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Abstract

Identifying factors that allow an introduced species to reproduce and spread is critical,
particularly for high-value species, such as Eucalyptus globulus, one of the most planted
hardwood trees worldwide. In Portugal, this Australian species covers 26% of the forested
area in managed and unmanaged plantations and as old, isolated trees (called seed-trees).
While its dispersal behaviour is known, new scenarios are emerging: altered fire regimes and
tree breeding programs. Thus, this thesis addresses i) the impact of off-season fires, pre-fire
management and the presence of seed-trees along with ii) local factors that influence
E. globulus establishment; iii) the phenological behaviour and reproductive structures
production and iv) the capsule morphology, seed set and germination rate of improved trees
and seed-trees, to ultimately assess this species dispersal risk. To achieve that, managed and
unmanaged E. globulus plantations and areas adjacent to seed-trees were sampled for sapling
cover and biotic and abiotic factors in unburnt and burnt areas affected by the spring and
autumn fires. Also, phenological behaviour, reproductive structures’ production and seed
germination were studied on clonal stands and compared with seedling-based stands and old
seed-trees, in mesic and xeric sites. Our findings reveal that i) sapling establishment is limited
due to pre-fire management; ii) natural regeneration increases after autumn fires; iii) seed-
trees constitute a source of propagules; iv) saplings are sensitive to post-fire conditions;
V) tree-related traits influence sapling cover in plantations, whereas seed-trees buffer
unfavourable conditions; v) clonal trees exhibit shorter flowering, fewer reproductive
structures, and higher phenological variability and behave differently among each other;
vi) clonal seeds display a high germination rate and vii) seed-trees produce fewer seeds while
maintaining their germination rate over time. This information aims to draw attention to E.
globulus improved plantations and the presence of seed-trees in the landscape management

strategies.

Keywords: Exotic species; Off-season fires; Environmental factors; Tree improvement



Resumo alargado

As florestas plantadas sdo fundamentais para a economia global, impulsionando o
crescimento socioecondmico ao responder a crescente procura por produtos lenhosos e outros
servigos essenciais. Contudo, a utilizacdo de espécies exdticas como resposta a esta procura
pode ter um impacto negativo no solo, no ciclo da 4gua, na paisagem e na biodiversidade,
comprometendo assim o equilibrio dos ecossistemas. Adicionalmente, a possivel expansdo
além das areas plantadas, pode resultar em processos de invasdo que comprometem a
sobrevivéncia e a permanéncia das espécies nativas. Deste modo, é de extrema relevancia
estudar os fatores que afetam a regeneracdo natural de espécies exdticas em zonas nao
nativas. Devido a sua importancia para a inddstria da pasta do papel, Eucalyptus globulus é
uma das espécies de arvore mais plantada em todo o mundo. E a segunda espécie exdtica com
maior area ocupada na Europa, abrangendo aproximadamente de 1.46 milhdes ha,
especialmente na Peninsula Ibérica. Em Portugal, ocupa um quarto da area florestal do pais
(aproximadamente 845 000 ha), tanto em plantagdes com gestdo intensiva (com corte de
arvores e limpezas frequentes do subcoberto), como em plantagdes ndo geridas ou
abandonadas, e ainda arvores isoladas e velhas, denominadas como sementdes, muitas vezes
utilizadas para delimitacdo de plantagdes e/ou propriedades. Embora o potencial invasor desta
espécie tenha sido amplamente estudado, novos cenarios, como a alteracdo do regime de
fogos e o desenvolvimento de programas de melhoramento de arvores podem alterar a
regeneracdo natural desta espécie. Com o aquecimento global e a correspondente diminuicao
da precipitacdo, verifica-se um alargamento da época de fogos além dos meses de Verao, que
pode alterar a dindmica e a regeneragdo pds-fogo desta espécie tdo adaptada a estes regimes.
Por outro lado, a sua elevada importancia econémica promoveu o desenvolvimento de
programas de melhoramento a fim de corresponder a elevada procura, através da selecdo de
material mais produtivo e com maior qualidade. Neste sentido, pretendeu-se avaliar de que
forma E. globulus esta a responder a estes cenarios e quais os fatores que influenciam a sua
regeneracdo natural nestes novos contextos. Assim, este estudo i) avaliou o impacto dos
fogos fora de época, da gestdo pré-fogo e da presenga de sementdes na dispersdo do
eucalipto; ii) identificou os fatores locais que influenciam o seu estabelecimento apds-fogo;
iii) acompanhou o comportamento fenologico e a producdo de estruturas reprodutoras;
iv) caracterizou as capsulas, a producdo de sementes e a taxa de germinacdo de arvores
melhoradas. Esta tese é composta por seis capitulos, incluindo uma introducéo geral ao tema

e quatro capitulos correspondentes a artigos cientificos publicados (2° ao 4° capitulos) ou em
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preparacdo para submissdo (5° capitulo) em revistas internacionais de arbitragem cientifica
indexadas no Science Citation Index. Por ultimo, sdo discutidos os resultados finais,
apresentadas as conclusbes gerais e sugeridas recomendacOes para uma gestdo mais
sustentavel desta espécie florestal, focando principalmente na sua dispersdo e potencial

capacidade invasora.

No Capitulo 1 é descrita a problematica relativa a introducdo de espécies em florestas
plantadas, destacando E. globulus e o seu potencial invasor, bem como as caracteristicas
gerais, comportamento fenoldgico e fatores que afetam o seu estabelecimento. Também sdo
abordadas a problematica dos fogos fora de época e a plantacdo de arvores melhoradas,
demonstrando a necessidade de esclarecer qual o comportamento desta espécie nestes novos
cenarios. Assim, e apesar da elevada adaptacdo e regeneracdo de E. globulus apds a
ocorréncia de um fogo sejam conhecidas, no Capitulo 2 avaliou-se de que forma os fogos
fora de época, a gestdo pré-fogo e a presenca de sementdes afetam a dindmica pds-fogo desta
espécie exotica. Deste modo, a dispersdo de E. globulus foi estudada um ano apds os grandes
fogos de junho e outubro de 2017 (ocorridos antes e ap6s a época oficial de fogos em
Portugal), em plantacBes geridas e ndo geridas, bem como em areas geridas e ndo geridas
adjacentes a sementdes. Apos os fogos de Outono, observou-se maior regeneracao natural,
principalmente em &reas ndo geridas, uma vez que a gestdo pré-fogo restringe o
estabelecimento de pléantulas. Verificou-se ainda que os sementfes sdo uma fonte de
propagulos resultando também em eventos de dispersdo a maiores distancias da arvore-mae.
Ainda neste contexto, estimou-se a importancia relativa dos fatores locais na regeneracao
pos-fogo (Capitulo 3). O estabelecimento de plantulas € significativamente influenciado por
fatores bidticos e abidticos; quando resultantes de plantagdes, as plantulas sdo afetadas por
varidveis relacionadas com as arvores-mde (idade e altura), enquanto a presenca de
sementdes mitiga as condicdes adversas do meio ambiente, promovendo o estabelecimento.
Por outro lado, no Capitulo 4, foi estudado o padrdo fenoldgico e a producdo de estruturas
reprodutoras em trés plantagbes clonais (genotipos melhorados), comparando com uma
plantacdo seminal (ndo melhorada), em dois locais climaticamente distintos. Foram
acompanhados dois periodos de floracdo consecutivos, de modo a avaliar o efeito do
melhoramento genético no comportamento reprodutor de arvores melhoradas. Em
comparagdo com a plantacdo seminal, as trés plantacdes clonais apresentaram um periodo de
floracdo mais curto, uma menor producdo de estruturas reprodutoras e um comportamento

mais variavel das arvores clonais entre os locais. Foi também registada uma elevada
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variabilidade entre os clones, incluindo um clone que ndo produziu estruturas reprodutoras,
um clone que apresentou uma floragdo mais prolongada e abundéncia de estruturas
reprodutoras semelhante ao material seminal em condi¢des mais quentes, e um clone com
variabilidade interanual, apresentando menor capacidade reprodutora do que as &rvores
seminais e melhor desempenho em condi¢cdes mais hdmidas. Alem disso, no Capitulo 5,
foram estudadas caracteristicas referentes a biologia reprodutiva de arvores clonais e de
sementdes. Durante um ano foram recolhidas capsulas de arvores em plantagdes clonais e
seminais, bem como de sementdes, em dois locais climaticamente distintos de Portugal
(Coimbra, mais hamido e fresco, e Pegdes, mais seco e quente). As capsulas recolhidas foram
caracterizadas relativamente ao seu ano de producdo (2018 a 2021), tamanho, peso e nimero
de sementes e posteriormente as sementes foram colocadas a germinar. O tamanho e peso das
capsulas sao influenciados pela proveniéncia das arvores que lhes deram origem, bem como
pelas condicdes climaticas. As arvores clonais produzem cépsulas com ndmero e taxa de
germinacdo de sementes semelhante as arvores seminais, enquanto 0s sementdes possuem um
menor numero de sementes por capsula, mas apresentam uma capacidade germinativa
superior, mesmo em sementes mais velhas. Por fim, no Capitulo 6, discutem-se os principais
resultados de cada capitulo e referem-se as conclus@es gerais da tese. Além disso, com base
nos resultados deste estudo sdo apresentadas recomendacdes para uma gestdao mais eficaz das

areas plantadas relativamente ao controlo de potenciais eventos de recrutamento e disperséo.

Em resumo, os resultados deste trabalho pdem em evidéncia que, embora a ocorréncia de
fogos seja indispensavel para a dispersdao de E. globulus, a data do fogo, associada as
condicdes climaticas posteriores, é determinante para a ocorréncia de eventos relevantes de
expansao, uma vez que as plantulas sdo muito sensiveis as condi¢bes pos-fogo. Por outro
lado, verificou-se que a gestdo pré-fogo restringe o estabelecimento de plantulas, essencial
para 0 controlo da expansdo. Aliada a gestdo intensiva, i.e., corte de arvores em ciclos
frequentes impedindo a maior producdo de capsulas, a selecdo de arvores com reduzida ou
nenhuma capacidade reprodutora, elimina assim qualquer eventual dispersdo, mesmo com a
ocorréncia de fogos frequentes ou 0 abandono de areas plantadas. Alem disso, a escolha dos
clones a implementar deverd ter em conta o local da plantagdo, considerando assim o
comportamento de cada gendtipo. No entanto, especial atengdo devera ser dada a existéncia
de arvores isoladas (sementdes), uma vez que sdo uma fonte adicional de propagulos muito

relevante para a disperséo. De facto, ap0s os fogos, estas arvores rebentam ao longo do tronco
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e, além da grande capacidade reprodutora e sucesso germinativo, promovem condicdes

favoraveis ao estabelecimento de novas plantulas.

Esta tese também clarifica a resposta de E. globulus as alteragdes climaticas e as estratégias
que tém vindo a ser desenvolvidas focadas na maior produtividade, salientando as limitacoes
associadas a ecologia da espécie, alertando para a potencial naturalizacdo em Portugal.
Contudo, é de salientar a necessidade de uma monitorizacéo frequente, principalmente devido

a elevada e crescente area plantada e as alteraces das condi¢es ambientais.

Palavras chave: Espécies exoticas; Fogos fora de época; Fatores ambientais; Melhoramento

genetico
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Chapter 1

GENERAL INTRODUCTION, AIMS AND
THESIS OUTLINE



General Introduction

Human activity significantly impacts biodiversity and ecosystems (Steffen et al. 2007).
Global change imposes many threats to the habitats and species, from which land-use
transformation and overexploitation outstand (Tilman et al. 2017). In particular, the growing
demand for forestry products causes land homogenization, threatening biological diversity
and ecosystem functioning, despite providing significant economic and social benefits (Liu et
al. 2018). Fast-growing species, such as the tree genus Eucalyptus, one of the most widely
planted hardwood trees worldwide, are attractive due to the rapid economic return (Messier et
al. 2021). Eucalyptus globulus is a globally introduced planted species due to its fast growth
and superior wood properties (Potts et al. 2004), raising concerns about its direct impacts on
new environments and its risk of dispersal beyond planted areas, particularly after a fire when
natural regeneration is highly potentiated (Aguas et al. 2014). However, climate change alters
fire regimes, extending the fire season outside the summer months (Moriondo et al. 2006).
These off-season fires are becoming more common and may alter E. globulus post-fire
behaviour, improving recruitment events and dispersal. As a result, more sustainable forest
management is required to meet the growing demand for forestry products while reducing
planted areas and the risk of expansion. Additionally, genetic tree improvement programs
have emerged, and clonal plantations are been implemented to increase wood yield and

quality while decreasing planted areas.

Moreover, the characteristics that make E. globulus attractive for the pulpwood industry,
such as rapid growth, high fecundity, and tolerance to a wide range of climatic and soil
conditions also make it potentially invasive. As a result, identifying factors that promote this
species’ recruitment and establishment in this context is critical. Furthermore, a better
understanding of the behaviour of this species outside of its native range will aid in the

management of sustainable forests.

1.1 Forest plantations and their impacts

Over the last two centuries, the world’s population has grown exponentially, and the high
demand for products and shelter is transforming natural areas into forestry, agriculture,
farmlands, and urban areas (Millennium Ecosystem Assessment 2005). These land-use
changes result in habitat fragmentation (Miller and McGill 2017), soil and water cycles
alteration (Wills et al. 2017; Levia et al. 2020), biodiversity losses (Giam et al. 2010), and
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invasive species dispersal (Lonsdale 1999; Richardson and Rejmének 2011) leading to
environmental degradation (Steffen et al. 2007) and endangering the entire planet. One of the
most striking land-use changes is the establishment of forest plantations, which are generally
monocultures of one or two species and are intensively managed for economic purposes such
as timber, fibre, energy, and non-wood products (FAO 2020).

Planted forests, as opposed to native forest areas, have expanded from approximately
170 million to 293 million hectares (ha) in the last thirty years, accounting for approximately
7% of the global forested area. There are 131 million ha monocultures among these, with
44% occupied by introduced species (FAO 2020) that are being moved to non-native ranges
due to the high quality of the products (Payn et al. 2015), resulting in significant economic
and social benefits for many countries (Dyck 2003). Nevertheless, there are concerns about
the ecological risk and negative effects of introduced species on ecosystem functioning, such
as decreased biodiversity (Vila et al. 2011), landscape fragmentation (Carnus et al. 2006),
altered water and soil cycles (Liao et al. 2012; Thompson et al. 2014), and changes in fire
hazard (Calvifio-Cancela et al. 2016). In addition to these threats to local biodiversity,
introduced species may be able to establish and reproduce in the novel environment, allowing
them to spread outside of plantation areas compromising the integrity of native communities
(Essl et al. 2010).

1.2 Invasion risk of plantation forests

Plant introduction is one of the first stages of the biological invasion process, wherein
exotic species are introduced into a new ecosystem by humans, whether deliberately or
inadvertently. Such introductions are related to several purposes, including horticulture, food,
and agroforestry, with approximately 13% used as plantation forestry (Richardson and
Rejmanek 2011). The impact of these introduced species, mostly planted on a large scale as
intensively managed monocultures is currently regarded as one of the greatest threats to
global diversity (Brundu et al. 2020).

