42°56” S; 71°30” W) Chubut province, the second site Monte
Zeballos in the Los Antiguos (MZ: 46°49” S; 71°54’ W) province of Santa Cruz and the third
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site Rio Turbio (RT: 51°29’ S; 72°19' W) located also in Santa Cruz. In LC the fire occurred
in 2008, in MZ in 1941 and in RT in the early 1980’s. Regarding the fire severity, in LC, we
determined a very high severity, category 5 in the classification of Mutch and Swetman
(1995) [26], characterized by most understorey and >50% of canopy trees killed. In MZ and
RT fire severity was not determined with precision due to the time elapsed since fire events.
However, considering the state of the burned forest adjacent to the remaining forest, both
sites are likely to have suffered high-severity events.

Figure 1. Images of the remnant forest and burned area in (a) La Colisién, (b) Monte Zeballos
and (c) Rio Turbio, burned in 2008, 1941 and 1980, respectively. The white circles indicate the
sampling zones.

In addition to the difference in time elapsed since the fire event, sites presented
differences in other parameters such as altitude, rainfall, soils and livestock pressure.
La Colision site is located at 1050 m a.s.l. and has an average annual rainfall (AAR) of
~1000 mm, MZ is located at 880 m asl and it has an AAR ~300 m while RT is located at
575 m a.sl. and the AAR is ~650 mm [27]. The average annual temperature is 6.8 °C in
LC, 4.8 °C in MZ and 3.8 °C in RT, while the average temperatures of the warmest month
(January) are 17.0, 14.3 and 11.1 °C, respectively [27]. All sites are located at the eastern
limit of N. pumilio distribution, representing dry environmental conditions [28]. The soil
physical-chemical properties in LC and MZ are characteristic of deposits of volcanic ash,
allophane and imogolite, respectively, while RT presents halloysite. The fertility of the
remaining forests is high in LC, intermediate in RT and low in MZ. In LC, more than one
year after the occurrence of fire, soil conductivity, carbon, nitrogen, phosphorus, calcium
and potassium were lower compared to the unburned forest, while the pH, magnesium
and sulfur were higher in the burned sector. In RT and MZ, carbon and nitrogen in the
burned sectors were similar to that of the unburned forest [25]. After the fires, in the LC
site livestock was removed, while animal grazing occurred in MZ for sheep farming and in
RT for cattle rearing. At the edge of the unburned forest in RT, a belt of regeneration (40 m
wide) of N. pumilio of two m high was established after the fire.

2.2. Seed Viability

Given the inter-annual variability in the production and quality of N. pumilio seeds,
in the fall of 2009, we collected seeds in unburned forest areas in each sampling site. We
placed nets under the tree canopy during the period of massive seed dispersal [18].

2.3. Experimental Design and Sampling

At each site we established two sampling transects 50 m apart from each other, from
the edge of the remnant unburned forest towards the burned area following the direction
of the prevailing winds. In each transect, we established circular plots of 1 m?, every 15 m
from the forest edge up to 90 m (0, 15, 30, 45, 60, 75 and 90 m) (Figure 2). In each plot, we
sampled both fractions: above-ground vegetation (AV) and soil seed bank (SSB).
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Figure 2. Diagram of sample design: two transects 50 m apart from each other, from the edge of the
unburned forest towards the burned area and in the direction of prevailing winds, each with seven
plots of 1 m?, every 15 m from the edge of the forest up to 90 m.

To evaluate above-ground vegetation, we sampled the total vascular plant species
composition in each plot in March 2009. Species were herborized and identified in the
laboratory according to Correa (1969-1988) [29] and Zuloaga et al. (2013) [30]. We classified
species by growth-form (grass, herbs, dwarf shrub-shrub and trees), and by native/endemic
and adventive/exotic according to Zuloaga et al. (2013) [30].

