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Abstract: Eucalyptus globulus Labill. is a widespread forest tree species, reported as naturalized
across the introduced range, often showing abundant natural regeneration after wildfires. This
paper studies a post-fire cohort of seedlings derived from a small, isolated E. globulus stand in
central Portugal. The aim is to better understand the genetic dynamics and dispersal mechanisms of
naturally established E. globulus populations in the introduced range. The seedling density at 55 m
from adult trees was 12,000 ha—!, the farthest seedling being registered at 101 m. Post-fire expansion
occurred in a southward direction, in accordance with predominant wind. Seedlings had significantly
lower levels of genetic diversity (Ae = 5.8.; He = 0.8) than adult trees (Ae = 6.5; He = 0.8). Crossings
were strongly unbalanced, with only eight trees contributing to the sampled seedlings, and one single
tree contributing to 52% of these seedlings. Moreover, the co-ancestry amongst seedlings more than
doubled (from 6 = 0.03 to 0.076), and the population status number was around one third of the
value registered for the adult population (from Ns = 16.2 to 6.6). Despite its isolation, external pollen
was detected in the stand, and appears to have travelled at least 700 m, contributing to 22% of the
offspring. Overall, the seedling cohort is much less diverse than the parent trees, with expected lower
resilience and persistence to environmental stresses.

Keywords: Eucalyptus globulus; post-fire dispersal; naturalization; genetic diversity; paternity
assignment; kinship estimates

1. Introduction

Eucalyptus globulus Labill.,, also known as Tasmanian blue gum, is an evergreen,
broadleaf tree native to southeastern Australia (Victoria), the Bass Strait Islands, and
Tasmania. This tree species was discovered by the end of the 18th century, and was later
introduced into several countries throughout the world [1,2]. It is now one of the most
popular and important pulpwood plantation species in the world, covering more than
2.5 million ha, mostly in the Iberian Peninsula, Australia, and southern South America [2].
Eucalyptus globulus was introduced to Portugal in the mid-1800s, but the planted area
expanded more significantly in the late 20th century, mostly aimed at the pulp and paper
industry [3,4]. By 2015, the eucalypt area reached around 845,000 ha, which makes Portugal
the country with the largest area occupied by this species [5].

E. globulus is naturalized in many regions across the introduced range, often showing
abundant natural regeneration, especially after fire or other major environmental distur-
bances [6,7]. Although eucalypts are generally viewed as less invasive than several other
tree species [8,9], given its wide distribution, it is important to have a better understanding
of its reproductive success and how it is likely to evolve. Most of the published research
looked at the importance of environmental factors on the natural regeneration success of
the species, especially in areas surrounding plantations [8,10,11]. Fire and climate have
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been shown to be important drivers of seedling establishment. Fire, in particular, triggers
massive, synchronized seed shed following capsule desiccation [12-15], and reduces or
eliminates plant competition [11,16]. Small, isolated E. globulus populations or individuals
can also originate abundant recruitment [7].

Less studied has been the role of population genetics in explaining how these natural-
ized, often isolated, populations are likely to evolve. One of the approaches to study the
genetics of dispersal and naturalization of exotic plant populations has been the use genetic
markers (e.g., [17-19]). They provide a framework for estimating most of the key intra- and
inter-population genetic parameters, and help to explain how naturalized populations are
expected to evolve. Among the large number of available genetic markers, microsatellites
or simple sequence repeats (SSR) have been widely used in eucalypt studies throughout
the years [20-26].

This paper studies the genetic structure of a post-fire regeneration cohort derived
from a small, isolated population of E. globulus in Portugal. The aims are two-fold: (a) to
understand the changes in genetic diversity between cohorts, as well as the mating patterns
and gene flow underlying this regeneration event; and (b) to characterize the expansion
patterns, including seedling densities, dispersal distance, and dispersal directions. This
was achieved by producing a complete reconstruction of the parent and offspring pedigree
relationships based on 11 SSR nuclear markers. This is the first study using genetic markers
to assess the genetics of an E. globulus naturalized population in the introduced range.
The presented results are relevant for better understanding the naturalization process of
E. globulus in Portugal and elsewhere.

2. Materials and Methods
2.1. Study Area

The study area is located at Mata Nacional do Urso, a public forest estate located
in central Portugal (coordinates: 39.970312°, —8.882413°; Figure 1). This woodland is
managed by the Portuguese Institute for Forests and Nature Conservation (ICNF), covering
a total area of 6102 hectares. The terrain is slightly undulated, shaped by dune systems,
with an average altitude of 50 m, reaching c. 90 m in some locations. The forested area is
dominated by maritime pine (Pinus pinaster Ait.) plantations. The introduction of eucalypts
in this area dates to 1909-10, when 35,000-40,000 eucalypts, mostly E. globulus, were planted
for swamp draining [27] and for ornamental purposes along roads, and they have persisted
until today, mostly in small patches and along roadsides.
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Figure 1. Location of sampled eucalypts (1 = 78) in the study area according to eucalypt groups
(a), relative to surrounding eucalypt stands (b), in central Portugal (c). Eucalypt groups include:
“north”—pre-fire eucalypts established north of the road; “south”—post-fire eucalypts established
south of the road; roadside—large pre-fire eucalypts established on the roadside. Geographical
information (orthophoto 2018) in (a) provided by Diregao-Geral do Territorio.
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The studied eucalypt population includes a small, isolated group of trees planted
along a roadside, the respective offspring, and a few other trees of unknown origin.
The population distances ca. 4 km from the sea, covering c. 1.55 ha on both sides of the
road (Figure 1), and extending over 213 m between the most far apart plants. The closest
eucalypt stand is located at ca. 700 m. The roadside trees are 10 adult eucalypts of unknown
provenance and age, planted along 75 m on the southern side of the road. On the northern
side of the road, there was another small group of trees, probably eucalypts, that were clear
felled between 2009-2011 after the improvement of the road. At the time of the survey,
some resprouting eucalypts persisted north of the road. Most of the remaining area is
covered by E. globulus recruitment that expanded south of the road after a wildfire occurred
in October 2017, covering ca. 0.98 ha. According to historic aerial imagery, until recently,
the whole area was covered mostly by pine plantations that were clear felled after the latest
wildfires, particularly north of the road after a wildfire in 2015 and south of the road after
the latest 2017 wildfire.