After an introduction, individuals may occasionally reproduce outside the introduction
area, but they do not form self-sustaining populations and are thus classified as casual species
(Lambdon et al. 2008). However, exotic species may overcome various biotic and abiotic
barriers due to favourable soil and climate conditions, competitive superiority, and/or habitat
disturbance. As a result, these species can reproduce and survive, self-sustaining the

population without further human intervention, allowing them to become naturalized



Chapter 1 | General introduction, aims and thesis outline

(Blackburn et al. 2011; Dodet and Collet 2012). The critical point is reached when some of
these naturalized species can produce offspring on a large scale and spread to great distances
from the mother plant (as mentioned by Richardson et al. (2000), more than 100 m in less
than 50 years), being classified as an invasive species (Blackburn et al. 2011). These authors
proposed a unified framework for populations at various stages of the invasion process
(Fig. 1.1).

S1

M
| %% .ﬁ s

i Ko X

Figure 1.1 Diagram of the stages involved in the invasion process modified after Blackburn et al.
(2011): S1 - Individuals that are surviving in a new environment but are unable to reproduce;
S2 - Individuals surviving in a new environment, capable of reproducing but unable to self-
sustaining a population; S3 - Individuals capable of reproducing and self-sustaining in a new
environment; S4 - Individuals surviving in a greater distance from the introduction area, resulting in
a self-sustaining population in a new environment; S5 - Self-sustaining population in a new
environment, with individuals surviving and reproducing in a greater distance from the introduction
area; S6 - Individuals dispersed across multiple locations, surviving and reproducing, reaching the
status of invasive species.

Propagule pressure accounting for residence time, i.e., the time since introduction, is
critical for the success of the introduction-naturalization-invasion continuum. Naturally,
plantation density has an impact on invasion dynamics. For example, a higher number of
individuals arriving in the new environment (propagule pressure) can facilitate species
dispersal (Lockwood et al. 2005; Pysek et al. 2009; Simberloff 2009); also, a greater number
of individuals producing offspring for longer periods (residence time), will increase the odds
of a species to be able to establish, spread, and invade new environments (Pysek and Jarosik

2005; Rejméanek et al. 2005). However, introduced species must overcome various barriers to
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move through the various stages of the invasion process. Williamson (2006) mentioned
several variables that affect each barrier: economic factors influence the introduction, while
ecological and geographic factors affect individual dispersal. Furthermore, characteristics
related to species reproduction, specifically seed ecology, are critical for a potential invasion
(Dawson et al. 2009).

Nevertheless, the resistance of the new environment to colonization (invasibility) also
plays a role in the invasion process and is highly dependent on disturbance (Lonsdale 1999;
Lake and Leishman 2004). In this sense, a low propagule pressure in an environment with
less capacity to resist, such as a highly disturbed area, can result in an invasion. In the case of
forestry species introduced in favourable environments for development, their fast growth,
high productivity and tolerance to a wide range of climatic conditions, reproductive precocity
and large seed production (Turnbull 1999; Richardson and Rejméanek 2011) contribute to the
success of the species and trigger invasion events (Essl et al. 2010). The lack of pests and
interspecific competition in the introduced range also potentiates the invasion process (Nair
2001; Golivets and Wallin 2018).

Therefore, sustainable management of exotic planted trees, focusing on the natural

regeneration dynamics and expansion risk, is extremely relevant (Brundu et al. 2020).

1.3 Eucalyptus globulus Labill. plantations

One of the most widely planted hardwood tree genera is Eucalyptus. Due to their high
growth rates, wide adaptability to soil and climate conditions, low incidence of disease and
high resistance to pests, ease of management through coppicing, and valuable wood and non-
wood products (Turnbull 1999; Booth 2013) there are currently more than 100 countries
across six continents planting these trees (Iglesias Trabado and Wilstermann 2009), in a
variety of environments ranging from tropical, subtropical, and temperate forests (Byrne
2008).

Despite the socioeconomic benefits, there is criticism of the replacement of native forests
with eucalypt plantations due to potential ecological impacts such as soil properties’
alteration (Mallen-Cooper et al. 2022) through heavy nutrient and water consumption that
lead to soil erosion (Daba 2016), ecosystem functioning changes (Ferreira et al. 2019), and
biodiversity loss (Goded et al. 2019; Castro et al. 2022). Moreover, there is a great

controversy regarding its invasive potential due to the vast planted area and high seed
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production (Tomé et al. 2021), with some species classified as invaders (Henderson 2001,
Forsyth et al. 2004; Rejmanek and Richardson 2013; Badalamenti et al. 2018). Furthermore,
despite mature eucalypt trees’ high seed production (more than 4.000 seeds/m?) (Rejmanek
and Richardson 2011), previous studies revealed low levels of seedling establishment
(Callaham et al. 2013; Lorentz and Minogue 2015; da Silva et al. 2016). In fact, eucalypt
establishment in new environments was hampered by limited seed dispersal, high seedling

mortality, and a lack of ectomycorrhizal fungi (Rejméanek and Richardson 2011).

Although this genus has approximately 750 species, only nine are economically
significant, accounting for 90% of the current eucalypt plantation (Stanturf et al. 2013). One
of the most commonly cultivated Eucalyptus species is E. globulus Labill. (Tasmanian blue
gum), an evergreen, broadleaf tree described by Labillardiére in 1799 (Eldridge 1993). It
belongs to the Myrtaceae family and is native to Tasmania, the Bass Strait Islands, and
southeast Australia (Kirkpatrick 1975). It is genetically variable across its geographic range,

with 13 geographical races and 20 subraces described (Dutkowski and Potts 1999).

Eucalyptus globulus was the first species of the genus Eucalyptus to be widely planted in
exotic ranges due to its use in the paper industry (Jacobs 1979), and it is now the second
exotic tree with the largest area in Europe, ca. 1.46 million ha (Brus et al. 2019), mostly in
the Iberian Peninsula (Cerasoli et al. 2016). This species was introduced in Portugal in the
middle of the 19" century, with the first record in 1829 (Goes 1977; Potts et al. 2004;
Alves et al. 2007). However, the first plantations were established in 1870 for railway
material and were not used as a source for the pulp industry until the 1940s (Jacobs 1979;
Alves et al. 2007). Since the 1950s, the planted area has increased greatly (Nunes et al. 2019)
and currently occupies about 26% of the forested area of the country (ca. 845 000 ha)
(ICNF 2019), with great economic return (Nunes et al. 2019).

The large majority of the area occupied by this exotic species was intentionally planted,
and approximately one-third is well managed by the industrial pulp and paper companies
(Feliciano et al. 2015), typically in short-rotation systems, coppiced every 10 to 12 years
along three rotations, and self-thinning of shoots to optimize biomass production (Jacobs
1979; Alves et al. 2007) (Fig. 1.2a). In addition to tree-focused actions, intensive
management practices include periodic understory vegetation removal and soil preparation
for replanting, resulting in a simplified vegetation structure and diversity (Vaz et al. 2019).
This approach impacts soil quality but decreases fire risk by removing available fuel (Catry et

al. 2013; Benali et al. 2021). Furthermore, seed accumulation in the canopies is reduced due
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to short rotation cycles, resulting in a low potential for establishment outside plantation areas
(Fernandes et al. 2016a; Queirds et al. 2020). Under managed regimes, trees are cut before
they reach their maximum reproductive capacity, which takes about seven to ten years
(Kirkpatrick 1975; Eldrige et al. 1993). Moreover, machinery movements and regular
clearing actions naturally damage or kill potential seedlings, aiding in offspring establishment

control.

Nonetheless, while propagule pressure is reduced in managed conditions, due to a short
residence time (Gordon et al. 2012; Larcombe et al. 2013), propagule pressure increases in
unmanaged and unharvested situations (Fig. 1.2b) due to the presence of older trees that reach
high levels of seed production, potentially enhancing seedling establishment (Aguas et al.
2017a; Deus et al. 2019; Queiros et al. 2020). In addition, some plantations are abandoned,
easing the transition to mixed communities (Larcombe et al. 2013), altering landscape

dynamics and allowing fuel accumulation and increasing fire spread (Fernandes et al. 2011).

Furthermore, as a result of this abandonment, and also because they are frequently used
to delimit plantations and properties (pers. obs.), there are scattered in the landscape old
uncut E. globulus isolated trees (Fig. 1.2c) with high canopies that could be a huge propagule
source due to a major reproductive output. However, to our knowledge, these isolated trees

(also known as seed-trees) were not identified as a driver for E. globulus expansion.

Figure 1.2 Managed (a) and unmanaged (b) E. globulus plantations and an isolated seed-tree (c).

Similar to other species in this genus, E. globulus invasive behaviour is controversial:
some studies consider this species as an invader or with high risk in Europe, the Americas,
Egypt, New Zealand and the Pacific and the Indian Ocean islands (Sanz-Elorza et al. 2001;
Gasso et al. 2010; Gordon et al. 2012; Rejméanek and Richardson 2013; EI-Barougy et al.
2021; Guzman et al. 2021). Weed Risk Assessment based on qualitative scores also classified
it as presenting a moderate risk of invasion in Brazil (Ziller et al. 2018), and, in Portugal, it
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was included in an invasive species list (Marchante et al. 2014). Several authors, however,
referred to it as a species with low dispersal outside planted areas, as studied in the United
States (Ritter and Yost 2009; Callaham et al. 2013), Brazil (da Silva et al. 2011), Australia
(Larcombe et al. 2013), and Portugal (Fernandes et al. 2016a). For Kirkpatrick (1977), the
lack of mechanisms that enhance seed dispersal, which is crucial for expansion (Booth 2017),
prevents E. globulus from being problematic regarding its invasive behaviour. In fact, the
majority of seeds reached approximately only a horizontal distance equal to twice the height
of the mother tree (Cremer 1977). Seeds fall by gravity, mainly within 15 m of trees
(Calvifio-Cancela and Rubido-Bara 2013), explaining the higher density of seedlings found
inside plantations and within the first 15 m around plantation boundaries (Calvifio-Cancela
and Rubido-Bara 2013; Larcombe et al. 2013; Fernandes et al. 2016a; Aguas et al. 2017a).
Seedling establishment decreases exponentially with increasing distance to the mother tree
(Larcombe et al. 2013; Fernandes et al. 2016a), and almost all seedlings (ca. 90%) are found
30 m away from plantation edge (Deus et al. 2019). A low density of seedlings was observed
175 m away from plantations, which was associated with a drainage line or windy conditions
(Larcombe et al. 2013; Deus et al. 2019). However, various authors suggest that the
naturalization of E. globulus is occurring in large part of Portuguese territory with favourable
conditions for its development and establishment (Catry et al. 2015; Fernandes et al. 2016a;
Aguas et al. 2017a; Silva et al. 2021; Aguas et al. 2022).

The development of the E. globulus tree is easily identifiable by a change in leaf colour:
juveniles have a bluish colour (which gives the species its name), changing to a common
green when it reaches maturity (Mount 1969). Sexual maturity occurs at three to four years
(Jordan et al. 1999), but seed production is suppressed in dense plantations and does not
occur until the trees are at least seven years old (Kirkpatrick 1975). Phenological
development lasts about one year, from flower bud initiation to seed set. Flower bud
maturation forms a flower (Hingston and Potts 1998), distinguished by the presence of an
operculum composed by the fusion of sepals and petals (Fig. 1.3). The presence of this
operculum gives the genus its name, derived from the Greek eu, “well”, and calyptus,
“covered” (Eldridge et al. 1993).

Flowers are bisexual (i.e., male and female structures are present in the same flower)
with a mixed mating system (Eldridge et al. 1993) and are receptive to bird and insect
(mainly bees) pollination (Jacobs 1979). Pollen can fertilize flowers from the same tree,

increasing inbreeding and lowering seed viability, survival, and offspring fertility (Hardner
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and Potts 1995; Hardner et al. 1996; Charlesworth and Willis 2009). To avoid self-
fertilization, pollen is released a few days before the stigma becomes receptive, a mechanism

called protandry (Jacobs 1979).

Fruits are woody capsules with triangular valves at the top (Eldridge et al. 1993) that
change colour from green to brown as they mature (Jacobs 1979). Although capsules fall
throughout the year, primarily in autumn and winter (Calvifio-Cancela and Rubido-Bara
2013), E. globulus is a serotinous species since some capsules are retained in the canopy for a
few years, forming a canopy seed bank (Mount 1969; Lamont et al. 1991). Each tree can
produce hundreds of capsules, each containing ca. 6 to 25 viable seeds (Hardner and Potts
1995; Mimura et al. 2009) that have no dormancy and germinate under favourable conditions
(Nereu et al. 2019).

Figure 1.3 Different phenological stages of Eucalyptus globulus, including a) flower bud, b) flower,
c) to e) capsules in different maturation stages.

Despite having a strong capacity for adaptation to various climatic and soil conditions,
E. globulus is still susceptible to biotic and abiotic stresses conditions (Stoneman 1994).
Drought, for example, affects seed germination (Gonzélez-Mufioz et al. 2011), and litter
prevents radicle from obtaining nutrients from the soil (Calvifio-Cancela et al. 2018), an
important step since nutrients are obtained from the photosynthesis of early emerged
cotyledons (Boland et al. 1980). Furthermore, low temperatures (Almeida et al. 1994;
Aguas et al. 2017a; Fernandes et al. 2017; Deus et al. 2019), reduced light availability
(Fernandes et al. 2018), and interspecific competition (Garau et al. 2009) compromise
seedling survival. In this sense, seedling establishment is reduced in forests and grasslands
(Calvifio-Cancela and Rubido-Bara 2013; Fernandes et al. 2018) but enhanced in disturbed
areas (Fernandes et al. 2017), such as after forest fires (Aguas et al. 2014, Calvifio-Cancela et
al. 2018) when seeds and seedlings can find favourable conditions to germinate and establish.
Following this successful establishment, and if these seedlings grow and develop properly,
there may be a shift in community diversity and functioning. Consequently, despite
E. globulus’s crucial role in countries’ economies, plantations negatively impact ecosystems

due to changes in soil and water cycles (Castro-Diez et al. 2012; 2021), to the reduction of
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plant diversity (Calvifio-Cancela et al. 2012; Vaz et al. 2019) through the recurrent
management actions and allelopathic effects of litter on another plant establishment (Molina
et al.1991; Souto et al. 2001; Carneiro et al. 2008; Aguas et al. 2017b), and this change in
community diversity and functioning leads to a shift in fire hazard (Wolf and DiTomaso
2015).

1.4 Forest fires and Eucalyptus globulus plantations

Forest fires have historically played a major role in the distribution and adaptation of plant
communities (Pausas and Keeley 2009) and have been used as a land management tool by
populations (Pausas and Vallejo 1999). Fire, considered as an important landscape driver,
alters flora composition and structure (Silva et al. 2011), modifies soil physical and chemical
properties (Litton and Santelices 2003), and increases erosion and fertility loss
(Faria et al. 2015). Given the Mediterranean climate, characterized by mild winters and dry
and hot summers (Cowling et al. 1996), fires have an ecological, economic, and social impact
on southern Europe every year (Moreira et al. 2012). Portugal has the highest percentage of
burnt area in Europe, making fire one of this country’s most serious environmental issues

(Mateus and Fernandes 2014; Turco et al. 2016).