To evaluate the soil seed bank, we sampled in each sample plot three rectangular
soil samples of 15 x 20 cm at 5 cm depth in autumn after seed dispersal (April 2009) and
in spring after winter seed stratification (September 2009). In the autumn sampling in
RT, samples were collected up to a distance of 60 m from the remaining forest, and MZ
sampling could not be carried out due to site inaccessibility. In total, 198 soil samples
were collected. The set of autumn samples (n = 72) was stored in the refrigerator at 4 °C
for 4 months and the set collected in spring was stored for 1 month to homogenize the
stratification period from the three sites.

2.4. Seed Bank

We used the incubation method [31] to evaluate the seed bank. For this, we placed
soil samples in trays in a growth chamber, sprinkled them with water and covered them
with polyethylene bags to maintain humidity according to ISTA (1999) [32]. The trays were
kept for seven weeks in the chamber at a temperature of 20 °C with 16 h of light and 8 h of
darkness. The response variable was the emergence of seedlings of N. pumilio and other
species (N° of emerged seedlings sensu Harper (1977) [33] during the study period). We
classified the identified species by growth-form as grass, herbs, subshrubs-shrubs and trees,
and by native/endemic and adventive/exotic [30].

2.5. Data Analysis
2.5.1. Nothofagus pumilio Germination Capacity

To determine the germination capacity of the N. pumilio seeds, they were subjected to
a pre-germinative treatment of cold-humid stratification for 60 days. For this treatment, the
seeds were hydrated for 48 h, drained and placed in a refrigerator (3-5 °C). Subsequently,
400 seeds from LC, 400 from RT and 200 from MZ were sown. The seeds of LC and RT
were distributed in 4 plastic trays in groups of 100 seeds each, while those of MZ were
distributed in groups of 50 seeds [32]. The trays were prepared with 250 g of sterilized
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volcanic sand, previously moistened with 150 mL of distilled water. All trays were kept in
a growth chamber at 20 °C with 16 h of light and 8 h of darkness for 7 weeks. The number
of germinated seedlings was recorded. To evaluate the non-germinated seeds, at the end
of the experiment, we longitudinally sectioned each one with a sharp blade, examining
the state of their interior using a Wild M3Z Heerbrugg Switzerland loupe. We classified
seeds as empty, fresh and dead [32]. The results were expressed as the percentage + error
standard of germination capacity (germinated plus fresh seeds), empty and dead seeds.

2.5.2. Soil Seed Bank Response

To determine the effect of the distance to the remnant forest on the germinable seed
bank, we performed simple linear regressions through the use of linear mixed-effect models
(function Imer, package Ime4) [34]. We analyzed data independently for each site because
of the differences in the time since fire disturbance events. The distance to the limit of the
remnant forest (0, 15, 30, 45, 60, 75, 90 m) was treated as a fixed effect. The transect (with
two levels) and the soil sample plots (with three levels) nested in the transect, were treated
as random effects. The response variables analyzed were the number of emerged seedlings
of N. pumilio, dwarf shrub-shrub, herbaceous and grass species. Two values of R? were
obtained [35]: the marginal R?, which refers to the amount of variability explained by the
fixed effects, and the conditional R?, which refers to the amount of variability explained
by the complete model, including the random effects (r.squaredGLMM function, MuMIn
package) [36]. We transformed the response variables to logarithmic or square root, to
meet normality and homoscedasticity assumptions, which were evaluated through the
Shapiro-Wilk test (shapiro.test function, stats package) [37] and through residuals analysis,
respectively. For those variables with few emerged seedlings, we did not adjust a model
and only present the observed values. To carry out these analyses we used R software [37].

2.5.3. Comparison between Above-Ground Vegetation and Soil Seed Bank Composition

To compare the vegetation composition and seed bank fractions in the three sites,
we performed a permutational multivariate analysis of variance (PERMANOVA) using
species presence data at plot level with the binary form of Bray’s distance, which is equal
to Sorensen’s (function adonis, package Vegan) [38]. For the seed bank, we only considered
the identified the emerged species. Then, we displayed plant community data graphically
in ordination space using a non-metric multidimensional scaling (NMDS) based on species
presence with Sorensen’s distance (function metaMDS, package Vegan). These analyses
were performed using the software R [37].