2.2. Sampling and Data Collection

The whole eucalypt population was divided into three main groups, based on their
size and status (Figure 1). The group of putative founder trees was composed of 10 large
adult individuals, planted before the 2017 wildfire, along the roadside. The second group
was composed of eight smaller adult trees, also present before the 2017 wildfire. The third
group was composed of highly dense plant recruitment, established after the 2017 wildfire.
These plants are hereafter identified as seedlings, although their size was between the
seedling and sapling stages.

Field work was performed in September 2020, around three years after the 2017
wildfire. There were two different sampling schemes that were applied to the whole
eucalypt population. One was addressed to sample both adults and seedlings, in order to
obtain genetic material to assess genetic diversity and kinship. The other was specifically
addressed to sample the seedling population to assess the population structure, including
density and size class distribution. The first sampling scheme was performed at the plant
level, whereas the second used a series of sampling plots distributed along transects across
the area of seedling establishment. Aerial imagery collected in October 2018 with an
unmanned aerial vehicle (drone) assisted the design of the sampling protocols, particularly
the establishment of the sampling transects.

Regarding the sampling for the genetic analysis, we collected data and biological tissue
(leaves or cambium) from a sample of seedlings (south group) and from all mature trees
present (roadside and north groups). In order to collect all putative parents, all eucalypts
established before the 2017 wildfire were sampled (n = 18), which included all putative
founder individuals planted on the roadside and all adult trees north of the road. The south
seedling population, due to its abundance, was sampled along transects. A set of six parallel
transects were set, distanced 15 m from each other, starting from the row of roadside trees,
and extending south perpendicular to the road, corresponding roughly to the dispersal
direction. We selected the closest seedling every 10 m along each transect until no eucalypt
plant was found. Additionally, we conducted a thorough survey in the surrounding areas
and sampled all eucalypts found at greater distances, until reaching the limit of 62 seedlings.
A total of two of the sampled seedlings did not meet the minimum quality parameters of
extracted DNA, being therefore discarded from further analyses. Therefore, the sample for
genetic analysis was composed of 18 adult trees and 60 seedlings (1 = 78). All sampled
eucalypts were tagged and identified by a unique code, and georeferenced using a high-
precision (<1 m) GPS (Trimble Geo7x; Geospatial Solutions, Trimble Inc., Sunnyvale, CA,
USA). The following information was collected for each sampled eucalypt: (a) maximum
height (using a digital clinometer for taller trees; model Peco DCC-1, PECO Sales, Jackson,
MS, USA); diameter at breast height of all stems (DBH; measured at 1.3 m height; smaller
trees had no data); diameter and height of all stumps in the case of resprouting individuals;
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resprouting condition (yes/ no) and number of stems; presence of reproductive organs;
and proportion of juvenile leaves.

The second sampling scheme, which addressed the structure of the seedling subpop-
ulation, used a set of sampling plots established across the post-fire expansion area. A
total of 4 sampling plots were established every 15 m along 3 of the 6 sampling transects,
totaling 12 sampling plots. The first sampling plot in each transect was distanced 10 m
from the start of the transect. As a result, sampling plots were established at the following
distances along transects: 10 m; 25 m; 40 m; 55 m. Sampling plots were circular, with a
1.79 m radius and an area of 10 m2. In each sampling plot, the number and height of all
eucalypts was recorded, and later assigned to four height classes: <0.50 m; 0.51-1.30 m;
1.31-3.00 m; >3.00 m.

2.3. DNA Extraction and Microsatellite Analysis

Genomic DNA was extracted from all collected samples. Cambium tissue was stored
in ice after collection until DNA extraction. A standard DNA extraction protocol was used
as described by [28], with minor modifications. Both quantity and quality parameters of
extracted DNA were accessed using Thermo Scientific™ NanoDrop.

A total of 11 microsatellite loci were amplified in multiplex sessions using well
established conditions, and information for the 11 SSR is presented in Supplementary
Table 51 [29-32]. Amplified DNA fragments were separated by electrophoresis on
0.25-mm-thick 65% polyacrylamide gels, and visualized using a DNA sequencer (Gene
Readir 4200; LI-COR, NE, USA). RFLP scan analysis software (v3.1, Scanalytic, Fairfax,
VA, USA) was used for measuring SSR allele size. Manual editing of allele size was
performed for increased accuracy.