Aside from weather conditions, vegetation structure and biomass accumulation affect
forest fire progression particularly in dense and closed stands (Fernandes 2009). Moreover,
forested areas occupied by fast-growing species in a monoculture regime are even more
flammable and susceptible to fire (Fernandes et al. 2016b; Gomez-Gonzélez et al. 2018), and
the presence of exotic vegetation may alter the risk and spread of fire due to higher fuel
quantities and flammability (Aslan et al. 2020). Furthermore, forest fires increase rural
abandonment, which leads to more fuel accumulation and significantly increases the risk of
fire occurrence (Rego and Silva 2014), perpetuating the vicious cycle.

The litter and bark of E. globulus are extremely flammable (Popovi¢ et al. 2021),
increasing the fire risk (Moreira et al. 2009; Silva et al. 2009). In Portugal, eucalypt areas
accounted for approximately 30% of the total burnt area (ICNF 2024); however, the burnt
area did not increase with the expansion of planted area (Fernandes et al. 2019). In fact, tree
species are less important than stand structure (Fernandes 2009), as dense monocultures
increase crown fire spread (Goodrick and Stanturf 2012). Furthermore, fire ignition is lower
in managed conditions because of the lack of shrubs and bark shedding, whereas unmanaged

and abandoned plantations raise special concerns (Fernandes 2009; Fernandes et al. 2019).
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Native to a fire-prone zone, E. globulus is highly adapted to post-fire regeneration
(Larcombe et al. 2013; Aguas et al. 2014; Calvifio-Cancela et al. 2018), both by seed
germination and resprout from dormant epicormic buds present in trunks and branches
(Jacobs 1979), through the presence of lignotuber which supplies energy for tissues’
regeneration (Whittock et al. 2003). The aerial part of the plant is severely damaged by fire,
but basal resprouting reduces plant mortality (Catry et al. 2013). Heat reduces and inhibits
seed germination (Arén et al. 2013), so seeds in the soil are affected even inside capsules (dos
Santos et al. 2015). On the other hand, lower temperatures reaching the canopies and the
moist living tissue in the capsules’ constitution allow canopy seed bank protection (Mount
1969; Gill 1981; Silva et al. 2016). Following a fire, capsules in the canopy dehydrate, and
valves open, releasing large amounts of seeds (dos Santos et al. 2015; Silva et al. 2016).
Eucalypt seeds are short-lived (Battaglia 1996) and readily germinate in favourable
conditions, such as bare soil and a lack of allelopathic substances (Aguas et al. 2017b;
Queirds et al. 2020), increased nutrient content (via mineralization of organic matter) and
water availability (Gonzélez-Mufioz et al. 2011), reduced interspecific competition (Adams et
al. 2003) and light availability (Gill 1997; Fernandes et al. 2017). Thus, the occurrence of fire
promotes the establishment and expansion of this species (Silva et al. 2011; Aguas et al.
2014; Calvifio-Cancela et al. 2018), both through very effective post-fire regeneration and
increased invasibility potential of the disturbed ecosystem (Davis et al. 2000; Fernandes et al.
2017). In this case, removing existing vegetation reduces competition for water and nutrients,
allowing for easier establishment and dispersal. Furthermore, flowering and seed production
in trees on the plantation edge are higher (Barbour et al. 2008), increasing the likelihood of

expansion beyond the planted area.

Over the last 50 years, the maximum temperature has risen, particularly in summer,
increasing the number of hot days (temperatures above 35 °C) (Pausas 2004; Turco et al.
2019; IPCC 2021) while precipitation and the rainy season have decreased (Miranda et al.
2002), resulting in greater fire danger (Mateus and Fernandes 2014). These conditions,
combined with drier combustible materials, have favoured the occurrence of extreme forest
fires, such as those that occurred in Chile (Gémez-Gonzélez et al. 2018), Brazil (Barlow et
al. 2020), and the United States and Canada in recent years (Schulze et al. 2020; Hu et al.
2024). As a result, fires are more severe and intense (Amatulli et al. 2013; Turco et al. 2019),
and the fire season has been extended (Moriondo et al. 2006; Dupuy et al. 2020; Rodrigues et
al. 2023).

11
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Longer and warmer summers, as well as more frequent heat waves (Wang et al. 2021),
have increased the number of fires occurring earlier in spring and lasting until late autumn
(Castellnou et al. 2018; Sanchez-Benitez et al. 2018), outside of the months that the
authorities consider normal. In 2017, two catastrophic fire events occurred in Portugal on the
17" of June (early in the fire season) and on the 15" of October (late in the season), with a
total burnt area of approximately 52 000 and 190 000 ha, respectively (ICNF 2017), as a
result of an unusually dry winter and spring (Turco et al. 2019) and decreased vegetation
moisture (Sanchez-Benitez et al. 2018). These occurrences had a major impact on the
population and the media, not only because of the large burnt area, but also due to the number

of human losses.

Exotic species expansion and climate change could influence fire behaviour towards more
intense and large fires (Aslan et al. 2020), ultimately altering plant communities and
favouring invasive species expansion (Davis et al. 2000; Nolan et al. 2021). Although
E. globulus post-fire natural regeneration is well known, this change in fire season may
increase its dispersal potential because post-fire climatic conditions can also be ascribed to
different fire dates.

Improved genetic tree material, which could reduce planted area without compromising
yield, could be essential for a more efficient management of plantation forests. Tree
improvement programs for E. globulus have been developed to promote growth, adaptability,
and adequate wood properties. However, given the controversy surrounding this species’
potential invasive behaviour, it is critical to investigate whether selecting phenotypes most

suitable for pulp production will affect this species’ reproductive ecology.

1.5 Tree improvement and phenological behaviour

It is well known that plantations with selected genotypes focusing on economic and
ecological traits that improve growth, wood quality, and insect and disease tolerance
(Karnosky 1981; Rezende et al. 2014) and shortening harvest cycles (Fox et al. 2007,
Zalesny et al. 2011) increase productivity levels. However, although the benefits of
vegetative propagation have been recognized (Wu 2019), constituting a millennium-old
agricultural technique, forest tree species improvement is only about a century old (Neale and
Kremer 2011). Moreover, unlike most crops, breeding programs for forest trees aim to
improve existing populations rather than develop new ones (Neale and Kremer 2011) by

selecting and crossing superior trees with desirable characteristics to produce offspring that
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outperform their parents (Potts et al. 2004). This procedure consists of 1) collecting seeds or
cuttings after phenotypic selection of trees in natural stands, 2) breeding and establishing seed
orchards with the best-performing trees, 3) controlled pollination of selected phenotypes and
superior seed collection, 4) progeny testing based on offspring performance, and 5) seed
orchard establishment to genetically-improved seed production. Finally, the improvement
program is completed through the establishment of clonal plantations and the evaluation of
individuals’ field performance (White 1987; Sedjo 1999; Harfouche et al. 2012). Therefore, a
commercial clone is “a group of genetically identical plants, produced by vegetative
propagation from the same common ancestor, which was selected for its all-round
outstanding performance” (Rezende et al. 2014). As a result, the best-adapted genotypes will
be planted in a given area, resulting in higher yields and better meeting needs. The selection
criteria vary by species, but the ultimate goal is to increase favourable traits related to
productivity: increased growth and stem form, vigour, wood quality and pest and disease
resistance (Kedharnath 1984).

Given the commercial importance of E. globulus, tree improvement programs have been
developed to enhance desirable wood properties such as cellulose content, optimum fibre
length, and increased pulp yield, as well as select individuals more resistant to adverse
climatic conditions and pests (Potts et al. 2011). Furthermore, Eucalyptus species are ideal
for breeding programs due to their ease of propagation, short generation intervals, and genetic
variability (Zalesny et al. 2011). In Portugal, the pulp company Celbi initiated these programs
in 1966 (Potts et al. 2004) based on local populations and provenances imported from
Australia (Borralho et al. 1992). Other pulp companies (Portucel, Soporcel, and Caima)
began their improvement programs in the 1980s and 1990s (Borralho et al. 2007). Nowadays,
improved material-based forestry is mostly implemented by pulp companies through
intensive clonal plantations (Almeida et al. 2005), and as a result, wood productivity has
increased by 25 to 50% (Borralho et al. 2007; Rezende et al. 2014).

Aside from increasing yield, there are some indications that breeding programs may alter
flowering and fruiting in Eucalyptus species (Moncur and Boland 2000;
Varghese et al. 2009), which could affect the dispersal potential of improved trees. However,
it remains unclear whether these breeding programs affect the phenological and reproductive
behaviour of E. globulus, which is especially important in the exotic range, where there is a
risk of expansion beyond plantation areas.

13
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The impact of these breeding programs is particularly relevant since the phenological
development of E. globulus is heritable (Chambers et al. 1997), and the time of first
flowering is genetically controlled (Jordan et al. 1999). However, despite being a
conservative trait, flowering onset is also influenced by abiotic factors such as temperature,
moisture and nutrient availability and provenance (Eldridge et al. 1993), making research in
introduced areas critical. Furthermore, external factors such as tree spacing, climatic
conditions, and pollination effectiveness influence eucalypt seed production (Eldridge et al.
1993), whereas maternal genotype and seed size influence germination rate and seedling
growth (Martins-Corder et al. 1997; Rix et al. 2015). Also, different landraces used in
breeding programs have genetically variable flowering timing (Gore and Potts 1995) and
different capsule and seed sizes (McGowen et al. 2004). Indeed, understanding the
reproductive behaviour of these improved trees is critical in accounting for such a wide range

of interactions with local conditions.

Improved materials are typically implemented in the same geographic region as their
parents, where conditions are most favourable (Gray et al. 2016). On the other hand, climate
change alters expected patterns, which may impact tree performance because the selection
process reduces genetic variability, lowering adaptation to different conditions (Turnbull
1999). In this sense, changes in phenology have long been regarded as a sensitive indicator of
climatic change (Bertin 2008). Finally, considering that seed ecology plays a critical role in
species invasion (Rejméanek and Richardson 2011), the impact of tree improvement on
phenological dynamics, fruit characteristics, and seed germination must be assessed to
determine whether clonal plantations will slow or accelerate species dispersal. In this regard,
new plantations must be closely monitored to ensure that trees do not expand outside
plantations.

General aims and thesis outline

Eucalyptus globulus is a controversial species in its exotic range, particularly in
Mediterranean-type climate regions where frequent forest fires are combined with the great
ability of this species to regenerate. With the highest percentage of burnt area in Europe and
E. globulus occupying a quarter of the forested area, Portugal has a particular interest for
studying factors that influence the natural regeneration of this species. Furthermore, climate
change has altered the fire occurrence, resulting in an extension of the fire season. In this

regard, the off-season E. globulus post-fire regeneration dynamic is still unknown, which
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could significantly impact its dispersal since weather and local conditions may differ. This is
especially important in unmanaged plantations, where there is a higher probability of
natural regeneration after a fire, but also under large trees, where reproductive output is
considerable. Implementing clonal plantations with selected individuals for increased wood
production and quality may reduce occupied areas. However, these trees’ phenological
behaviour and production of reproductive structures must be studied since long-distance seed

dispersal capacity is an essential step to identify invasion events and invasive species.

Recognizing the importance of E. globulus in Portugal as a representative forest species
with high economic and industrial value and identifying drivers for its establishment is
critical to contributing to a better forest management and expansion control protocols, as its
potential invasiveness is a major concern. With that in mind, this thesis aims to understand
(Fig. 1.4):

e Establishment, development, and dispersal success in the context of climate change and
fire events through the impact of i) off-season fires, ii) plantations pre-fire management,

iii) isolated seed-trees, and iv) local drivers;

e The phenological characteristics and dispersal dynamics of improved Eucalyptus clones,
namely i) potential reproductive behaviour, ii) seed production, and iii) germination

capacity, aiming to valorise clones as management tool to reduce planted area.

Plantation Dispersal risk
(Artificial establishment) Natural establishment outside plantation
Plantation Seed-tree
Managed Unmanaged Managed Unmanaged
No Fire Limited 9 o 0
=
e
== @ | ®@ || ® || ©
f&
% October fire o 0 0 0
Local factors 0 0

Reproductive P 0
i development
Tree improvement H Clonal stands
programs
Seed ecology H 9

Figure 1.4 Main research questions addressed in this thesis, considering the current gaps in knowledge
ascribed to E. globulus establishment and dispersal.
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This thesis includes three scientific papers published in peer-reviewed international
journals, and one paper in preparation, each corresponding to a chapter. Each chapter’s

specific objectives and main methodological approaches are described below:

Chapter 1. General introduction, aims and thesis outline

In this chapter, E. globulus main characteristics are contextualized, emphasizing its
socioeconomic role around the world. A general description is also provided, focusing on its
main characteristics, phenological behaviour, and factors influencing its natural regeneration,
such as forest fires. Furthermore, the controversy over E. globulus’ invasive potential is
addressed, raising concerns about the impact of off-season fires, pre-fire management, the

presence of seed-trees, and tree improvement on this exotic species dispersal in Portugal.

Chapter 2. Management and fire, a critical combination for Eucalyptus globulus
dispersal

Fire promotes the natural regeneration of E. globulus, which potentially threatens
introduced ecosystems given this species ability to spread. Thus, assessing this species’ post-
fire dynamics is critical with the extension of the fire season caused by global warming.
Therefore, the main goal of this chapter was to evaluate the impact of off-season fires on the
success of E. globulus recruitment and dispersal, as well as the role of pre-fire management
and large isolated trees as a possible key propagule source. To achieve this, the risk of
E. globulus dispersal was studied by i) assessing sapling establishment outside plantation
edges and under seed-trees in the absence of fire and after two fire events (June and October
2017, early and late in the season, respectively), ii) analysing the role of vegetation
management actions prior to a fire in establishment outside plantation boundaries and
in surrounding areas of seed-trees, and iii) evaluating sapling survival rate two years after the

fires.

Chapter 3. Climate and local factors influence Eucalyptus globulus establishment after

off-season fires

Despite its wide adaptation, E. globulus establishment is influenced by biotic and abiotic
stresses that may act as critical barriers to its invasiveness behaviour. As a result, research
focusing on local factors is relevant, especially in the context of off-season fires. Therefore,
how E. globulus saplings respond to climate and local conditions in plantations and under

seed-trees was studied following the 2017 June and October fire events. In this regard, the
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impact of post-fire conditions after the two fire events on the establishment of E. globulus
saplings was assessed by evaluating the climatic and local conditions affecting the natural

regeneration in managed and unmanaged plantations and under seed-trees.

Chapter 4. Exploring reproductive biology in Eucalyptus globulus clones under distinct

climatic conditions

Given the economic importance of E. globulus, improved material-based clonal forestry is
being implemented to increase productivity. However, it is unclear whether the tree’s
reproductive dynamics will change due to these improvement programs. In this sense, the
phenological behaviour of clonal-based trees was studied by comparing i) the timing and
duration of reproductive stages and ii) the number of reproductive structures produced in
three clonal and seedling-based stands in two climate-contrasting sites (mesic vs xeric) in

Portugal.