3. Results
3.1. Nothofagus pumilio Germination Capacity

The germination capacity of N. pumilio seeds varied between 3.5 + 0.3% in LC,
10.0 £1.7% in MZ and 15.8 &+ 1.2% in RT. La Colisién showed a higher percentage of
empty seeds (87.5 & 1.0%) than MZ and RT (46.0 = 2.2% y 42.8 £ 1.3%, respectively). Con-
trary, MZ and RT showed a higher percentage of dead seeds (44.0 £ 1.2% and 41.5 & 2.1%)
than LC (9.0 £ 1.1%).

3.2. Emergence from the Soil Seed Bank
3.2.1. Emergence of Tree Species

Nothofagus pumilio seeds emerged in the autumn and spring samples in LC, in the
spring samples in MZ, and only in the autumn samples in RT (Figure 3). In no site or season,
the emergence of N. pumilio was associated with the distance to the remaining forest, and
the emergence was almost zero from 30 m distances in all sites. In LC, 50 seedlings/m? on
average of N. pumilio emerged at the edge of forests in autumn. From a distance of 30 m
and 45 m, around 10 seedlings/ m? on average were recorded in the same site in autumn
and spring. In MZ and RT, emergence was recorded only in one soil sample (Figure 3).
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Figure 3. Emergence of N. pumilio seeds in La Colision (LC, (a,b)), Monte Zeballos (MZ, (c,d)), and
Rio Turbio (RT, (e,f)), as a function of the distance from the edge of the remnant forest to the burned
area, in autumn (left) and spring (right). Dots represent the observed emergence in each sample soil.
w/d: without data.

3.2.2. Emergence of Dwarf Shrub-Shrub Species

The emergence of dwarf shrub-shrub species presented different patterns at the three
sites independently of the distance to the remnant forest. In LC, there was a tendency for
greater emergence in the proximity of the remnant forest in autumn (Figure 4a). In spring,
the seed bank was represented by 40 emerged seedlings/m? from the edge of the forest to
90 m (Figure 4b). In MZ, in spring, there was a trend towards a greater abundance of dwarf
shrub-shrub species at greater distances from the remaining forest, which, in some cases,
exceeded the 100 seedlings/m? (Figure 4d). In RT, there was less emergence than in LC
and MZ (Figure 4ef).
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Figure 4. Emergence of dwarf shrub-shrub species in La Colisién (LC, (a,b)), Monte Zeballos (MZ,
(c,d)) and Rio Turbio (RT, (e,f)), as a function of the distance from the edge of the remnant forest to
the area burned in autumn (left) and spring (right). Dot represents the observed emergence in each
sample soil. w/d: without data.

3.2.3. Emergence of Herbaceous and Grass Species

The emergence of the herbaceous species also showed a different pattern in the three
sites, and differences associated with distance were observed. At LC, a marked decrease
in emergence was found in the first 15 m, with a similar pattern in autumn and spring,
although only in autumn was the adjustment significant and the distance to the edge ex-
plains 67% of the variability (Figure 5a). The seed bank varied for more than 2000 emerged
seeds/m? in autumn and 20,000 in spring (Figure 5a,b) at the edge of the burned forest,
to values close to zero at 30 m. MZ-only samples from the edge of the remnant forest did
not present the emergence of herbaceous species. From 15 m of the remaining forest, a
bimodal pattern was observed in spring with two peaks at 30 and 90 m from the edge,
with an average of 5000 and 3800 seedlings/m? (Figure 5d). In RT, on the other hand, the
pattern observed was contrary to that of LC and in both seasons emergence was associated
with distance and this factor explains 66% of the variability in autumn and 52% in spring
(Figure 5e,f). No emergence was recorded at the edge of the remaining forest; however,
in both autumn and spring, emergence increased with distance, reaching a maximum of
45-60 m. In both seasons this value achieves 2000 seedlings/m?.
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Figure 5. Emergence of herbs species in La Colision (LC, (a,b)), Monte Zeballos (MZ, (c¢,d)) and Rio
Turbio (RT, (e,{)), as a function of the distance from the edge of the remnant forest to the burned area,
in autumn (left) and spring (right). Dots represent the observed emergence in each sample soil and
lines indicate the simple linear regression for the evaluated range. w/d: without data.