2.4. Genetic Analysis
2.4.1. Genetic Diversity

Genetic diversity parameters were estimated for all individuals. Allelic frequencies,
the number of alleles per loci (Na), and the number of effective alleles per loci (Ne) were
generated using GenAlex v6.5 [33,34]. The observed (Ho) and expected (He) heterozygos-
ity, the Wright’s fixation index (Fjs), and the Hardy—Weinberg equilibrium (HWE) were
calculated using the software FSTAT v2.9.3 [35,36] and GENEPOP v4 [37]. The null allele
frequencies were estimated following the Brookfield method, implemented in MICRO-
CHECKER v2.2.3 package [38]. The global Fst estimate and corresponding significance
levels were calculated using GENEPOP and pairwise Fs measurements [39] amongst the
mature trees, and the post-fire seedling cohort population was estimated using ARLEQUIN
v3.5 [40], with 10,000 permutations.

2.4.2. Paternity Assignment

Paternity analysis of each post-fire individual seedling was carried out using a
maximum-likelihood method, as implemented in software CERVUS v3.0.6 [41]. Pater-
nity was assigned by comparing the genotypes of the 18 pre-fire individuals with all
post-fire individual seedlings (1 = 60), assuming that the potential parents could be either
the mother or the father of the progeny at any given point in time. Simulation analysis was
carried out to determine the critical value of Delta (D) for each confidence in the paternity
and maternity analysis, defined as the difference between the “LOD score” of the first most
likely candidate and the “LOD score” of the second most likely candidate.

Simulations were based on a confidence level of 80% (relaxed) to 95% (strict), as
suggested by [42], using 100,000 repetitions, 0.01 as the ratio of genotyping errors, and
100% as the proportion of pollen donors sampled within each population (given the high
degree of isolation of the orchard). The minimum number of loci necessary to determine
the paternity of a seed was fixed at eight.

In order to assign candidate parents, we used the method described by [43,44]. In cases
where only one potential parent was assigned to one individual, the potential parent was
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deemed as the maternal (seed) parent. If a seedling had no potential pollen donor within
the population, this seedling was considered to have been derived with pollen from outside
the stand. When two potential parents were assigned, the closest parent was assumed to be
the seed parent, while the most distant was considered as the pollen donor. This hypothesis
could be used in our case study, as seeds in E. globulus have a dispersal distance smaller
than the respective pollen [11,45]. In pedigree reconstruction for each seedling, we also
considered the possibility of one single mismatch and the possibility of self-pollination.
Based on the reconstructed pedigree, we calculated the group co-ancestry (8; viz [46])
and from this, the corresponding status number was calculated. This status effective
number, introduced by [47], can be defined as the number of unrelated and noninbred
genotypes in an ideal panmictic population that would produce progeny with the same
average coefficient of inbreeding as the progeny of the genotypes of a panmictic breeding
population. Status number would equal the census number if all trees were unrelated.

2.5. Analysis of Field Data

Results of paternity assignment allowed computing the dispersal distance and direc-
tion (azimuth) in GIS of sampled offspring from seed-trees. Seed dispersal was compared
for each sampled seedling, with prevailing wind data (direction and speed), in the days
following the 15 October 2017 wildfire. We retained the samples for which the mother was
unequivocally identified (n = 22; 15 plants with one parent assigned and 7 selfings). Wind
speed was estimated from D ~ Vw H/Vt, [48], where D is distance, Vw is wind velocity, H
is height, and Vt is terminal velocity of E. globulus seeds. Terminal velocity of E. globulus
seeds was estimated to be 5.54 m s~ ! in the cited work. A wind rose diagram was produced
using these 22 records of dispersal events.

Previous studies found that most seeds are expected to be dispersed within a three-
month period after a wildfire [49]. Therefore, hourly wind data were gathered for the
period between 16 October and 15 January (three months) from the two closest weather
stations, distanced c. 20 and 22 km from the study area, and c. 5 and 16 km from the sea.
The weather stations were located at the following coordinates: 40.139764°, —8.805944°
(Figueira da Foz) and 39.780550°, —8.820966° (Leiria). Wind data included azimuth; average
speed; maximum speed; and azimuth of maximum speed. Hourly records with no data
were discarded. Wind data were provided by the Portuguese Institute for the Sea and
Atmosphere (IPMA). Wind data were divided into groups of seven consecutive days (weeks)
for analyses. The number of records for each week ranged between 317 and 384 records. A
wind rose plot was produced for each week from each weather station, totaling 26 wind
roses (13 weeks x 2 weather stations). Wind roses were created using R software [50].
The average wind direction was compared with the average dispersal direction of each
weather station, using a Wilcoxon rank sum test.

In order to visualize spatial patterns and local trends of seedling densities in the
post-fire expansion area, we performed spatial interpolation of seedling density data from
the 12 sampling plots established within this area. Since interpolation maps are spatially
confined within the perimeter of sample points, in our case, it formed a square in the middle
of the post-fire expansion area (not covering the whole expansion area), and additional
density points (dummy points) were created in the outer limits of the expansion area. These
dummy points corresponded to the outer seedlings identified either in field surveys or
through photointerpretation of high-resolution aerial imagery to draw the perimeter of
the expansion area, as well as the limits of the interpolation map. Each dummy point was
assigned with the minimum value of 1000 plants ha~!, corresponding to one plant in a
10 m? sampling plot. Density interpolation was performed in ArcGis using the inverse
distance weighting method (Geostatistical Analysis extension; default options). A total of
five density classes were defined using Jenks’ natural breaks classification method, rounded
to the nearest quarter of a thousand.