Chapter 5. From capsules to germination: an assessment of Eucalyptus globulus

dispersal mechanisms

In the current context of expanding plantation areas using improved material-based trees
along with the presence of isolated seed-trees, and considering reproductive traits as the
major driver of the invasive process, it is critical to understand the impact of improvement
programs on E. globulus seed characteristics. With that in mind, the characteristics related to
the reproductive biology of clonal trees (improved trees) and seed-trees were compared with
unimproved seedling-based trees. During a year, capsules were collected from clonal and
seedling-based trees, as well as from seed-trees, in two climate-contrasting sites (mesic vs
xeric) in Portugal. The collected capsules were characterized regarding their time since
production (2018 to 2021), size, weight, and number of seeds; subsequently, germination

capacity of these seeds was assessed.

Chapter 6. General discussion and main conclusions

In this last section, the main conclusions gathered from the preceding chapters are
summarized, along with their implications for forestry management aiming to prevent

E. globulus dispersal into natural habitats beyond plantation areas.
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Abstract

In a context of growing demands for wood and wood derived products, plantations of exotic
tree species have globally increased. Fast growth and high productivity made Eucalyptus one
of the most successful tree genera around the world. Nevertheless, this genus is often
associated with negative ecological impacts on biodiversity and ecosystem functioning and
the risk of expansion is considered a major threat. Eucalyptus globulus is the most planted
tree species in Portugal, but common silvicultural measures, including periodic control of the
understory vegetation, have traditionally limited natural regeneration. However, forest fires
constitute a main driver of E. globulus dispersal and regeneration and, under the current
climatic change scenario, the possible extension of the summer fire regime to previous
months in spring and/or later months in autumn, may have a profound effect on E. globulus
dispersal capacity. Moreover, isolated eucalypt trees, seed-trees, are often left uncut and
many plantations are poorly managed potentially increasing the risk of E. globulus dispersal.
To evaluate the impact of both management and fire event dates on E. globulus dispersal, we
assessed the establishment of saplings beyond plantations and seed-tree boundaries in
absence of fire and after 2017 June and October fires in managed and unmanaged conditions.
Sapling survival was also analysed two years after fire. Our results point out that sapling
establishment in our study area is not a major concern in the absence of fire. Also, our
findings showed that E. globulus establishment is highly dependent on the time of the year a
fire occurs and that pre-fire management practices constrain E. globulus dispersal. We also
found that seed-trees are high seed dispersers after fire even in managed conditions,
deserving great concern. Additionally, high sapling survival two years after October fire
indicate that out of season fires might constitute an emerging issue regarding E. globulus

expansion.
2.1 Introduction

Globally, the use of exotic tree species in planted forests is a major component of
terrestrial land use in temperate and tropical regions and has been increasing in order to
respond to growing demands for wood and wood derived products (Dodet and Collet 2012).
Fast growth, high productivity, and product quality, ascribed to many exotic species, are the
main reasons why they have been widely used (Turnbull 1999). Eucalyptus is one of the most

successful tree genera around the world. Being native from Australia it is nowadays rated the
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second most cultivated tree worldwide (Rejmanek and Richardson 2013). Despite their
economic and social benefits, exotic tree species such as eucalypts are often associated with
negative ecological impacts on biodiversity and ecosystem functioning (Richardson 1998;
Hartley 2002), including the risk of expansion to surrounding areas where they may

outcompete native species (Richardson and Rejmanek 2011).

In Portugal, E. globulus Labill. (Tasmanian blue gum), which was introduced in the
middle of the 19" century (Alves et al. 2007), occupies nowadays ca. 845 000 ha (ICNF
2019) and is one of the main forest species in the country. Most E. globulus stands in
Portugal have been planted intentionally and are managed for pulpwood production in
rotation cycles of 10-12 years, usually followed by a second or third coppice rotation (Soares
et al. 2007). Recommended silvicultural measures include periodic control of the understory
vegetation to reduce fire hazard and weed competition for water and nutrients. As a result,
any putative regeneration of E. globulus is likely to be destroyed by vegetation control
measures (Larcombe et al. 2013; Fernandes et al. 2016a). Nonetheless, isolated E. globulus
trees are often left uncut and many plantations are poorly managed, resulting in the presence
of old trees, often large and with high canopies with great reproductive capacity, potentially
increasing the risk of E. globulus dispersal. In particular, these dispersed trees, named as
seed-trees, are potential seed-sources (Adams et al. 1994) whose presence may have critical

implications for E. globulus natural regeneration dynamics.

Eucalyptus globulus mature seeds are held in the canopy, inside the capsules. They
remain there for months or even a few years (Lamont et al. 1991). Seeds will eventually be
released and dispersed, as branches dry out and fall. This process is more frequent during

autumn and winter (Calvifio-Cancela and Rubido-Bara 2013), or soon after a fire (Gill 1997).

Given the wide range of environmental conditions and disturbances in which it has been
established (Kirkpatrick 1975) there have been concerns about E. globulus ability to
regenerate and establish wildlings beyond plantations edges. These concerns resulted in
several studies and Weed Risk Assessments have recommended E. globulus to be considered
an invasive species in Europe, the Americas, New Zealand and the Pacific and Indian Ocean
islands (e.g. Sanz-Elorza et al. 2001; Gasso et al. 2010; Gordon et al. 2012; Rejmanek and
Richardson 2013; Marchante et al. 2014). Nonetheless, other studies ranked E. globulus with
moderate risk of invasion, including in well managed plantations (Larcombe et al. 2013;
Fernandes et al. 2016a; Ziller et al. 2018). In fact, Rejmanek and Richardson (2011)

concluded that eucalypts have a low invasiveness potential compared with most other
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commercially important tree species, due to limited seed dispersal, high seedling mortality,
and lack of compatible ectomycorrhizal fungi. Fernandes et al. (2016a) reported that
E. globulus seedlings are not tolerant to drought stress, with high mortality immediately after
emergence, despite the fact that once seedlings overcome the first two months, mortality rate

decreases, as also suggested by Calvifio-Cancela and Rubido-Bara (2013).

A key factor that impacts the risk of dispersal and regeneration are forest fires (Fernandes
et al. 2016b). This is particularly critical in fire prone regions of Mediterranean-type climate
with long dry summers, such as Portugal (Salis et al. 2014). Under the current climatic
change scenario, the frequency of out of season fires is likely to increase (Turco et al. 2019),

and may change the known pattern of this species expansion.

In Portugal, 2017 was a particularly dry and warm year, which resulted in several large
wildfire events from June (early in the season) to mid-October (late in the season). As a
consequence of the June fires ca. 52 000 hectares (ha) burned, while the October fires
devastated an even larger area (ca. 190 000 ha) (ICNF 2017). Fire events are a critical factor
in stimulating E. globulus regeneration, through dorment bud’s sprouting and seedling
recruitment (Silva and Marchante 2012; Larcombe et al. 2013; Aguas et al. 2014, Calvifio-
Cancela et al. 2018), but seasonal differences have not been studied in detail. High fire risk
and a longer fire season raise concerns about more extensive naturalization events and an

increase in potential invasive behaviours.

The present study looks at the effects of fire, including out of season events, and the
compounding impact of forest management, along with the presence of seed-trees, on the
success of E. globulus recruitment. In particular, we hypothesize that natural regeneration and
potential expansion of E. globulus outside plantations and beyond the isolated trees (seed-
trees) are affected by fire and management practices. However, we expect that high sapling
mortality will limit E. globulus spread. In this context, the main objective of this study is to
evaluate the impact of the 2017 June and October forest fires and previous plantation
management on the natural regeneration and expansion capacity of E. globulus saplings. In
order to achieve this, we evaluated the risk of E. globulus expansion by i) assessing the
establishment of E. globulus saplings outside plantations edges and in the surrounding areas
of isolated seed-trees in the absence of fire and after two distinct fire events, ii) analysing the
role of vegetation management actions in establishment outside plantation boundaries and
area surrounding seed-trees, to ultimately mitigate the potential invasive behaviour and

finally iii) assessing the survival rate of saplings two years after fire occurrence. We expect
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this information will inform management decisions aimed at mitigating the risk of

E. globulus invasion.

2.2 Material and Methods

2.2.1 Study area

This study was carried out in Northern and Central Portugal, regions of higher
productivity for E. globulus (Alves et al. 2007), in sites affected by the fire events that
occurred on 17" June 2017 (Castanheira de Péra (CDP) and Pedr6gdo Grande (PG)) and on
15" October 2017 (Castelo de Paiva (CSP), Mira (M), S&o Pedro de Alva (SPA) and
Pampilhosa da Serra (PS)) (Fig. 2.1a). Climate in the study area is temperate with dry and
mild summer (Csb), according to Kdppen climate classification (IPMA 2021), with mean
annual temperatures ranging from 10.5 to 14.6 °C and total precipitation ranging from 952 to
1440 mm (IPMA 2021). Elevation varies from 15 to 735 m. This study area experienced a
very dry winter and spring in 2017 (Fig. 2.1e and f). Site characterization is included in
Supplementary Table S2.1. Within the area affected by the June fire, three managed and three
unmanaged E. globulus plantations were selected. In the October fire-affected areas, seven
managed and five unmanaged E. globulus plantations were studied. Fourteen and 28 isolated
seed-trees, affected by the June and the October fires, respectively, and 42 unburnt isolated
seed-trees were also studied. Simultaneously, 18 unburnt unmanaged plantations located
close to the selected burnt plantations were sampled. Moreover, data from a previous work
with unburnt managed plantations (Fernandes et al. 2016a) was included in this study, where
the same sampling design was applied and selecting only data from the same climatic region.
After fire, plantations were classified as managed when no large trunks of shrubs and other
tree species were observed (suggesting that an effective understory vegetation control was
carried out) and in the case of coppice stands when the number of stems per stump were less
or equal to three (which would indicate that appropriate thinning of the stand was carried
out). In order to classify the type of stand management around seed-trees, surrounding areas
were considered. Likewise, these areas were considered as managed if no large trunks of

burnt trees or shrubs in nearby forest or shrublands were observed.

Sampling procedures required meeting several stringent criteria that highly restricted
plantation and seed-tree selection. First, in order to ensure that the E. globulus saplings
recorded belonged to individuals from the studied plantation, plantations were selected
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(i) without any E. globulus individuals in their adjacent areas; (ii) located at least 70 m apart
from another E. globulus plantation and (iii) with no seed-trees nearby. The presence of seed
capsules on the E. globulus trees was verified, to ensure the potential for natural regeneration.
The size of the plantations, with preference for larger areas, and good accessibility were
additional conditions for plantation selection. Finally, sampling for seed-trees implied the
selection of trees (i) isolated from other seed-trees at least 70 m; (ii) with at least 35 cm of

DBH (Diameter at Breast Height) and; (iii) with a completely burnt canopy.

Both plantations and seed-trees were classified according to Type (plantations or seed-
trees), Fire occurrence (No fire and June or October fire) and Management (managed or
unmanaged) (Fig. 2.1b, c and d; Tab. 2.1).

2.2.2 Field sampling
2.2.2.1 Assessing E. globulus dispersal and natural regeneration

Sampling was performed from September to December 2018, about one year after the
fires. Data were collected through transects from E. globulus plantation edge to adjacent
areas occupied by other habitats (Fig. 2.1g). In each plantation, at least three transects
(plantation transects) were established 15 m apart, perpendicular to the plantation's boundary
edge, and each transect was divided in 3x3 m plots. The first plot was established at 0 or 3 m
outside the plantation and then plots were sampled alternately (adapted from Callaham et al.
2013). Number and cover of E. globulus saplings were quantified in each sampled plot.
Eucalyptus globulus saplings were distinguished from coppice or planted individuals, through
its position and size relatively to the planted trees (unkempt plantation lines) that were mostly

already resprouting.
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Figure 2.1 Location of the study regions in Portugal: a) study sites) affected by June fire are
highlighted in yellow (Castanheira de Péra (CDP) and Pedrdgdo Grande (PG)), while study sites
affected by October fire are highlighted in red (Castelo de Paiva (CSP), Mira (M), S&o Pedro de Alva
(SPA) and Pampilhosa da Serra (PS)); b) burnt managed E. globulus plantation; ¢) burnt unmanaged
E. globulus plantation; d) burnt E. globulus seed-tree; €) monthly average temperature [°C] (line) and
monthly average precipitation [mm] (bars) in study areas from 1982 to 2012 (Climate-date.org) and
f) from January 2017 to December 2018, with fire events and October to December 2018 data
collection highlighted. Schematic diagrams of transects design in plantation (g) and seed-trees (h):
transects were established with 3x3 m plots. Only grey plots were sampled. Transects were oriented
perpendicular to the plantation boundary edge or to the seed-tree.

40



Chapter 2 | Management and fire, a critical combination for Eucalyptus globulus dispersal

Transect sampling finished when two consecutive plots had no E. globulus saplings,
marking the limit of the E. globulus expansion. Within the plantation, three alternate plots
were always sampled (starting at the symmetrical distance of the outside transect, i.e., if the
first outside plot was sampled at 3 m, the same occurs to the inside plot, marked as -3 m
(Fig. 2.19).

Similarly, to assess E. globulus natural regeneration around seed-trees, at least two
perpendicular transects (seed-tree transects) were sampled in each seed-tree with a maximum
of four transects per tree (Fig. 2.1h). In what concerns seed-trees, management type was
classified at transect level, mostly due to location near roads and/or adjacent habitats.
Sampling finished when two consecutive plots had no E. globulus saplings. This means that,
in both cases, there were always at least two plots to the outside of the plantation and in the
surrounding areas of seed-trees. The total number of transects sampled is summarized in
Table 2.1.

Table 2.1 Total number of transects sampled within the study area, including plantation and seed-tree
transects, both managed and unmanaged and organized by Fire Occurrence (No Fire, June Fire and
October Fire).

No fire June Fire October Fire

Managed Unmanaged Managed Unmanaged Managed Unmanaged
Plantation 277 54 10 13 30 21
Seed-tree 56 86 27 20 39 45

Due to the high density of saplings along the seed-tree transects and the difficulty to
count all of them, the possibility of using sapling cover instead was evaluated. The
relationship between the total number and the area covered by the E. globulus saplings was
examined through a Spearman correlation (Supplementary Figure S2.2) and, as expected,
Spearman r value (r=0.88) confirmed that both parameters were highly correlated and
consequently we proceeded to use sapling cover to characterize the incidence of natural

regeneration.

2.2.2.2 Assessing E. globulus sapling survival

Considering only E. globulus burnt plantations, permanent plots with 1 m radius were set,
in which E. globulus sapling number was assessed. These permanent plots were included

inside 3x3 m plots sampled. To evaluate sapling survival, these permanent plots were also
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monitored in October 2019, about two years after the fires, and the remaining saplings were

recounted.