Related to the grasses, the emergence in LC is very low and null in RT in any of the
seasons analyzed (Figure 6). MZ is higher and did not show a variation associated with
the distance from the remnant forest. In MZ the emergence is on average 80 seedlings/m?
from the edge to 45 m, and then decreases a bit (Figure 6b).
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Figure 6. Grass emergence in La Colision (LC, (a,b)) and Monte Zeballos (MZ, (c,d)), and Rio Turbio
(RT, (e,f)), as a function of the distance from the edge of the remnant forest to the burned area, in
autumn (left) and spring (right). Dots represent the observed emergence in each sample soil. w/d:
without data.

3.3. Above-Ground Vegetation and Soil Seed Bank Composition

We identified 48 species in both fractions, above-ground vegetation and soil seed bank
(Table 1). In the seed bank, the majority (29) were identified to the species level, while seven
plants were identified to the genus level and 12 could not be determined. Regarding the
habit, 70.8% corresponds to herbaceous species, 20.8% to dwarf shrub-shrubs and 8.3% to
trees and grasses. Regarding status, 77.7% of the determined species are native/endemic,
and 22.8% are adventive/exotic (Table 1).

Species composition was different between sites (LC, MZ and RT) and fractions (AV
and SSB) (p < 0.001). The species composition was mainly explained by the site (50%)
and the fraction (5%) (Figure 7). In addition, the site*fraction interaction was recorded,
which explains 17% of the variability in composition. In LC all the species present in the
vegetation (n = 14) were found in the seed bank (n = 24). In this site, the herbaceous species
represented 64.3% in both fractions, while the tree species were only found in the seed
bank (7.1%). Dwarf shrub-shrub species represented 28.6% of the bank and 35.7% of the
vegetation. Regarding status, 79% of the species were native/endemic. The remaining
21% corresponds to adventitious/exotic species, mainly herbaceous such as Cerastium sp.,
Cirsium vulgare and Taraxacum officinale (Table 1). In contrast, in MZ, although the number
of species found in each fraction was similar (16 in SSB and 15 in VA), seven species in AV
were not found in SSB and three in the SSB (Ribes cucullatum, Baccharis sp. and Cerastium sp.)
were not found in the vegetation (Table 1). This was confirmed in the PERMANOVA and
NMDS analyses (Figure 6). In this site, the herbaceous species also presented the highest
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proportion (68.7% in SSB and 73.3% in AV) followed by dwarf shrub-shrub (25% in SSB
and 13% in AV) and a low percentage of trees and grasses. Regarding status, 81% were
native/endemic, and the rest were adventitious/exotic mainly herbaceous such as Draba
verna, Rumex acetosella and Taraxacum officinale. In RT, the SSB was more diverse than the
AV with 15 species in total (four not determined) as evidenced also in the NMDS (Figure 6).
The four main species of the AV, B. magellanica, Hieracium glaucifolium, N. pumilio and Senecio
trifurcatus, were present in the SSB. In this site, herbaceous species represented 73.3% of
SSB and 50% of AV, while dwarf shrub-shrub species represented 6.6% of SSB and 25%
of AV. The trees were 13.3% of SSB and 25% of AV, and the grasses were 6.7% of SSB.
Regarding the habit, 82% were native/endemic, the remaining percentage corresponding
to the adventitious herbaceous plants R. acetosella and T. officinale (Table 1).

Table 1. Vascular plant species present in both fractions: soil seed bank (SS5B) and above-ground
vegetation (AV) at each study site La Colisiéon: LC, Monte Zeballos: MZ and Rio Turbio: RT. Habit
and Status according to Zuloaga et al. (2013) H = herbaceous, S = dwarf shrub-shrub and T = trees;
N/E = native or endemic and A /Ex = adventive or exotic.