To understand the factors explaining the number of parentage relations assigned to
each parent tree, we used a generalized linear model with a Gaussian distribution and logit



Forests 2022, 13, 680

60of 17

link function, using tree-related data as predictors. We retained parent trees with at least
one parentage relation assigned, either as mother, father, or both in the case of selfings
(2 parentage relations counted), totaling 8 seed-trees with 108 parent-offspring relations.

3. Results
3.1. Population structure

The adult trees present in the stand prior to the fire included a wide range of sizes,
and correspond possibly to at least two cohorts (roadside and north, Table 1). The group
with the largest trees (1 = 10) along the roadside were probably the oldest eucalypts in this
population. Their heights and DBH ranged between 16.8 and 32.2 m and between 14 and
60 cm, respectively. Overall, seven of them had DBH greater than 48 cm. All these roadside
trees were also single-stemmed, indicating that they have never been coppiced, and all
showed reproductive organs (buds, immature and /or mature capsules).

Table 1. Size and reproductive status of the three cohort groups sampled. Statistics include mean
=+ standard error (minimum-maximum) for diameter at breast height (DBH, in cm) and height (in
meters). The proportion of trees with resprouts and with reproductive organs (flowers and capsules)
is also listed. In the post-fire group, mean DBH does not include 37 seedlings smaller than 1.30 m.

DBH Height o Reproductive

Cohort Count (n) (cm) Pt Resprout (%) (%)
44.2 (4.6) 25.9 (0.9)

Pre-fire 10 (14.0-60.0) (16.8-32.2) 00 100
17.4 (4.0) 7.4 (2.8)

North (adult) 8 (8-40) (5-12) 100 12.5
o 1.6 (0.1) 1.4 (0.1)

Post-fire 60 (0.5-4.0) (0.2-4.0) 0.0 0.0
145+ 194 50+ 84

Total 78 (0.5-60.0) (0.2-32.2) 10 138

The north group of adult trees (n = 8) was composed of several coppiced individuals,
showing between 1 to 5 shoots per stump (1.8 £ 1.3 shoots; mean =+ SE). Their height ranged
between 5.0 and 12.0 m, and DBH ranged between 8 and 40 cm. Only one individual in
this group held capsules in the canopy.

The south group (n = 60) included the sampled juvenile seedlings recruited after the
October 2017 wildfire. The average height was 1.3 + 2.3 m, ranging between 0.2 and 4.0 m.
Most seedlings (n = 57, 92%) had exclusively juvenile leaves, and none had exclusively
adult leaves. No sampled seedling was resprouting, and none had developed reproductive
organs at the time of the survey.

Sampling plots established throughout the post-fire expansion area (see Section 2.2) showed
an average density of 8167 4- 1849 (SE) juvenile plants ha~! (Figure 2). The maximum density
was estimated at 20,000 plants ha~!, and the minimum recorded was 1000 plants ha~!.
The average seedling density along the sampling plots at 10 m, 25 m, 40 m, and 55 m from
the closest seed-trees was, respectively, 8000 £ 5508 plants ha—1, 12,000 + 4359 plants ha—1,
7666 + 3528 plants ha~!, and 5000 + 1000 plants ha~!. A total of 98 seedlings were
counted in the 12 sampling plots, distributed according to the following height classes:
class < 0.50 m = 27 seedlings; class 0.51-1.30 m = 35; class 1.31-3.00 m = 32; class > 3.00 m = 4.

Spatial interpolation of seedling densities across the post-fire expansion area showed
that higher seedling densities concentrate near a group of seed-trees in the western limit
of the area, close to a drainage channel, crossing the area (Figure 2). In general, seedling
densities tend to decrease with distance from both seed-trees and from the small stream, in
a southeast direction.
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Figure 2. Spatial interpolation of seedling densities across the post-fire expansion area, based on

12 sampling plots. Dummy points were created on peripheral seedlings in the outer limits of the

expansion area, and assigned a density of 1000 plants ha~?.

3.2. Genetic Diversity Analyses

The 11 nuclear SSR markers were successfully expressed in all 78 individuals. All of
the genotypes analyzed (adults and seedling’s cohorts) were unique, indicating an absence

of cloning.

Statistics related with genetic diversity of the adult and post-fire seedling populations
are presented in Table 2. The adult trees” (n = 18) number of alleles (A) varied between
8 (several loci) and 12 (En12), with an average of 9.6 alleles/loci, and an effective allele
number (Ae) ranging between 4.1 (En15) and 8.6 (Embra23), with an average of 6.5 alleles.
These are higher values than those found in the post-fire seedling cohort. The seedling
cohort (n = 60) had a total number of alleles per locus ranging between 6 (in Embra119)
to 10 alleles (at several loci), with an average of 8.7 alleles. This corresponds to a number
of effective alleles that ranged between 3.9 (Embral19) and 7.9 (Embra41) alleles, with an

average of 5.8 alleles.