2.2.3 Data analysis

Eucalyptus globulus dispersal curves focused on fire events were constructed by plotting
sapling mean cover for each distance from inside and outside the plantation edge and from
each seed-tree. Then, a multivariate local polynomial regression estimator (Loess) fitting was
applied. Loess is a non-parametric method that fits a quadratic surface by weighted least
squares (Cleveland and Devlin 1988). To assess the main factors affecting dispersal distances
in E. globulus after fire, we used a Generalized Linear Mixed Model (GLMM) with a
negative binomial distribution to account for unbalanced design and overdispersion
associated with the high number of zeros in the data. Fire occurrence (only “June fire” or
“October fire”’), Management and Type were included in the model as fixed factors and the
variable Site as random effect (Tab. 2.2). Maximum distance reached by saplings was defined

as the dependent variable.

Table 2.2 Description of explanatory variables.

Variable Data description

Type Plantation or isolated seed-tree

Fire occurrence  No fire, June or October fire event

Managed - trunks per tree were less or equal to three and if large trunks of burnt
shrubs or trees were not observed

Management
Unmanaged - trunks per tree were higher than three and if large trunks of burnt
shrubs or trees were observed

Similarly, to assess the factors that influenced E. globulus natural regeneration, sapling
cover was also modelled performing a GLMM with a negative binomial distribution and
using Fire occurrence, Management and Type as fixed factors and Site as random factor. In
order to guarantee the same number of sampled plots in each transect (i.e., two plots, see
Field sampling), only the plots located within the first 15 m outside of the plantations and
around seed-trees were considered. Finally, to determine which groups were significantly
different, multiple pairwise comparisons of estimated marginal means were calculated, using
the emmeans function. Bonferroni correction method was applied to adjust p values to

multiple comparisons.
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Sapling survival was evaluated through the comparison between the number of saplings
counted one year (2018) and two years (2019) after June and October fires, in sampled

plantations using Wilcoxon tests.

Data analysis was performed using packages stats, gimmADMB and emmeans in R studio
software (v.3.6.1).

2.3 Results

2.3.1 Fire date and management effects in E. globulus dispersal

Sapling cover and distance to both plantation edges and seed-trees showed a clear space-
dependent relationship. The fit between sapling cover and distance to plantation edge
indicated that, although there were no statistically significant differences (data not shown),
highest cover of saplings always occurred inside plantations (from -15 to 0 m), decreasing to
the outside. This pattern was also observed along the isolated seed-tree transects, with the
maximum cover of E. globulus saplings observed close to the seed-trees (from 0 to 15 m) and

the cover values decreasing with increasing distance from these trees.

GLMM results indicated that Seed-tree, October fire and Unmanaged condition are
significantly increasing the distance at which E. globulus saplings occur (Tab. 2.3). For both
plantations and seed-tree transects sapling cover was significantly higher after the October
fire than that observed after the June fire (Fig. 2.2).

When comparing unmanaged and managed conditions, in addition to a greater sapling
cover, in the first, distances reached by E. globulus saplings were higher in unmanaged
conditions for both plantations and seed-trees. Also, after the October fire, saplings were
found at greater distances (45 and 75 m in plantation and seed-tree transects, respectively),
while in plantations and seed-trees burnt in June, saplings reached 15 and 30 m, respectively.
Saplings were observed to a maximum distance of 99 m away from seed-trees and 69 m from
unmanaged plantations edge after the October fire, but at very low frequencies (with only one

sapling observed in each case).
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Figure 2.2 Dispersal curves of E. globulus saplings after the June and October 2017 fires, based on
average sapling cover (%) to the edge of managed and unmanaged E. globulus plantation (a and c)
and managed and unmanaged surrounding areas of E. globulus seed-trees (b and d) using Local
Polynomial Regression Fitting (Loess). Shaded area represents 95% confidence intervals. Negative
distances (highlighted in grey) represent the inside of E. globulus plantations. The distance of 0 m
represents plantation edge and seed-tree location.

Table 2.3 Generalized linear mixed model (GLMM) using Type (Plantation or Isolated Seed-tree),
Fire date (June fire and October fire) and Management (Managed or Unmanaged) to model
maximum distance reached by E. globulus saplings. Coefficients of the model, standard errors, the z
statistic and the associated probabilities: **: < 0.01; *: <0.05.

Estimate  Std. Error z value Pr(>|z|)
(Intercept) -2.306 1.167 -1.98 0.048 *
October fire 2.687 1.237 2.17 0.029 *
Seed tree 3.259 1.151 2.83 0.005 **
Unmanaged 2.626 1.209 217 0.029 *
October fire * Seed tree -2.139 1.223 -1.75 0.080
October fire *Unmanaged -0.091 1.311 -0.07 0.945
Seed tree * Unmanaged -1.316 1.293 -1.02 0.309
October fire * Seed tree * Unmanaged -0.169 1.436 -0.12 0.906
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2.3.2 Eucalyptus globulus sapling establishment and survival

Considering E. globulus establishment, GLMM results showed that all studied factors

were influencing sapling cover in our study area (Tab. 2.4).

Table 2.4 Generalized linear mixed model (GLMM) using Type (Plantation or Isolated Seed-trees),
Fire occurrence (No fire, June fire and October fire) and Management (Managed or Unmanaged) to
model E. globulus sapling cover. Coefficients of the model, standard errors, the z statistic and the
associated probabilities: **: <0.01; *: < 0.05.

Estimate  Std. Error z value Pr(>|z|)
(Intercept) -2.490 1.229 -2.03 0.043 *
No fire 2.226 1.223 1.82 0.069
October fire 3.072 1.296 2.37 0.018 *
Seed tree 3.337 1.283 2.60 0.009 **
Unmanaged 2.742 1.369 2.00 0.045 *
No fire * Seed tree -5.565 1.412 -3.94 8.1 **
October fire * Seed tree -2.183 1.393 -1.57 0.117
No fire * Unmanaged -6.466 1.725 -3.75 1.8e% **
October fire *Unmanaged -0.176 1.519 -0.12 0.908
Seed tree * Unmanaged -1.452 1.510 -0.96 0.336
No fire * Seed tree * Unmanaged 4.947 1.988 2.49 0.013 *
October fire * Seed tree * Unmanaged -0.122 1.711 -0.07 0.943

The absence of fire revealed the lowest sapling cover (around 0%) when compared to the
occurrence of fire, both in plantations and seed-trees, with no significant statistical

differences observed also between managed and unmanaged regimes (Fig. 2.3).

After the June fire, the highest mean sapling cover was observed under unmanaged seed-
trees (9.2£2.5%), while managed and unmanaged plantations and managed seed-trees showed
low sapling cover (0.1+0.1%, 1.4+0.8% and 2.4+0.7%, respectively) with no statistically
significant differences. On the other hand, the October fire showed heterogeneous results,
with low sapling cover in managed plantations (1.5+0.5%), followed by managed adjacent
seed-trees areas (6.5£1.8%) while sapling cover had the highest value in both unmanaged
plantations and unmanaged adjacent areas to seed-trees (19.4+4.4% and 13.8+2.8%,
respectively) (Fig. 2.3). Comparing E. globulus sapling cover from plantations and seed-trees,
higher sapling cover under seed-trees was always observed, except when comparing with

unmanaged plantations, after the October fire.
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Figure 2.3 Eucalyptus globulus sapling cover (%; mean + SE) for managed and unmanaged
E. globulus plantations and managed and unmanaged surrounding areas of seed-trees in absence of
fire (No Fire) and after June and October 2017 fires. Letters indicate significant differences based on
multiple pairwise comparisons of estimated marginal means with Bonferroni adjustment.

Furthermore, Wilcoxon tests showed statistically significant differences between the
number of E. globulus sapling counted in 2018 and recounted in 2019, except in managed

plantations affected by the June fire (Fig. 2.4).
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Figure 2.4 Wilcoxon tests comparing E. globulus sapling density (n/ha; mean £SE) assessed in 2018
and 2019 for managed and unmanaged E. globulus plantations affected by the June and October 2017
fires. Asterisks represent significant differences (* p<0.05).

In managed plantations affected by the June fire, sapling number remained the same (128
saplings/ha) while in unmanaged plantations, a decrease was observed (2008 to 175
saplings/ha). Managed and unmanaged plantations burnt in October followed the same trend
(a decreased from 3255 to 1498 and from 25413 to 19414 saplings/ha, respectively, from
2018 to 2019). It is important to highlight that, despite the low number of saplings, survival
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was higher in managed plantations after the June fire (100% of survival). Notwithstanding,
unmanaged plantations affected by the June fire revealed 25% of sapling survival. After the
October fire, both managed and unmanaged plantations showed almost 75% of sapling

survival (data not shown).
2.4 Discussion

Our study found that the time of the fire event (naturally associated with after-fire
weather conditions) is determinant for the success of E. globulus natural regeneration. In
addition, management before fire is crucial to reduce the dispersal and degree of sapling

cover.

It was also observed that the existence of seed-trees greatly contributes to E. globulus
expansion. Moreover, our results indicate that spring and autumn fire events have an
additional impact on sapling establishment. After the June fire, sapling cover was always
lower than that found after the October fire. Nevertheless, differences were only significant
for unmanaged plantations, underlying the importance of the synergistic effects between
these factors. Most seedlings germination occurred immediately after fire (Pryor 1976), when
bare soil and favourable weather conditions were available, which is more likely to occur
after an autumn fire (October fire) which usually precedes wet weather, than after a spring
fire (June fire) which is usually followed by dry summer conditions.

Previous studies with spring sowing registered high mortality of E. globulus seedlings,
associated with high temperatures and drought (Fernandes et al. 2017). Furthermore, dos
Santos et al. (2015) showed that seed release from capsules held in scorched branches could
last eight weeks and Nereu et al. (2019) suggested that ca. 70% of seedlings germinated
within the first month after sowing. Taking into consideration this information and the fact
that 2017 summer was extremely hot and dry, we suggest that the low sapling cover found
after the June fire could be associated with high mortality due to dry conditions.
Consequently, saplings found after the June fire were therefore either able to survive the
summer drought or germinated in the rainy season as suggested by Silva et al. (2021), which
mentions recruitment as a continuum. Thus, regardless of the existence of management

actions, the June fire has low E. globulus natural regeneration.

On the other hand, unmanaged areas surrounding seed-trees had a higher sapling cover.

The absence of management and clearing actions lead to a conspicuous capsule accumulation
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on the soil (ca. up to 10 cm depth, field observations). During a fire only the capsules located
in the upper soil layer burn, while the ones of the lower layers remain intact, protecting seeds
from the heat damage (dos Santos et al. 2015), which may enable later germination.
Additionally, sprouting from seed-trees up in the canopy (Fig. 1d) may provide moderate
shade and decrease high soil temperatures, creating more favourable conditions that facilitate

seedling recruitment and survival, contributing to the higher sapling cover observed.

Conversely, after the October fire, due to the subsequent rainy season, weather conditions
were favourable to seedling establishment, resulting in high sapling cover one year after fire.
However, managed plantations showed low sapling establishment. It is known that
E. globulus reaches sexual maturity at three to four years (Jordan et al. 1999), but in dense
plantations seed production is suppressed and does not usually occur until trees are at least
seven years old (Kirkpatrick 1975). In fact, rotation cycles of 10-12 years reduce seed
accumulation because trees are harvested before reaching their full potential of seed
production, which could explain the low sapling cover within managed plantations. Also,
capsules accumulation in the canopy is lower than in unmanaged plantations, where trees are
left uncut for many years, accumulating capsules produced in different years, increasing their
reproductive capacity (Barbour et al. 2008). Additionally, studies are needed to compare
capsules accumulation in the canopy and in the soil as well as seed accounting and viability

in trees with different ages, including seed-trees.

Similarly to other studies performed in Portugal (Fernandes et al. 2016a; Aguas et al.
2017), we confirmed that in the absence of fire, E. globulus sapling cover in surrounding
areas to both E. globulus plantations and seed-trees is extremely low. Eucalyptus seeds
require wet and bare soil to germinate (Rejmanek and Richardson 2011) and in the absence of
fire, areas outside plantations are dominated by vegetation that compete (Garau et al. 2009)
and shade the soil surface. Additionally, the accumulation of litter on the soil hinders
E. globulus seedlings emergence (Mount 1964; Aguas et al. 2017). Also, litter prevents
capsules and seeds from falling directly on the soil surface, decreasing the emergence rate
(Calvifio-Cancela et al. 2018). These effects, combined with the fact that seed recruitment is
positively related to disturbance (Fernandes et al. 2018), may explain the lack of E. globulus
germination in the absence of fire and the increase of sapling cover found in plantations
affected by fire. After a fire, seeds have favourable environmental conditions for their
establishment, namely greater light and nutrient availability as a result of the combustion of

vegetation and litter (Calvifio-Cancela et al. 2018).
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In this study, seed-trees were considered as a key propagule source, due to their age and
seed production potential. Isolated seed-trees showed higher sapling cover, except when
comparing with unmanaged plantations affected by the October fire. This may be due to a
much higher capsule production capacity (field observations) and lack of competition from
coppice or sprouting from pre-existing trees in plantations (Potts 1986). Higher sapling cover
in unmanaged plantations after the October fire compared to seed-trees could be due to the

higher seed production ascribed to the higher number of trees present in plantations.

Regarding sapling establishment distances, for all the studied transects, a clear decrease
was observed from both E. globulus plantations edges and E. globulus seed-trees, until
around 45 m. Maximum saplings distances were 69 m away from plantations (similar to Deus
et al. 2019) and 99 m from seed-trees, both observed in unmanaged situations after the
October fire. Greatest distances reached by saplings from seed-trees are probably due to the
higher height of these trees (ca. 17 m comparing with 10 m in plantations), since it is known
that E. globulus seeds do not have an effective wind dispersal mechanism (Kirkpatrick 1977).
Expected distances are reported to follow approximately twice the tree’s height
(Cremer 1977). Moreover, the greatest cover of saplings was always found within the
plantations and along the first 15 m outside the plantations, corresponding largely with results
observed by other authors (Calvifio-Cancela and Rubido-Bara 2013; Larcombe et al. 2013;
Fernandes et al. 2016a; Aguas et al. 2017; Deus et al. 2019), reflecting the limited seed
dispersal ability of E. globulus. Further studies could be performed through geographic
modelling of E. globulus expansion, to better understand its behaviour and dispersal risk, as

suggested in the Global Guidelines concerning non-native trees use (Brundu et al. 2020).

Ashton and Chinner (1999) described that there is an antagonist set of conditions
between germination and establishment, since for seedlings emergence bare soil is crucial,
while sapling establishment requires shadowed conditions, associated with water availability.
Hence, saplings assessed one year after fire overcame a high mortality period (Calvifio-
Cancela and Rubido-Bara 2013) and found favourable conditions for establishment. It is
important to add that, one-third of E. globulus plantations were managed after fire and some
two years saplings were eliminated by those practices, as reported by Aguas et al. (2014).
Moreover, it was observed a high mortality in permanent plots, maybe due to interspecific
competition like herbaceous and shrubs (Fernandes et al. 2018; Deus et al. 2019) and also
because one-year old saplings are more sensitive (Garau et al. 2009). Most of the saplings

recounted two years after fire, were more than 1.5 m in height and, as suggested by
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Adams et al. (2003), were able to overcome potential competition from other species.
However, at high E. globulus sapling densities reduction in sapling number is expected, as a

consequence of the increasing intra-specific competition.