LC Mz RT
Genus and Species SSB AV SSB AV SSB AV Habit Status
Acaena sp. X X X X X H N/E
Acaena splendens X X H N/E
Anemone multifida X X H N/E
Austrocedrus chilensis X T N/E
Azorella prolifera X X S N/E
Baccharis magellanica X X S N/E
Baccharis sp. X X X S N/E
Berberis microphylla X X X X X S N/E
Berberis serrato-dentata X X S N/E
Cerastium sp. X X H A/Ex
Cirsium vulgare X X H A/Ex
Draba verna. X X H A/Ex
Erigeron sp. X H N/E
Galium aparine X X H A/Ex
Gaulteria mucronata X S N/E
Hieracium glaucifolium X X H N/E
Leucheria sp. X X X H N/E
Pinnasa bergii X H N/E
Maytenus chubutensis X S N/E
Muehlenbeckia hastulata X X H N/E
Nothofagus pumilio X X X X T N/E
Osmorhiza berteroi X X X H N/E
Phacelia secunda X X H N/E
Poa sp. X G N/E
Prunella vulgaris X H A/Ex
Ribes cucullatum X X X S N/E
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Table 1. Cont.

LC MZ RT
Genus and Species SSB AV SSB AV SSB AV Habit Status
Rumex acetosella X X X H A/Ex
Schinus patagonicus X X N/E
Senecio neaei X H N/E
Senecio trifurcatus X X H N/E
Sisyrinchium sp. X H N/E
Stellaria media X H A/Ex
Pappostipa sp. X X G A/Ex
Taraxacum officinale X X X H A/Ex
Vicia magellanica X X H N/E
Viola maculata X X X X H N/E
Sp 01 X H
Sp 02 X H
Sp 03 X H
Sp 04 X X H
Sp 05 X H
Sp 06 X H
Sp 07 X H
Sp 08 X H
Sp 09 X H
Sp 10 X X H
Sp 11 X H
Sp 12 X H
O LC-SSB
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Figure 7. Two-dimensional non-metric multidimensional scaling (NMDS, stress = 0.0946) ordination
of above-ground vegetation (AV) and soil seed bank (SSB) for sites (LC, MZ and RT). Ordination is
based on species presence, using Sorensen’s distance.
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4. Discussion

In this work, we studied the soil seed bank and the above-ground vegetation estab-
lished in the proximity of the remnant unburned N. pumilio forests at different times since
the fire events. The study sites had differences in topography, soil properties, water regime,
vascular plant composition, and livestock pressure that influence the results. Associated
with this we found a high variability between and within sites, consistent with previous
studies [39,40]. In the seed bank, the emergence of N. pumilio occurred in all sites but at LC
and RT, the number of emerged seeds was the maximum at the edge of the remaining forest.
In RT and MZ the emergence was almost zero from 15 m. This pattern is consistent with the
wind-mediated dispersal mechanism that, in many species, occurs at short distances [41].
Seeds dispersal for N. pumilio reaches a distance of 25-60 m from the forest line [28,42].

Without disturbances, the regeneration of N. pumilio varied between 50 and
300 seedlings/m? ensuring natural regeneration [18,43—45]. In LC, the density of 50 seedlings/m?
in autumn and 10 seedlings/m? in spring in the first 10 to 20 m from the edge of the rem-
nant forest could allow the gradual recovery of the forest without the herbivory pressure
from domestic cattle or hares. However, it is probable that once a regeneration belt has
been established, its advance towards the burned area will be strongly limited by different
factors, as has been observed in N. pumilio burned sites over 25 years old [46]. In MZ, the
very low emergence of N. pumilio from the seed bank is the main limitation to recovering the
forest cover. This could be due to the decrease in the quality of the transitory seed bank that
normally occurs from autumn to spring [41], as well as to the scarcity of seed-producing
trees. Likewise, collected seeds in all sites showed a low germination capacity, normal in
years of low production. N. pumilio presents abundant seed cycles called masting, with
periods that can vary from 4 to 8 years, and with also a higher quality of seeds.