Regarding the levels of observed heterozygosity, estimates within the adult tree cohort
ranged between Ho = 0.722 (in Emcrc8) and 0.944 (at various locus), with an average of
0.869. This is higher than the expected He = 0.838, for the average of all loci, although
differences and signs changed across loci. However, no loci showed a statistically significant
deviation from the Hardy—Weinberg equilibrium expectations (Table 2). The overall fixation
index was therefore slightly negative (Fig = —0.008), but not significantly different from
zero. In the seedling cohort, the observed heterozygote ranged between 0.712 (En12) and
0.950 (Embra23), with an average estimate of Ho = 0.822, a lower value than found in the
adult cohort. The observed heterozygosity was generally higher than expected, ranging
between 0.744 (Embral19) and 0.874 (Embra41), and with an average value of He = 0.819.
Furthermore, in the seedlings cohort, these differences were found to deviate significantly
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from the Hardy-Weinberg equilibrium at most loci, with most showing significant positive
fixation indices (mean Fis = 0.004; Table 2).

Table 2. Estimates of population size and genetic diversity measures for adult (pre-fire) individuals
(n = 18) and post-fire young seedlings (n = 60) from Mata Nacional do Urso based on 11 microsatellite
markers. Diversity indices include the number of alleles (A); the effective number of alleles (Ae);
the observed and expected heterozygosity (Ho and He, respectively) and the fixation index (Fig); SE:
Standard error. t-test probability levels for HWE are * p < 0.05. ** p < 0.01. *** p < 0.001.

Locus A Ae Ho He Fis
Adult cohort (1 = 18)
Embrall 8 6.113 0.889 0.836 —0.034
Embra23 10 8.640 0.944 0.884 —0.040
Embra37 10 6.231 0.889 0.840 —0.030
Embra41 12 7.448 0.944 0.866 —0.063
Embrall9 9 6.113 0.778 0.836 0.098
Embra227 8 5.023 0.778 0.801 0.057
Emcrc7 8 4.836 0.722 0.793 0.118
Emcrc8 11 7.448 0.944 0.866 —0.063
Eg65 10 7.624 0.944 0.869 —0.059
Enl12 12 7.714 0.778 0.870 0.135
Enl5 8 4.101 0.944 0.756 —0.222
Mean (SE) 9.636 (0.472) 6.481 (0.428) 0.869 (0.026) 0.838 (0.012) —0.008
Post-fire seedlings cohort (1 = 60)
Embrall 9 6.492 0.800 0.846 0.063 ***
Embra23 9 7.852 0.950 0.873 —0.108 *
Embra37 9 5.337 0.817 0.813 0.003 *
Embra41 10 7.938 0.900 0.874 —0.021 %
Embrall9 6 3.900 0.817 0.744 —0.090
Embra227 7 5.007 0.750 0.800 0.071 **
Emcrc?7 9 5.161 0.900 0.806 —0.108 *
Emcrc8 10 5.995 0.833 0.833 0.008 *
Eg65 10 5.975 0.733 0.833 0.128 **
Enl2 10 6.238 0.712 0.840 0.0161 *
Enl5 7 3.976 0.833 0.748 —0.105*

Mean (SE)  8.727(0.428)  5.807 (0.401)  0.822(0.022)  0.819 (0.013) 0.004 ***

In many trees, several private alleles have been found across all loci, although they
were mostly found on pre-fire mature trees (in 10 out of the 18 individuals). In the post-
fire seedling population, only three seedlings presented private alleles, i.e., alleles not
found in any of the neighbor adult trees. The marker-based pairwise population statistic
Fst, between the adult and the post-fire seedling cohorts, was Fsr = 0.003 (which is not
statistically significant from zero), indicating no significant change in gene frequencies, an
indication that little genetic differentiation occurred between the two cohort populations.

3.3. Parentage Analysis and Genetic Structure

Amongst the 18 adult trees present prior to the 2017 wildfire, 4 have been found
to be related, either as parent-offspring or as full siblings (with a 95% confidence level).
Given the differences in size, it would seem more likely the two smaller adult trees of the
north side of the road are offspring of two largest trees by the roadside (Figure 3). For
the remaining ones, with an unknown pedigree, their mean pairwise relatedness, inferred
from the SSR marker’s data, was —0.193 (SE £ 0.017), which can be interpreted as equal to
zero, hence suggesting that these founder trees can be considered unrelated and, in fact,
rather divergent.
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Figure 3. Distribution of sampled eucalypts featuring results from paternity assignment. When two
parents were assigned, the closest parent was assumed to be the seed parent, and the farthest was
assumed to be the pollen parent.

All 60 post-fire seedlings had at least one of their parents successfully assigned, with
a 95% confidence level (Figure 3). Paternal (pollen) parents within the stand were able to
be assigned to 47 seedlings (78%), 7 of which were through self-pollination (a 12% rate).
Out of these 47 seedlings, 32 pollen parents were assigned with a 95% confidence level,
and the remaining being assigned with 80% confidence. A total of 13 seedlings (22%) had
no known putative pollen parent, and were assumed to have been originated with pollen
coming from outside the stand.

Out of the 18 adult trees standing at the time of the fire, only 8 seem to have produced
offspring after the post-fire event. The reproductive success varied considerably between
them. One adult tree, in particular (#351), contributed to most (52%) of the sampled
post-fire seedling offspring. This tree had also the highest DBH, and was amongst the
tallest putative parents in the stand. In fact, the GLM produced to understand how tree-
related characteristics influence the number of parentage relations showed a positive and
significant influence of DBH (p = 0.03) on reproductive success, explaining 45% of the
deviance (Table 3).

Table 3. Results from a generalized linear model produced to assess the influence of tree-related
factors (DBH: diameter at breast height, cm) on the number of parentage relations assigned to each
parent tree. ns: non-significant (p > 0.05).