Other studies performed in burnt areas in Portugal reported 8 800 E. globulus plants/ha
five years after fire in abandoned plantations (Silva and Marchante 2012 and references
within) and 4 800 plants/ha seven years after fire (Aguas et al. 2014). Nevertheless, these
studies are likely to be site and year dependent. We found that unmanaged plantations burnt
in October 2017 showed a significantly higher sapling density (ca. 20 000 saplings/ha, two
years after fire). This data represents the worst-case scenario: an autumn fire, followed by
rain and combined with the absence of plantation management. The synergetic effect
observed between fire and poor management highlights the importance of forest management
practices in the control of natural regeneration and expansion of E. globulus. Along with E.
globulus plantations, we emphasize the importance of isolated seed-trees across the
Portuguese landscape in the establishment and expansion of this species. We underline the
importance of considering it as an additional factor when planning control actions to prevent
E. globulus expansion beyond plantations.

Conclusions

This study clarified the conditions in which E. globulus could represent a risk of
significant dispersal to areas surrounding plantations or isolated seed-trees after a fire. Our
findings indicate that E. globulus establishment is highly dependent on both the time of the
year a fire occurs and the management practices implemented prior to fire. In the absence of
fire, even in unmanaged plantations, sapling establishment does not seem to be a major
concern in our study area (mainly Central Portugal), especially when fires occur early in the
season followed by several dry months during summer. In this context, adequate management
seems to be an essential measure to prevent E. globulus natural dispersal inside or around the
borders of plantations once regular harvesting will decrease capsule production and its
accumulation, associated with younger age of trees. Furthermore, even when autumn fire
events occur, just before the rainy season, E. globulus sapling establishment in well managed
plantations is very low. On the other hand, we found a significant increase in sapling cover in
both unmanaged plantations and isolated seed-trees after the October fire. Therefore, it is
critical to consider that, under a warmer weather, changes in frequency, intensity and

seasonality of fires are expected, influencing E. globulus dispersal behaviour. In this context,
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adequate management seems to be an essential measure to prevent E. globulus establishment
inside or around the borders of plantations. Furthermore, we found that isolated seed-trees
seem to be an overall effective seed disperser after the advent of a fire, regardless of previous

management actions.

Future studies should assess whether other specific local variables along with out of
season fires occurrence could further influence sapling establishment and survival. Once it is
known that these events are becoming more frequent it is crucial to fully understand the
potential invasive behaviour of the species, especially considering autumn fires that are
followed by rainy season. By increasing our knowledge about E. globulus expansion risks,
we will contribute to improve best practices in plantation management of this species in

Portugal.
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Pampilhosa da Serra, Pedrégdo Grande and S&o Pedro de Alva).
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Supplementary figure S2.1: Spearman correlation of E. globulus sapling cover (%) and sapling
density (n/m?) (r = 0.88).
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Abstract

Eucalyptus globulus Labill. is one of the most widely planted hardwood species worldwide.
This species occupies a quarter of the country’s forested area in Portugal, so there is a
growing concern about its post-fire dispersal. Although it is generally recognised that fire
promotes E. globulus natural regeneration and that precipitation and topography influence
recruitment, little is known about the role of post-fire conditions on the establishment of the
species following off-season fires. We examine how post-fire conditions affect E. globulus
natural regeneration and invasive potential. Sapling establishment was assessed in plantations
and under old and large isolated Eucalyptus trees (seed-trees) following two off-season fire
events (2017 June and October fires). Abiotic and biotic local factors affected differently
sapling establishment in plantations and under seed-trees. In plantations, sapling cover was
more influenced by tree-related traits (age and height), whereas the conditions beneath seed-
trees mitigated the impact of harsh conditions on saplings. In both cases, post-fire climatic
conditions constrained natural regeneration, with less impact under seed-trees, reinforcing
their importance in establishment success. Thus, isolated seed-trees should be considered

while managing the species’ unplanned spread.
3.1 Introduction

Eucalyptus globulus Labill. (Tasmanian blue gum), endemic to the Australian mainland
and Tasmania (Jacobs 1979), is an important economic hardwood species in Portugal (Tomé
et al. 2021) due to its fast growth, vigour, and suitability as pulpwood for the paper industry
(Jacobs 1979). Some authors consider this species invasive outside of its natural range (Sanz-
Elorza et al. 2001; Gassoé et al. 2010; Gordon et al. 2012; Rejméanek and Richardson 2013;
Ziller et al. 2018), including in Portugal (Marchante et al. 2014). However, several studies
have shown that its dispersal potential is low and limited to the first 15 m beyond the
plantation boundary (Calvifio-Cancela and Rubido-Bard 2013; Larcombe et al. 2013;
Fernandes et al. 2016). Presently, E. globulus is not included in Portugal’s official list of
invasive plants. This species is highly adapted to post-fire regeneration, accounting for the
prolific germination of seeds released from canopy seed banks (Lamont et al. 1991), which
are protected from heat by woody capsules (Gill 1981; dos Santos et al. 2015). After a fire
event, seeds may find favourable conditions to germinate and establish due to the absence of

competition and allelopathic effects, higher light availability, and nutrients in ash beds
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(Chambers and Attiwill 1994; Gill 1997). Therefore, fire occurrence can potentially increase
the invasive capacity of E. globulus (Aguas et al. 2014; Calvifio-Cancela et al. 2018; Anjos et
al. 2021).

Over the last four decades, E. globulus has been planted in Portugal, occupying 26%
(about 850 000 ha) of the country’s forested areca (ICNF 2019). Most of the eucalypt area is
production plantation, managed in 10-12-year rotation cycles and subjected to weed control
(Alves et al. 2007). Unfortunately, some plantations are unmanaged, and these could
potentially promote the establishment of new populations (Aguas et al. 2017). In addition, old
and large isolated trees (hereafter referred to as seed-trees) are used to delimit property
boundaries. These trees have higher capsule production than those in plantations and are
important sources of natural establishment (i.e., plants that have naturally spread from the
mother tree) (Anjos et al. 2021).

Forest fires have become a global problem due to climate and land-use changes. Portugal
presents the highest percentage of burnt area in Europe and fire is one of the main
environmental concerns in the country (Mateus and Fernandes 2014; Turco et al. 2016).
Additionally, global warming has profoundly changed Portugal’s fire regime, increasing the
frequency and intensity of forest fires (Turco et al. 2019; IPCC 2021). These conditions have
led to severe fires outside the summer months, starting early in spring and extending until late
autumn (Castellnou et al. 2018; Sanchez-Benitez et al. 2018). For example, the combination
of heat waves with high temperatures, low humidity, and strong winds (Turco et al. 2019),
along with the vegetation structure and biomass accumulation (Fernandes 2009), led to the
catastrophic fires that occurred in Portugal on June 17 (early in the season) and on October 15
(late in the season) in 2017. In this context, Anjos et al. (2021) found that autumn fires
(October) in unmanaged stands and the presence of seed-trees could promote E. globulus
expansion through natural recruitment. Indeed, it is known that E. globulus recruitment and
invasiveness may be influenced by precipitation and frost (Catry et al. 2015), factors that are
altered by climate change (Richardson and Rejmanek 2011), as well as by mother tree age
(Aguas et al. 2017), slope steepness and topographic characteristics (Catry et al. 2015;
Queirds et al. 2020). Thus, how E. globulus will respond to off-season post-fire conditions is

of concern.

We assessed the effect of climate and local conditions after the June and October fires on
E. globulus natural regeneration by examining sapling establishment in managed and

unmanaged plantations and under seed-trees. In addition, we determine if natural
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regeneration after off-season fires occurs independently of post-fire conditions and if saplings

in plantations and under isolated trees respond differently.
3.2 Material and Methods

3.2.1 Study area and data collection

This study was conducted in central and northern Portugal, in sites affected by the 2017
catastrophic wildfires: Castanheira de Péra (CDP) and Pedrogdo Grande (PG), where the fire
occurred in June (total burnt area of ca. 52 000 ha), and Castelo de Paiva (CSP), Mira (M),
Pampilhosa da Serra (PS) and Séo Pedro de Alva (SPA) that burnt in October (total burnt
area of 190 000 ha, ICNF 2019) (Fig. 3.1a). According to the Képpen-Geiger classification,
all studied areas are classified as a warm-summer Mediterranean climate (Csb), representing
a warm temperate climate with dry and warm summers (Kottek et al. 2006; IPMA 2021). The
altitude varies from 6 to 699 m. An aridity index was estimated considering the climatic
conditions for the three months after each fire event (adapted from De Martonne 1926). Post-
fire climatic conditions were contrasting: while after the June fire, the mean total
precipitation was 35.7 mm, and mean minimum and maximum temperatures were 14.7 °C
and 28.7 °C, after the October fire, precipitation was 287.7 mm, and mean minimum and
maximum temperatures were 4.8 °C, and 13.5 °C, respectively (CRU-TS 4.03; Harris et al.
2014) downscaled with WorldClim 2.1 (Fick and Hijmans 2017) (Fig. 3.1b, ¢ and
Supplementary Table S3.1).

Sampling was performed from October to December 2018, about one year after the fires.
At each site, E. globulus plantations were selected according to the following criteria:
(1) they were located more than 70 m away from other plantations and no
E. globulus individuals or seed-trees occurred within the matrix between plantations; and
(2) trees had capsules in their canopy representing current reproductive capacity. All studied
plantations had at least 0.5 ha with easy access, and their canopies were entirely burnt.
Isolated large seed-trees were selected when: (1) they were at least 70 m away from other
seed-trees; (2) they were at least 100 cm CBH (Circumference at Breast Height); and (3) they

presented a burnt canopy.

Three managed and three unmanaged E. globulus plantations along with 14 seed-trees
were sampled within the area affected by the June fire. Seven managed and five unmanaged
plantations and 28 isolated seed-trees were selected in the October fire-affected-areas. At
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least three transects were sampled at plantation edges at each site and located 15 m apart
(plantation transects) (Fig. 3.1e). A minimum of two and a maximum of four transects were
sampled around seed-trees (seed-tree transects) (Fig. 3.1d). The total number of transects

sampled is summarised in Table 3.1.

Table 3.1 Total number of transects sampled within the study area, including plantation and seed-tree
transects, both managed and unmanaged, affected by the 2017 June and October fire events.

June fire October fire
Managed Unmanaged Managed Unmanaged
Plantation 10 13 30 21
Seed-tree 27 20 39 45

Transects perpendicular to the plantation edge and seed-trees were sampled using 3 x 3 m
plots (Fig. 3.1d and e). Regarding plantations, transects were performed outside and inside
plantation boundaries. Outside the plantation and for seed-tree transects, the first plot was
established at 0 or 3 m, and then plots were sampled at 3 m intervals (adapted from Callaham
et al. 2013). Transect sampling finished when two consecutive plots had no E. globulus
saplings, marking the local limit of seed dispersal. Then, within the plantation, three alternate
plots were sampled (starting at the symmetrical distance of the outside transect, i.e., if the
first outside plot was sampled at 3 m, the same occurred in the inside plot) (Fig. 3.1e).

Each transect was classified as either a plantation or a seed-tree transect, by the date the
fire occurred (June or October) and by management type (managed or unmanaged, see
Table 3.2). Regarding seed-trees, management type was classified at the transect level since
these trees are normally used to limit properties or located near roads, making surrounding
areas subjected to different management regimes. The dominant tree species in the
surrounding matrix was used to classify the matrix type. Sampled plots located inside

plantations were classified as E. globulus habitats.

In each plot, the percentage of cover of E. globulus saplings, vegetation (herbs and
shrubs), trees, litter, stone, and bare soil were visually assessed, adapted from Larcombe et al.
(2013). The CBH of E. globulus trees in plantations and seed-trees was measured as a proxy
of tree age. Eucalyptus globulus saplings from seed germination were distinguished from
planted individuals based on their position and size relative to the planted trees (unkempt
plantation lines) that were mostly already resprouting. Each plot was classified regarding its

slope relative to the plantation edge or seed-tree as flat (no inclination), moderate, moderate
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down (slope downward) and moderate up (slope upward). All variables are summarised in
Table 3.2.

a) b) c)
CSP g 38 :§
° : E : ,;
o g £
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d) e) 3m E
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Figure 3.1 Study area location, climate data and sampling procedure. a Sites sampled in Castanheira
de Péra (CDP) and Pedrogao Grande (PG), affected by the 2017 June fire, represented with a yellow
square, and Castelo de Paiva (CSP), Mira (M), S&o Pedro de Alva (SPA) and Pampilhosa da Serra
(PS), affected by 2017 October fires, represented with a red circle; monthly average temperature [°C]
(line) and monthly average precipitation [mm] (bars) b from 1982 to 2012 in Portugal (Climate-
data.org) and c¢ from January 2017 to December 2018 in Portugal, the period including fire dates and
data collection; schematic diagrams of d seed-tree transects and e plantation transects, established
with 3 x 3 m plots; only coloured plots were sampled.
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Table 3.2 Variables used as predictors for the natural regeneration of E. globulus saplings after the 2017 June and October fires.

Variable Data description Data type Assessed for

Eucalyptus globulus (applied in plots located inside plantations), Mixed E.
Adjacent habitat globulus, Pinus pinaster, Mixed P. pinaster, Mixed Acacia sp., Mixed Quercus Categorical Transect
sp. or Shrubland

Altitude From 6 to 699 meters Continuous Plot
Bare soil % cover Continuous Plot
CBH Circumference at breast height of E. globulus trees Continuous Plantation or Seed-tree

Aridity for the three months after the 2017 June and October fire events; from
De Martonne aridity 0.05 to 0.87

. Continuous Plantation or Seed-tree
index adapted ( Total precipitation )
Mean temperature+10
Distance Distance to plantation edge or seed-tree Continuous Plot
Litter % cover Continuous Plot

Managed - < 3 trunks per tree, and if large trunks of burnt shrubs or trees were

not observed Categorical Plantation;
Unmanaged — > 3 trunks per tree, and if large trunks of burnt shrubs or trees Transect (in Seed-trees)
were observed

Management

Flat, Moderate, Moderate down or Moderate up:
Slope Down - when the plantation or seed-tree transects were sampled downwards Categorical Plot
Up - the plantation or seed-tree transects were sampled upwards

Stone % cover Continuous Plot
Trees % cover Continuous Plot
Vegetation % cover of herbaceous and shrubs Continuous Plot
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2.2 Data analysis

To assess the factors influencing E. globulus regeneration after the off-season fires,
sapling cover was used as a response variable in a Generalized Linear Model (GLM) with a
negative binomial distribution. The explanatory variables were adjacent habitat, altitude, bare
soil cover, De Martonne aridity index adapted, distance to plantation or seed-tree, litter cover,
management type, mean CBH, slope, stone cover, tree cover and vegetation cover. Sapling
establishment in plantations and under seed-trees was assessed separately since differences
between these categories were already evaluated in previous work (Anjos et al. 2021). Zero
inflation was used to account for the overdispersion of the data associated with a large

number of zeros in the response variable.