La Colision is the most recently burned forest, and this determined the low similarity
of the species composition compared to other sites (30 and 70 years since burned). The
greater emergence of N. pumilio in LC could be associated with the absence of soil erosion
and grazing. In the case of MZ, although the fire occurred more than 70 years ago, the
intense livestock use has caused significant soil degradation and erosion affecting seed
germination and seedlings establishment. In ecosystems where the spatial configuration of
the community is of patches immersed in a matrix of bare soil, the shrubs and the vegetation
present function as structures for retaining seeds [47]. It is also possible that in the burned
area, the micro-environmental conditions during the winter are more extreme (e.g., low
temperatures, high radiation, desiccation) and cause irreversible mechanical damage to the
few fall seeds without the protection of litter leaves. This condition regarding the seeds
and the death of seed-producing trees associated with high-severity fires are critical factors
that influence the recovery of the N. pumilio forest after a disturbance [43].

A large part of the shrub species that emerged from the seed bank at the three sites
was found in the vegetation and have also been identified in other burned areas [25]. These
species have the ability to sprout from vegetative parts that have been buried and provide
seeds to the soil seed bank, regardless of the distance to the edge of the remnant’s forest.
The larger size of the germinable seed bank of shrubs on the edge of the remaining forest
in LC could be associated with the recent fire event and better microsite conditions (e.g.,
litter, shade levels) and seeds provided by the forest, similar to those determined in others
studies [48]. The low density of germinable seeds distant the edge of the remaining forest
could delay the recovery of the species due to spontaneous recolonization of the burned
area from propagules, as occurs in different species [49]. Instead, the size of the germinable
bank of shrub species was small, in MZ from a distance of 45 m native/endemic species
Azorella prolifera, Bacchariss sp., Berberis microphylla and Ribes cucullatum germinated, and in
RT from 60 m occurred with B. magellanica and B. microphylla. In this case, both sites have
livestock grazing impact on plant reproduction depending on the palatability of each plant
species. Significant changes in the flowering span in one palatable species (R. magellanicum),
with flowers opening first in fenced plots, were found in a postfire N. pumilio forest [50]. In
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contrast, flowering periods of the non-palatable species, B. microphylla and B. darwinii, and
the exotic forb, C. vulgare, were extended by cattle browsing effects.

In part, the regenerating understory response after fires was due to the interaction
between the spatial legacy of disturbance and the ability of different species to recolonize.
The spatial and temporal pattern for regeneration depends upon the presence of the seed
and vegetative banks as well as dispersal from surviving aboveground seed sources. The
former provides in situ sources of regeneration, while the latter provides opportunities
for species not previously on-site to invade a community [49]. In our study herbaceous
species represented, on average, 69% of the composition of the bank and constituted the
main source of soil cover, which could represent a mechanism of temporary protection,
considering the important losses of soil fertility registered in recently burned forests [24],
especially in areas with high rainfall and steep slopes [22]. The different patterns regarding
the distance to the edge of the remnant forest in the three studied sites showed a significant
trend of change between 15 and 30 m probably associated with the fire age and the presence
of the seeds from anemophilous dispersal species that colonize burned areas. Moreover, it
could be that the sampling design with only two transects for the site has been insufficient
to cover the environmental heterogeneity within each site. In the first years, the remaining
forest would be the main source of seeds that allows their dispersion towards the burned
area, as was observed in LC with more than 10,000 seedlings/ mZ2. However, since the time
of the fire event and the herbaceous species colonizing the site, the main source of dispersal
will be the same herbaceous species established in the burned area. In this site, three
herbaceous species were very abundant (Galium aparine, Osmorhiza berteroi and Veronica
serpyllifolia) and it is possible that, in the first stages of succession, these species play an
essential role for the ecosystem by facilitating the installation of other species, as proposed
by White and Pickett [51]. These results agree with those obtained from the analysis of
the post-fire seed bank of the largest fire recorded in the last 100 years in Patagonia [52].
Thus, where a low abundance of herbaceous species was recorded in the seed bank in
relation to shrubs and trees, most native/endemic species and a significant effect of fire
severity on the emergence and abundance of species were detected [53]. In other forests,
deep burial in seed banks is characteristic of early successional species and those with
low seed weights [54]. The organic layer loss after intense burns should release this plant
group. For early succession specialists, the presence of a persistent seed bank and a short
period of favorable conditions immediately after wildfires are critical to the maintenance of
viable populations. Seed banks may renovate during this short window of recruitment after
lying dormant for years between wildfire cycles [49]. For example, the estimated interval
between burns in the boreal forest ranges from 50 to 300 years [55].