Variable Coefficients Std. Error t-Value p-Value
Intercept —2.79 2.03 —1.38 ns
DBH 0.10 0.04 2.85 0.03

Selfed seedlings originated from only three of the contributing parents, namely trees
#352, #353, and #355, with no evident relationship to its size or position in the stand
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(Figure 3, blue dots). Similarly, outcrossing with foreign pollen varied little among female
parents, with no obvious association with tree size. However, seedlings with foreign pollen
seem to be preferentially located to the south, east, and southeast limits of the regeneration
patch (Figure 3, orange dots), but with no apparent relationship with the direction of the
closest stand positioned 700 m away, to the south, west, and southwest.

Based on the full reconstructed pedigree of all adult and progeny cohorts in the stand,
the total group co-ancestry amongst the 18 adult trees, mostly found to be unrelated,
was close to zero (6 = 0.03), which corresponds to a status number of Ns = 16.2. On the
other hand, the seedling group co-ancestry was significantly higher (6 = 0.076), and its
correspondingly status number was much lower (Ns=6.6). The pairwise co-ancestry (6xy)
between all pairs of post-fire seedlings included only 56% of unrelated pairs (Table 4).

Table 4. Expected pairwise co-ancestry amongst the post-fire seedling cohort, based on the recon-

structed pedigree.
Class Oxy # Pairs Y%
Unrelated 0 989 55.9
Half siblings 0.125 608 34.4
Full siblings 0.25 167 9.4
Full siblings selfs 0.5 6 0.3

3.4. Seed and Pollen Dispersal

The study covers a well-defined regeneration patch, derived from a small group
of adult individuals, which served as seed-trees following a single fire event. The seed
dispersal therefore corresponds to the boundaries of the regeneration patch, which in
this case reached a maximum distance of 101 m from the roadside (putative founders)
trees. Among the 8 mother-trees identified, the maximum dispersal distances ranged
between 24.0 m and 101.0 m, with at least 20 seedlings distanced between 50-80 m,
and 5 seedlings distanced more than 80 m from their mother-trees. Furthermore, this
dispersal, which originated exclusively from large seed-trees present on the roadside,
occurred preferentially southwards.

The following analyses of wind dispersal direction exclusively considered eucalypts
(samples), for which the mother was unequivocally identified, which included samples with
one parent identified and selfings (n = 22). The average dispersal azimuth was 175° (south).
Around 68% (n = 15) of the seed dispersal events occurred towards the southern quadrant
(SSE; S; SSW). However, there was great amplitude of dispersal, ranging from 68° (ENE)
to 339° (NNE). Trees providing more than one dispersal event showed relatively wide
amplitudes of dispersal azimuth, ranging between 137° (SSE) and 239° (WSW), between
68° (ENE) and 226° (WSW), and between 137° (SSE) and 333° (NNW), corresponding to
amplitudes of 102°, 158°, and 196°, respectively.

Comparisons (Wilcoxon test) between seed dispersal direction and the prevalent wind
in the three months following the fire showed different results, depending on the weather
station. The dispersal azimuth was significantly different from the average wind direction
in one weather station (Figueira da Foz; p = 0.008), but it was not significantly different
from the wind direction recorded in another weather station (Leiria, p = 0.74).

The estimated wind speed for the effective seed dispersal, considering seedlings with
assigned mother (n = 22), ranged between 2.1 and 68.8 km h~! for dispersal distances
between 2.9 and 87.3 m. Seed dispersal distances greater than 80 m required wind speeds
greater than 50 km h~!. Nearby weather stations recorded higher maximum wind speeds
of up to 86 km h~! in the weeks following the fire, many of which were in the direction of
the south quadrant, in accordance with seed dispersal direction.

Pollen, on the other hand, seemed to have been able to travel longer distances. Al-
though most of the seedlings have been sired by one of the local adult trees, 22% of the
post-fire cohort seedlings appears to have been sired by external pollen. A careful survey of
the areas surrounding the studied plot indicated that the nearest eucalypt trees were located
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at least 700 m away, therefore the results point to a significant long-distance dispersal of
pollen (Figure 1).

4. Discussion
4.1. Genetic Diversity

The Mata Nacional do Urso population started as an isolated grove of a few trees,
established for ornamental purposes by the Portuguese Forest Service in mid-20th century,
most likely from local seed sources. The genetic diversity of this founder population
is, as expected, not particularly polymorphic [51]. The mean allele number, A = 9.6,
which corresponds to an effective allele number of 6.5 (Table 2), is low compared with
the allelic richness of comparable SSR markers reported in studies across the specie’s
native range [23-25], which found around 20 alleles/locus. However, it is within the range
found for local land-races or breeding populations (e.g., [21,52,53]), suggesting that the
genetic basis from where these few adult trees present at Mata Nacional do Urso have been
collected would have been a reasonable genetic sample of the so-called Portuguese landrace.
On the other hand, the observed heterozygosity across the 18 adult trees was Ho = 0.869
(Table 2). This is higher than the typical values reported for native populations, based
on similar markers (e.g., [24,54]). In the adult individuals, this observed heterozygosity
was also slightly higher than expected under a HW equilibrium, resulting in a negative
fixation index (Fis = —0.008), although not statistically different from zero. Such high
levels of heterozygosity suggest that these founder trees would be mostly unrelated and
diverse. The excess heterozygosity, albeit small, is also expected in populations which have
undergone a recent reduction in effective size, as it was the case here. However, it can
also be the result of other factors, the most obvious being a selective advantage against
selfed progeny.