A multi-model inference approach was used to identify the drivers of regeneration using
the MuMIn package. Through the "dredge function”, model selection was performed across
all possible model subsets using Akaike’s Information Criterion (AICc) based on maximum
likelihood. Post-hoc standardization (method pseudo) of the parameters was performed to

compare variables within each model (Siegel 2016).

Variance Inflation Factors (VIF) were used to test for model multicollinearity (Zuur et al.
2009). The selected variables included in the models were not correlated (Spearman

correlation coefficient < 0.70 and VIF < 0.5).

Data analysis was done using packages MASS (Venables and Ripley 2002) and MuMIn
(Barton 2022) in R statistical software version 0.3.6.1 (R Core Team 2020).

3.3 Results

Saplings in plantations and under seed-trees responded differently to post-fire and local
conditions. In plantation transects, altitude, aridity, distance to the plantation edge, and stone
cover were significantly associated with lower E. globulus sapling cover. In contrast, mixed
P. pinaster matrix, E. globulus tree CBH and moderate slope were associated with a higher

E. globulus sapling cover in plantations (Table 3.3).

Sapling cover in plantations was lowest and most affected by distance to plantation edge
(R =-0.97, Fig. 3.2), followed by altitude (R = - 0.83) and aridity (R = - 0.67). In contrast,
the mean E. globulus tree CBH was the most associated with sapling establishment

(R =0.92), unmanaged conditions and moderate slope (R = 0.72 and 0.60, respectively).
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Table 3.3 Summary of the best model assessing the influence of variables on sapling cover from
E. globulus plantations after the 2017 June and October fires, using Akaike's Information Criterion
(AICc) based on maximum likelihood. Generalized Linear Model (GLM) coefficients, standard
errors, the z statistic and the associated probabilities are presented (ns = non-significant; * = p < 0.05;
*¥*=p<0.01; ***=p<0.001).

Estimate  Std. Error z value Pr(>|z|)
(Intercept) -0.604 0.348 -1.73 ns
Altitude -0.004 0.001 -7.53 Fxx
Avridity index -1.982 0.328 -6.05 faie
Distance to plantation edge -0.062 0.005 -11.65 Fhx
E. globulus CBH 0.048 0.007 7.02 ikl
Litter cover -0.007 0.002 -2.80 *x
Management [Unmanaged] 1.434 0.259 5.52 fale
Slope [Moderate] 1.431 0.280 5.13 Hxx
Slope [Moderate down] 0.060 0.202 0.30 ns
Slope [Moderate up] -0.133 0.380 -0.35 ns
E. globulus CBH I o |
Management | . 072 1
[Unmanaged] ' |
Slope [Moderate] 1 }—O'G—l

= Litter cover 1 |_0?5_|

% Aridity index | —_

:E Altitude - }—0.83—|

Dis.tancc to | 0.97 I
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(Intercept) - g

-1.0 03 0.0 03 1.0
Standardized model coefficients

Figure 3.2 Standardized model-averaged coefficients (means and 95% confidence intervals) of
variables influencing sapling cover assessed in E. globulus plantations after the 2017 June and
October fires. Negative values represent detrimental factors (in red) and positive values represent
beneficial factors (in green).

Under isolated seed-trees, all variables in the model were associated with lower sapling
cover except unmanaged conditions (R = 0.63): the stone cover was associated with the
lowest sapling cover (R = - 0.67), followed by vegetation cover (R = - 0.56), altitude (R = -
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0.41), aridity index (R = - 0.28) and moderate down-slopes (R = - 0.27) (Table 3.4 and Fig.

3.3).

Table 3.4 Summary of the best model assessing the influence of variables on sapling cover assessed
under E. globulus seed-trees after the 2017 June and October fires, using Akaike's Information
Criterion (AICc) based on maximum likelihood. Generalized Linear Model (GLM) coefficients,
standard errors, the z statistic and the associated probabilities are presented (ns = non-significant;

* =p<0.05 ** =p<0.01; ***=p <0.001).

Estimate  Std. Error z value Pr(>|z|)
(Intercept) 3.087 0.191 16.18 el
Altitude -0.002 0.001 -3.53 Hxx
Avridity index -0.780 0.280 -2.78 *x
Management [Unmanaged] 1.274 0.166 7.66 Fhx
Slope [Moderate] 0.271 0.197 1.37 Ns
Slope [Moderate down] -1.137 0.373 -3.05 **
Slope [Moderate up] 0.635 0.330 1.93 Ns
Stone cover -0.019 0.003 -6.53 Fxk
Vegetation cover -0.016 0.002 -6.55 falaiel
Management 063
[Unmanaged] A
Slope | } 0.27 I
[Moderate down]
-0.28
Aridity index —_—
)] -0.41
< Altitude - — ]
E ] -0.56
g Vegetation cover - | |
-0.67
Stone cover | S |
(Intercept) 3
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Standardized model coefficients

Figure 3.3 Standardized model-averaged coefficients (means and 95% confidence intervals) of
variables influencing sapling cover assessed under E. globulus seed-trees after the 2017 June and
October fires. Negative values represent detrimental factors (in red) and positive values represent

beneficial factors (in green).
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3.4 Discussion

Eucalyptus globulus saplings on plantations and from seed-trees are influenced by

different variables and respond differently to post-fire climatic and local conditions.

Our findings revealed that, in plantations, tree-related traits affected natural regeneration:
trees with higher CBH (i.e., older trees found in unmanaged plantations) presented higher
sapling cover mainly due to their greater reproductive output (Larcombe et al. 2013; Aguas et
al. 2017). Eucalyptus globulus is a serotinous species that accumulates mature capsules in the
canopy for several months or even years (Lamont et al. 1991); in this sense, the seed
dispersal capacity increases with age (Aguas et al. 2017; Anjos et al. 2021). However, post-
fire dispersal is severely limited by increasing distance to the plantation edge, mainly due to
the lack of seed dispersal mechanisms, making E. globulus dispersal capacity highly
dependent on parent-tree height (Cremer 1977). Interestingly, the effect of tree CBH on
sapling cover was not observed in seed-trees (far older than unmanaged plantation trees),
indicating the importance of these old and isolated trees as a seed source for E. globulus

dispersal, regardless of their age.

In addition, post-fire climatic conditions were also relevant for sapling cover for both
plantations and seed-trees. Precipitation and temperature registered three months after the
June and October fires, corresponding to summer and autumn, respectively, influenced this
species’ establishment with greater aridity resulting in lower sapling cover. Eucalyptus
globulus germination and establishment are highly dependent on soil moisture (Larcombe et
al. 2013; Fernandes et al. 2017; Queirds et al. 2020), therefore favourable conditions are
more likely to occur after autumn (October) fires, corresponding to the wetter season in
Portugal. This corroborates the observation of Silva et al. (2021), who found the greatest
wildling density for E. globulus in Portugal after the 2017 October fire. Again, saplings
resulting from seed-trees were less influenced by climatic conditions (aridity influence was
halved), suggesting that these trees might ameliorate microclimatic conditions by reducing
soil temperatures and providing mild shade under their canopy, facilitating establishment.
These microclimatic conditions, however, are expected to enhance vegetation development,
which competes with E. globulus saplings and lowers their establishment. Stone cover
hampered E. globulus establishment the most as stones are a natural physical barrier to seed
germination. This is significant given the lack of endosperm reserves in E. globulus seeds

(Calvifio-Cancela et al. 2018). Furthermore, in contrast to the effect of slope on saplings from
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seed-trees, slope shallowness had a substantially beneficial effect on saplings from
plantations. While plantation edges may improve nutrient retention and water retention on
moderate slopes, single seed-trees do not prevent nutrient lixiviation and reduce seed
accumulation. As a result, regardless of seed germination capacity, sapling establishment may

be compromised under these sloping and unfavourable conditions.

In summary, as previously shown by Anjos et al. (2021), there is a higher natural
regeneration in seed-tree adjacent areas. However, despite unmanaged conditions that
increased sapling establishment in this study, all the modelled variables reduced sapling
cover. Thus, the presence of seed-trees, unaffected by the adverse effects of local factors, is
responsible for higher sapling cover and ultimately promotes the establishment of wildlings

of this species.
Conclusions

Local factors following off-season fires provide severe ecological restrictions to
E. globulus natural establishment. Sapling establishment in plantations and under seed-trees
was determined by different factors: whereas tree-related characteristics (tree CBH and
distance, linked to height) affected sapling cover in plantations, saplings under seed-trees
were able to overcome harsh conditions, including dryness. However, because these factors
are highly variable and site-dependent, E. globulus behaviour after fire remains challenging
to predict and characterise, especially under a climate change scenario associated with an
increasingly unpredictable fire season and regimes. Nevertheless, because of their importance
as a propagule source, this study reinforces that seed-trees must be considered in management

strategies.
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Supporting Information

Supplementary table S3.1: Climatic conditions registered in the three months after each fire (Total
mean precipitation (mm), Mean minimum temperature (°C), Mean maximum temperature (°C), Mean
temperature (°C), mean De Martonne aridity index adapted) and mean Altitude (m) in Castanheira de
Péra (CDP) and Pedrogédo Grande (PG), affected by 2017 June fire, and Castelo de Paiva (CSP), Mira
(M), S&o Pedro de Alva (SPA) and Pampilhosa da Serra (PS), affected by 2017 October fires. Data
obtained in CRU-TS 4.03; Harris et al. 2014) downscaled with WorldClim 2.1 (Fick and Hijmans

2017).
Temperature (°C)
Total Precipitation Mean Mean De Martonne Altitude

Site  Fire date P . : Mean aridity index

(mm) minimum  maximum (m)

adapted

PG June 35.7 14.7 28.7 21.7 0.87 408
CDP June 42.2 14.4 27.8 21.1 0.72 568
CSP  October 387.7 5.3 14.4 9.9 0.05 288
M October 270.2 6.4 16.2 11.3 0.08 36
SPA  October 348.5 5.7 15.6 10.7 0.06 213
PS October 348.3 4.8 135 9.2 0.06 650
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Abstract

Despite the great economic benefits, one of the major threats of introducing species into
exotic ranges is their ability to regenerate and spread to novel environments. For example,
Eucalyptus globulus plantations have been established in many parts of the world, using
seedlings or clonal material, the latter often from advanced generation tree improvement
programs. However, major concerns exist about this species’ ability to invade non-native
areas. Therefore, it is necessary to study whether breeding programs affect this species’
reproductive biology to assess the risk of invasiveness of these improved trees. In this sense,
this work compared the E. globulus phenological behaviour and reproductive structures
production of three clonal and one seedling-based stand across two distinct climatic zones
(mesic and xeric) in Portugal. Through binocular observation, four different stands (seedlings
descending from open-pollinated crosses and three clonal-stands) were monitored every three
weeks for different reproductive phenological stages, namely the presence of flowers and
capsules. Clonal stands presented a shorter flowering season, less abundant reproductive
structures, and higher phenological variability across sites than seedling-based stands.
Phenological patterns and fructification abundance also varied between the three clonal
stands. These results suggest that clones with decreased reproductive ability can be chosen
during the breeding process, lowering the dispersal risk while enhancing productivity. Thus,
understanding the phenological behaviour of E. globulus is critical to more sustainable

agroforestry by reducing the spread risks.
4.1 Introduction

Planted forests have reached nearly 300 million ha worldwide (FAO 2020) due to the
ever-increasing demand for essential forest products such as wood, fibre and fuel. Exotic
species occupy approximately 19% of these planted forests (Payn et al. 2015), some based on
genetically improved clones selected for better growth and wood properties (Harfouche et al.
2012). However, despite their economic and social benefits, exotic plantations frequently
raise concerns about their potential for naturalisation and dispersal, which could affect
ecosystem functioning and biodiversity (Vila et al. 2011; Liao et al. 2012; Thompson et al.
2014; Calvifio-Cancela et al. 2016).

Eucalyptus globulus Labill. (Tasmanian blue gum) is one of the world’s most widely

planted forest species due to its excellent wood properties for the pulp and paper industry,
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rapid growth, and adaptability (Tomé et al. 2021). It is native to Australia, specifically
Southern Victoria, Tasmania, and the Bass Strait Islands (Kirkpatrick 1975), with up to 13
geographical races and 20 subraces described (Dutkowski and Potts 1999). This species was
introduced into Portugal around 1829 (Potts et al. 2004) and now covers approximately
850 000 ha, making it one of the country’s dominant forest types (ICNF 2019). Since 1966,
pulp companies in Portugal have been working on E. globulus genetic improvement
programs based on local landrace populations and provenances introduced from Australia
(Potts et al. 2004). These programs aim to improve tree growth, adaptability, and wood
quality (Borralho et al. 1993). As a result, wood productivity has increased between 25 and
50% (Borralho et al. 2007), and trees are more resilient to biotic and abiotic stresses (Correia
et al. 2014). However, reforestation with genetically improved trees has been mainly carried
out on land managed by pulp companies, specifically through clonal plantations (Almeida et

al. 2005), and many eucalypt plantations in Portugal are still based on unimproved seeds.

The phenological development of E. globulus takes about one year, from flower bud
initiation to seed set, with trees producing flowers at four years old (Potts and Gore 1995;
Jordan et al. 1999). Flower buds form from the current season’s shoots, and their maturation
result in the formation of flowers that are fully receptive to bird and insect pollination,
particularly bees (House 1997; Hingston and Potts 1998). Eucalypt flowers are bisexual, but
the breeding system is a mixed mating system with preferential outcrossing (Eldridge et al.
1993), with flowers potentially pollinated by many male parents, mostly from nearby trees
with synchronised flowering (Jacobs 1979). Outcrossing is potentiated by protandry
mechanisms, which cause the stigma to become fully receptive a few days after the flower’s
pollen matures and sheds (Jacobs 1979). Fruits are woody capsules with triangular valves on
top (Eldridge et al. 1993) that change colour from green to brown as they mature over several
months (Jacobs 1979). Eucalyptus globulus is a serotinous species that stores capsules for
several years in the canopy while attached to tree branches, forming a canopy seed bank
(Lamont et al. 1991) critical for seedling recruitment and dispersal events (dos Santos et al.
2015).

Temperature and moisture significantly impact eucalypt flowering (Eldrige et al. 1993),
which is especially relevant as climate change affects air temperature and precipitation
patterns (IPCC 2021). Furthermore, as reproductive structures require favourable
environmental conditions, the reproductive phase is extremely vulnerable to climate change

(Numata et al. 2022), which affects the timing of phenological events (Piao et al. 2019).
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Concerns have been raised about E. globulus’s ability to regenerate and establish outside
planted areas and become invasive (Sanz-Elorza et al. 2001; Gasso et al. 2010; Gordon et al.
2012; Rejmének and Richardson 2013; Marchante et al. 2014). However, while quantitative
studies have shown that its dispersal capacity is limited (Calvifio-Cancela and Rubido-Bara
2013; Larcombe et al. 2013; Fernandes et al. 2016), regeneration can be abundant,
particularly after fire (Aguas et al. 2014; Calvifio-Cancela et al. 2018; Anjos et al. 2021).
Even if the intrinsic invasive capacity of E. globulus is limited, the large areas occupied by
this species in some parts of the world raise concerns. Furthermore, as areas planted with
improved trees are expanding, it is critical to investigate the impact of tree breeding programs
on E. globulus reproductive biology due to their eventual effects on regeneration and
invasiveness capacity, to better understand how to handle propagules and protect ecosystems
near plantations. This concern was raised by Aguas et al. (2017), who suggests a higher
potential for greater fertility in these improved trees. To address these issues, the aim of this
study was to identify the influence of stand type (clonal and seedling-based trees) and climate
(mesic and xeric conditions) on the timing of the phenophases and production of reproductive
structures of E. globulus.