However, the variation in the amount of seeds differed in the oldest burned sites, since
RT displayed certain stability from 30 m from the forest edge, where the vegetation has a
homogeneous distribution, while MZ showed great variation, surely associated with the
heterogeneous distribution of the vegetation. In the case of RT, although the species present
in the vegetation were found in the seed bank, the great number of species in the bank
explains the different composition between fractions. This low presence may be related
to the high Hieracium glaucifolium cover, a perennial invasive herb that covers the ground
with values greater than 40% in nearby sites [25]. This can hinder seed germination due
to the effect called empastado, as has been observed for N. pumilio in burned [15] and
unburned [23] forests.

Integrating the results of this work and identifying a possible succession trajectory for
each site, it would be expected that in LC with livestock excluded, a natural regeneration
belt with a width of between 10 and 30 m would be established, but towards the inside of
the burnt area, a replacement of N. pumilio seedlings by a stratum composed of endemic
species, such as Berberis, Ribes, Schinus and Maytenus, may occur. For MZ and RT, it is
expected that the ecotone grassland will remain. This is due to the fact that the intense
and severe fires left low cover and an insufficient number of seed-producing trees, causing
a decrease in the regeneration of N. pumilio and favoring the invasion of shrubby and
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herbaceous species. It is possible that due to the more marginal environmental conditions
and the intense grazing use in MZ and RT, the system trespasses a threshold that limits the
natural recovery succession, determining the need to carry out the ecological restoration.

5. Conclusions

Comparable to other studies in forest ecosystems, standing vegetation and its asso-
ciated seed bank were not similar [56]. Knowing the relationships between seed banks
and standing vegetation may help managers and conservationists to manage against ex-
otic species, plan for community responses to disturbances, restore diversity, and better
understand the resilience of an ecosystem [56].

In N. pumilio forests disturbed by fire, the size of the germinable seed bank of the
dominant tree species would be, in the short term, insufficient to ensure spontaneous
recovery through natural regeneration beyond 15-30 m from the forest limit remainder. In
recently burned sites, the forest would produce a facilitating effect in the first 30 m, while in
older sites where a regeneration belt has been established, the effect would be the opposite.
The effect of these interactions is relevant to study in future works on succession in forests
affected by the fire. It is also necessary to expand the knowledge about the composition of
the seed bank in the different stages of post-fire succession in the forests of N. pumilio in the
south-central of its distribution, and what is the ecological function of the species present
in them since, unlike other works in N. pumilio forests affected by fire, most of the species
determined in the study sites are native/endemic.

Regardless of the distance to the remaining forest, the presence of livestock could
alter native species regeneration and possibly change successional trajectories following
the burning of N. pumilio forests. Furthermore, animal browsing effects on reproduction
phenology showed strong contrasting patterns between palatable and non-palatable species
that could modify regeneration in the northern of N. pumilio distribution. Further research
is needed to determine the patterns of postfire browsing effects at different sites in the
south-central forests of N. pumilio. In this type of fire-sensitive forests, with traditional
livestock use, with very low or no resilience capacity, the need to carry out restoration tasks
that include the planting of native tree and shrub species is highlighted, in order to tend to
a recovery of the structure and functionality of the original community.
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