The allelic diversity was, however, significantly altered in the seedling population,
compared with the parent adult cohort. The number of alleles dropped (A =8.7; Ae =5.8),
which represents a loss of one in 10 alleles. Furthermore, the level of heterozygosity
dropped to Ho = 0.82, and the fixation index increased (Fis = 0.004), showing now a
deficit of heterozygosity and a significant deviation from the Hardy-Weinberg expectations
(Table 2). Both results are expected in populations that experience a recent reduction of
their effective population size. However, the allelic diversity is reduced faster than the
heterozygosity, hence the observed heterozygosity becomes larger than the heterozygosity
expected from the observed allele number.

Positive Fis have been the norm in most native population studies, which sug-
gests a build-up of co-ancestry and, over time, a high level of population inbreeding.
The Fis = 0.004 found here (Table 2) is, however, lower than the typical estimates in native
populations (at around 0.08 [23]). Despite the very small number of parents involved in the
post-fire progeny (only eight), the relatively low level of selfing (12%) and the reasonably
high frequency of foreign pollen in the pedigree (22% have been pollinated from trees
outside the stand) appears to have been sufficient to ensure that, in this generation, the
seedling’s cohort remained with low levels of inbreeding.

4.2. Population Structure and Gene Flow

Fire has a major role is E. globulus recruitment. Several studies have found a much
higher recruitment in recently burnt areas, compared with undisturbed vegetation [6,7]. In
our case, despite the small number of adult trees, post-fire regeneration success was high,
with one of the highest densities of naturally established eucalypts ever recorded in the
introduced range. The regeneration showed an average density of 8166 + 6407 plants ha~!
across all sampling plots, with a maximum of 12,000 £ 7549 plants ha~!. Even higher
densities were found in Portugal after the same October multiple-fires event (prompted
by hurricane Ophelia) in the year 2017 [6,7]. The particular post-fire conditions provided
by humid burned soil after the October fire, reported by [6,7], certainly played a major
role in such a successful regeneration. The synchronous fire-triggered seed dehiscence was
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coincident with very favorable germination conditions, resulting in a very high seedlings
density. This high density of young eucalypts has raised concerns regarding the control
possibilities. Previous findings [6] have shown that an early control of seedlings through
cutting or herbicide may be effective and result in high mortality rates.

The three-year-old E. globulus regeneration cohort had an average height of 1.3 4+ 2.3 m,
a very low growth rate compared with plantation standards [55], but showed a wide
variation in size, with heights varying between 0.2 and 4.0 m. This may suggest that
the recruitment could have occurred over time. Micro-scale variation in soil conditions,
competition, or water availability, although not quantified in our study, may not be enough
to explain such a high variation in size. Delayed germination of some of the seedlings
would also be unlikely, since E. globulus seeds have no dormancy, and are short-lived once
in contact with the soil [12]. Therefore, gradual seed shed after the fire, spanning a period of
several months, would be a likely cause of the variation in size [12,49]. A study conducted
on E. globulus stands in central Portugal and burnt in the same day but in a different fire
showed that new recruitment continued up to two years after a fire event [6], which may
explain the range of heights obtained in our study. Accordingly, all seedlings had between
40 and 100% juvenile leaves, and most (92%) had exclusively juvenile leaves.

The regeneration patch covered an area of around 2000 m? in total, but spread only
south of the adult seed trees. This observation highlights the importance of both wind speed
and direction in the expansion of E. globulus regeneration. Strong wind speeds enhance
long seed dispersal. We estimated that wind-mediated seed dispersal beyond 80 m required
wind speed over c. 50 km ha~! or 14 m s~! (or 31 mph). This is consistent with local weather
station records, which registered similar maximum wind speeds in some weeks during the
three months following the wildfire, including in the first week after fire. In fact, October
2017 wildfires in Portugal raged following the Ophelia hurricane that affected coastal
countries in western and northern Europe. Together with wind speed, the direction of local
wind determines the direction of seed dispersal and the spatial distribution of post-fire
eucalypt cohorts. The post-fire expansion recorded in this study occurred predominantly
towards the south quadrant, which is in accordance with the predominant winds in this
region, and particularly with the dominant winds in the following weeks after fire. The role
of wind on E. globulus dispersal has been shown in other studies. For instance, on Angel
Island (San Francisco Bay), the remarkable expansion of E. globulus followed prevalent
wind directions [56]. Another study found lower abundance of E. globulus seedlings in the
western edges of plantations, which may be explained by northwestern winds pushing the
seed rain towards the inside of plantations [57]. Despite the existence of southern winds
in the weeks following the wildfire, there were no juvenile seedlings on the north side of
the road. We also found no evidence of post-fire forest management that could explain
the absence of recruitment on the northern side of the road, suggesting that all post-fire
recruitment occurred towards the south.

As often reported in natural stands and even seed-orchard populations, reproductive
success deviated significantly from typical panmictic conditions, where each parent is
expected to contribute equally to the overall progeny. Out of the 18 adult trees, only 8 have
contributed to the post-fire seedling cohort, and one of them parented more than half of
the progeny sampled. Gene flow from the adult to the seedling cohorts was therefore
strongly unbalanced. Eucalypt pollen is not suited for wind dispersal, with pollination
being dependent on insects and, in some cases, on birds [58,59]. However, both are
capable of pollination over reasonably long ranges. According to land-cover maps, in Mata
Nacional do Urso, no eucalypt trees were present within a 700 m radius from the study
area, a distance which would be considered sufficient to ensure isolation by distance [60,61].
However, the pedigree reconstruction of the seedling cohort showed the crossings involved
a moderate rate of foreign pollen, with 22% of the offspring being sired from pollen outside
the stand. This puts the hypothetical distance of pollen dispersal at least at 700 m, a figure
in the upper limit of reported distances of pollen dispersal in eucalypts (e.g., [26,45,61,62]),
although record distances between 1.6-1.9 km have been registered [63,64].
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Eucalypts, and E. globulus in particular, have a mixed mating system although outcross-
ing is favored. The rate at which selfing can occur, however, is dependent on genotypes
and environmental conditions [65]. A number of post-zygotic barriers to selfing has been
reported, including strong inbreeding depression causing reduced seed set, poorer germi-
nation and growth, and higher mortality [65,66]. Under panmictic conditions, the eight
adult parent trees would be expected to have an arithmetic panmictic estimation for the
selfed progeny of 32%. Our results found a much lower selfing rate of 12%, with only 7 out
of 60 seedlings being the result of self-pollination. Furthermore, selfed offspring were
from only three of the eight contributing parent trees. In nature, reported selfing rates
ranged between 5 to over 40% [67-69], with most estimates being derived from seeds, not
recruited seedlings. This could explain why the selfing rate found in our study was lower,
as early mortality is known to be higher in selfed progeny [66,70]. In other words, the
lower-than-expected selfing rates observed in our study may indicate a strong selection
against selfing during early stages of plant regeneration, a condition which would certainly
have been exacerbated by the very high densities observed.

Limitations in pollen and seed dispersal from outside the stand and the likelihood of
similar or close-by genotypes to mate with each other, typical of an isolated population,
are expected to lead to a rapid build-up of inbreeding [71,72], as well as a loss of genetic
variation [73]. These effects would also be expected to amplify the genetic differentiation
between the base parent and progeny populations (viz the Fgr statistic) [74]. However,
with only one generation between them, we found a lack of genetic differentiation between
the adults and juvenile cohort, as given by the close to zero Fst value. The high levels of
heterozygosity in the base population and the low selfing rate, estimated at 12%, seem to
also have been key contributing factors to this lack of genetic differentiation between the
two cohorts. Pollen influx, which accounted for 22% of the seedlings sampled, significantly
reduced the loss of genetic diversity, and may be why inbreeding has remained low in the
post-fire seedling population. It is known that even low levels of gene flow are sufficient to
counteract opposing mutation, drift, and selection [72]. However, despite the balancing
effects of outside gene-flow, the seedling cohort at Mata Nacional do Urso is a much
less diverse population than its parental counterpart. The co-ancestry amongst seedlings
more than doubled (from 0 = 0.03 to 0.076), getting closer to a half sibling relationship.
The status effective number, statistic derived from the group co-ancestry, provides a useful
quantitative measure of the current state of genetic diversity in the population, and extends
information given by inbreeding and co-ancestry coefficients (viz [47]). In the case of Mata
Nacional do Urso, the population status number dropped to a third of what it was for the
adult population (from Ns = 16.2 to 6.6). This was exacerbated by the strongly unbalanced
representation of some parents in the progeny, as larger individuals contributed the most
to the post-fire progeny, with the three largest adult trees in the stand being responsible for
nearly 60% of the seedlings.

5. Conclusions

The present work is, to our knowledge, the first genetic-based study on the natu-
ralization process of E. globulus, allowing for a better understanding and forecasting on
how populations may evolve in the introduced range. Although eucalypts are generally
viewed as less invasive than several other tree species, E. globulus shows abundant
natural regeneration, and fire may trigger high densities of E. globulus seedling regener-
ation, spread by dominant winds. Mata Nacional do Urso is a fairly isolated stand that
last suffered from wildfires in 2017. The results show that, despite the small number
of adult trees, there was an abundant regeneration success. They also show that the
contribution of adult trees was unbalanced, and positively influenced by tree DBH.
The post-fire regeneration, one year after the event, had one of the highest densities
of naturally established eucalypts ever recorded, with a recruitment that appears to
have occurred over several months or years, most likely by gradual seed shed after
the fire. The adult cohort of the stand showed a genetic basis similar to that of the
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so-called Portuguese landrace; however, genetic indices were significantly altered in
the seedling population, compared with the parent adult cohort. A standard reduction
in allelic diversity and heterozygosity was observed, consistent with the expected
recent reduction of their effective population size, as gene flow from the adult to the
seedling populations was strongly unbalanced. A pollen dispersal distance of at least
700 m was registered, and this pollen influx significantly reduced the loss of genetic
diversity, and helped to keep inbreeding levels somewhat low in the post-fire seedling
population. Nevertheless, despite these balancing effects of gene-flow from the outside,
the seedling cohort at Mata Nacional do Urso is a much less diverse population than
its parental counterpart. Losses of genetic diversity are predicted to negatively impact
their fitness/performance. However, the high seedling densities registered in our
study may be sufficient to assure the continuity of the established seedlings. These
findings call for the need of active post-fire management in areas with large eucalypt
trees, particularly those maintained with conservation purposes, such as the case of
Mata Nacional do Urso.
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