4.2 Material and Methods

4.2.1 Study sites

This study was conducted in two sites located in different climatic regions in Portugal:
Coimbra (40°10°19.6” N, 8°33°58.3” W, 65 m altitude) and Pegdes (38°39°29.16” N,
8°37°16.23” W, 85 m altitude) (Fig. 4.1). The Coimbra site is cooler and wetter than Pegdes.
Coimbra’s mean annual maximum and minimum temperatures are 21.6 and 10.8 °C,

respectively, while in Pegdes, it is 22.3 and 11.5 °C, respectively.

Mean annual precipitation differed by 200 mm, with 872.9 mm and 672.5 mm in
Coimbra and Pegoes, respectively. According to Koppen-Geiger Climate Classification,
Coimbra is classified as Csb, a warm-summer Mediterranean climate, while Pegdes is

classified as Csa, a hot-summer Mediterranean climate (IPMA 2021).
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Iberian peninsula

Figure 4.1 Study site location: (mesic site) and Pegdes (xeric site).

Both sites have a seasonal wet winter/dry summer pattern, with summer months
presenting total mean precipitation of 50.8 mm in Coimbra and 18.9 mm in Pegdes. August is
the hottest month at both sites, with a mean difference of almost 2.5 °C (28.6 and 31.1 °C,
mean maximum temperature). As mentioned, winter precipitation (from December to
February) is higher in Coimbra (315.7 compared to 250.8 mm), and January is the coldest
month with 5.8 °C mean minimum temperature registered for Coimbra and 6.7 °C for Pegoes
[historical data 1990 - 2018, CRU-TS 4.03 (Harris et al. 2014) downscaled with

WorldClim2.1 (Fick and Hijmans 2017)]. Hereafter, Coimbra will be referred to as a mesic
site and Pegdes as a xeric site. Climatic conditions (monthly total precipitation and mean
temperatures) during our study were obtained from the closest meteorological stations and are
presented in Fig. 4.2.

Both mesic and xeric sites exhibited similar weather seasonality with higher precipitation
and lower temperatures in autumn and winter (October to February) and low rainfall and
higher air temperatures in summer (June to August). The xeric site had higher maximum
temperatures throughout the year, with the highest values recorded in July 2020 (32.6 °C in
the xeric site and 31.4 °C in the mesic site). The beginning of 2019 was particularly dry at
both sites compared with 2020 and 2021. However, winter 2019 in the mesic site was marked
with considerable precipitation, 835.2 mm between October 2019 and April 2020, while the
xeric site registered 392.8 mm. In terms of temperature, the minimum monthly values were
registered in the xeric site, with the lowest temperatures recorded in January months in both
sites: 4.8, 6.4 and 3.5 °C in the xeric site and 6.0, 7.2 and 5.5 °C in the mesic site. There was
almost no summer precipitation in the xeric site (2.0 mm), while in the mesic site, the total

precipitation of the three summer months was 92.3 mm.
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Figure 4.2 Climatic conditions for each study site. Monthly average temperature [C] (dotted line—
minimum temperature; filled line—mean temperature; traced line—maximum temperature) and
monthly total precipitation [mm] (bars) in the two study sites (mesic and xeric) from January 2019 to
March 2021 by nearby meteorological stations.

4.2.2 Stand description

Both sites were under similar management regimes, with all stands located close to each
other, with the same planting spacing (2 x 4 m) and having the same sun exposure. All stands
are intensively managed with periodic understory clearings. The four different stands studied
included one with plants grown from open-pollinated seedlings (uncontrolled crosses
seedlings, SB) and three from clonal-origin, namely clones C1, C2 and C3. While SB stands
have many different, non-improved genotypes, the clones are selected genotypes. Whereas
clone C1 is a second-generation selection, a cross between a Portuguese landrace base parent
and a “Strzelecki Range” (southern Australia origin) base parent, clones C2 and C3 are
second-generation selections from unrelated crosses between Portuguese landrace base
parents. Portuguese landrace mainly originated from southern and eastern Tasmania races
(Freeman et al. 2007; Costa et al. 2017).

At the beginning of the study, stands at both sites have around six to nine years of age.
The Perimeter at Breast Height (PBH) was measured in each tree (Table 4.1).
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Table 4.1 Eucalyptus globulus stand description. Characterisation of the four stands (seedling-based,
SB, and clones C1, C2 and C3): tree cut rotation (Rotation), plantation date and Perimeter at Breast
Height (PBH) at the beginning of the study (mean + SE, in cm).

Site Stand Rotation Plantation date PBH (cm)
SB 1 2012 63.8+34

2 C1 1 2012 57.7+25
§ C2 1 2012 548+ 2.3
C3 1 2012 52.2+1.8

SB 3 2010 88.7+8.8

£ C1 1 2013 50.4+3.0
% c2 1 2013 59.6 4.1
C3 1 2011 65.6 + 2.6

4.2.3 Data Collection

At each site, 12 E. globulus trees from the four stands (clones C1, C2 and C3 and SB)
were monitored every three weeks between 22 October 2019 and 17 March 2021. However,
due to CoViD-19 legal restrictions, monitoring was interrupted on 6 March 2020 and

resumed on 8 June 2020, resulting in four missed monitoring visits.

In each stand, trees were randomly selected along the plantation edge, where flowering is
generally more abundant (Barbour et al. 2008). Each tree’s genetic identity was confirmed in
the clonal stands based on Simple Sequence Repeat (SSR) nuclear markers genotyping (viz
Ribeiro et al. 2011). Selected trees were interspersed, and each tree was regularly monitored
for different reproductive phenological stages, namely the presence of flowers and capsules,
through binocular observation. According to their position on the branch, capsules were

assigned to different years of maturation, with older capsules remaining more basal.

Since the phenological development of E. globulus take place between two different
years (Goes 1977), capsules that matured in 2018 were classified as 2018 capsules even
though the flower buds that originated them appeared in 2017. The same principle was
applied to the capsules maturated in 2019, 2020, and 2021. Once 2018 and 2019 capsules
were present at the start of the study, only the maturation of 2020 and 2021 capsules was
recorded. Following Barbour et al. (2008), each reproductive stage was scored as a count on a
logarithmic scale, with class 0 (absence of the stage), class 1 (1 to 10 reproductive structures),
class 2 (11 to 100), and class 3 (> 101).
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4.2.4 Data analysis

Statistical analysis was performed by transforming observation dates to julian days (jd),
starting on 22 October 2019, corresponding to jd 295 and ending on 17 March 2021,
corresponding to jd 806, by adding 365 days for each new year (Luedelling and Gassner
2012). Among the 12 studied trees of each stand in each site, only those that presented
reproductive structures were considered to compare the initiation, end and duration of each
phenological stage between sites through the Wilcoxon-Mann-Whitney test and among stands
in each site with the Kruskal-Wallis test with the Bonferroni adjustment method to adjust p
values to multiple comparisons. Due to CoViD-19 legal restrictions, the end of 2020
flowering was not completely recorded. However, considering that E. globulus flowering in
Portugal occurs primarily between November and March (Goes 1977) and that flowers were
in a declining phase on 6 March (the last record before the interruption), we assumed that the
end of the flowering stage occurred on the next expected monitoring date (27 March) for

statistical purposes.

The effect of stand type and site on each reproductive stage’s intensity (scored in
categorical classes) was evaluated using a Generalized Linear Mixed Model (GLMM) with
Poisson and negative binomial families. For flower abundance, data of the two years of
production were considered, with sampling year as a random factor, along with the monitored
tree to account for these parameters’ effect on the studied variables. Also, differences in
reproductive stage intensity were evaluated between sites through the Wilcoxon-Mann-
Whitney test and among stands in each site with the Kruskal-Wallis test with the Bonferroni
adjustment method to adjust p values to multiple comparisons. Statistical analysis was
performed using packages agricolae (Mendiburu 2021), Ime4 (Bates et al. 2015), rstatix
(Kassambara 2021) and stats in R software version 4.2.2 (R Core Team 2022).

4.3 Results

4.3.1 General phenology pattern
4.3.1.2 The influence of genetic background

Clonal trees’ phenological behaviour showed some differences comparing with seedling-
based (SB) trees. Although no formal statistical analysis was performed to compare the
percentage of trees showing reproductive structures in each stand, many trees did not produce
any reproductive structure at both sites, particularly in clonal stands. For example, clonal C3
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trees did not develop any reproductive structures in both sites throughout the monitoring
period (or capsules matured in 2018 and 2019 were observed). Furthermore, clonal C2 trees
did not produce flowers in the first year and exhibited the lowest frequency of the stands in
the second year: seven out of twelve in the mesic site and five out of twelve in the xeric site.
Moreover, in 2020, only seven SB trees and ten C1 trees produced reproductive structures in
the xeric site (see Table 4.2). Also, it was observed in all stands that some trees produce
flowers, but these do not transit to capsules. During the study, capsules from four seasons of
maturation remained in the canopy at both locations, and only clonal C2 trees lost all their

2018 capsules in the mesic site (data not shown).

Differences in the initiation and duration of reproductive stages were observed when
comparing clonal and SB trees within each site (Table 4.2). The onset of flowering (or
anthesis) occurred in late autumn (end of November to early December), with capsules
maturing throughout winter (from December to mid-February). In the mesic site, a delay in
the onset of flowering of almost one month (end of January to early February, p < 0.01) was
observed when comparing C1 and SB trees. In the second year, the same pattern of delayed
emergence of flowers along with capsules in the clones was detected, but now for both C1
and C2 (p < 0.001), with clone C1 presenting again a later and shorter flowering (p < 0.001).
In the xeric conditions, the phenological behaviour of SB and C1 trees was very similar in the
first year, except for the flowering period, which was longer for the C1 clone (p < 0.05). In
the second year, there was a much shorter flowering period, half of the duration of the other
two stands (p < 0.05), in clone C2.

4.3.1.2 The influence of climate

The phenological behaviour of clonal stands differed more between the two sites than
that of SB trees (Fig. 4.3). Seedling-based trees only had statistically significant site
differences for the end of the flowering period, which ended earlier in the xeric site, although
only in the first year (p < 0.01). Clone C1 showed the highest contrast in reproduction events
between sites. For both years, flowering and capsule maturation occurred later (p < 0.01) in
the mesic site. Clonal C2 trees produced reproductive structures only in the second year of
monitoring, without statistically significant differences between flowers and capsule

appearance.
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Table 4.2 - Initiation and duration (mean + SD) of reproductive phenological stages (flowers and
capsules) for E. globulus seedling-based (SB) and clonal-based (clones C1, C2 and C3) stands
during the first year (2019-2020) and the second year (2020-2021) in the mesic and xeric sites.

First-year

Phenological stages

Flowering Fruit development
Site  Stand N P Initiation date Duration (days) P Initiation date
SB 12 8 9 Jan25 644222 8 27 Feb+47?
2 a 12 12 9 Feb+13 42+11" 12 6 Mar10?
s c2 12 0 B . 0 -
C3 12 0 B i 0 -
SB 12 6 9 Jan+19% 53252 5 28 Jan+18%
g c 12 9 9 Jan+13 81:+10° 9 24 Jan+13°
< c2 12 0 B i 0 -
C3 12 0 B i 0 -
Second-year
Phenological stages
Flowering Fruit development
Site  Stand N P Initiation date Duration (days) P Initiation date
SB 12 12 26 Nov322 102372 12 25 Dec+16%
§ Cl 12 8 13 Jan+15° 51419 8 12 Feb0°
=z 12 7 14 Dec+172 62+29° 7 2t Jan+25°
c3 12 0 . . 0 .
SB 12 12 7 Dec32? 82+37% 12 9 Jan+362°
g a 12 12 1 Dec+28? 862442 12 20 Dec+30%
X C2 12 4 25 Dec112 324120 2 12 Feb+0°
C3 12 0 . . 0 .

Different letters indicate significant differences between initiation and duration among different stands in each
site. N represents the total number of trees monitored; P represents the number of trees that developed a
specific stage. The absence of phenological stages is marked with “-.
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Figure 4.3 Phenophase diagram. Comparison of flowers and capsules from seedling-based and
clonal-based (C1 and C2) E. globulus trees in the mesic and xeric sites from October 2019 to March
2021. White shaded bars represent the interruption due to CoViD-19 legal restrictions. Clone C3 did
not exhibit any phenological structure during the monitored period, so data are not shown.
Frequencies are indicated by lines (when 25-50% of the studied trees presented phenological
structures) and filled bars (when over 50% of the studied trees presented phenological structures).
Results for the mesic site are displayed in full lines and bars, while results for the xeric site are
displayed in striped lines and bars. Significant differences between sites are denoted with “*” based
on data presented in Supplementary Table S4.1.

4.3.2 Abundance of reproductive structures

The abundance of flowers and capsules was affected by genetic background, site and its
interaction. The generalized linear mixed model showed that SB trees produced higher
amounts of all reproductive structures than clonal stands, whereas, between clones, clone C1

presented a higher abundance of structures than C2 trees (Table 4.3).

In the first year of monitoring, the abundance of reproductive structures in the mesic site
was similar between SB and clonal C1 trees. However, a higher abundance of flowers in SB
trees was observed on 20 January compared with C1 trees, and a higher abundance of
capsules was observed in SB trees on 20 February. Nonetheless, the number of capsules
produced by SB and clone C1 was similar. In the second year, SB trees had a greater
abundance for all phenological structures, whereas clonal C1 and C2 trees did not show

differences in most of the monitoring period (Fig. 4.4).

On the contrary, under xeric conditions, during the first year of monitoring, clonal C1

trees produced more flowers and capsules, reaching a pick of flowering on 20 January 2020,
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while in the second year, SB and clonal C1 trees produced similar values, with clone C2

produced fewer reproductive structures.

Between studied sites, clonal C1 trees produced more structures under xeric conditions,

except for the 2020 capsule’ production; when producing, clone C2 presented more structures

in the mesic site.

Table 4.3 Generalized linear mixed model (GLMM) using Stand (Seedling-based, Clone Clor Clone
C2), Site (Mesic or Xeric) and their interaction to model E. globulus flower and 2020 and 2021
capsule production. Clone C3 did not exhibit any phenological structure during the monitored period,

so data are not shown.

Estimate Std. Error z value Pr(>|z)
(Intercept) -0.628 0.13 -4.800 falea
Clone C1 -0.833 0.19 -4.308 falele
g Clone C2 -1.656 0.25 -6.724 falele
&’ Xeric site -0.477 0.18 -2.673 **
Clone C1 * Xeric site 1.221 0.26 4.613 falea
Clone C2 * Xeric site -0.898 0.50 -1.791 ns
(Intercept) -0.227 0.14 -1.577 ns
é Clone C1 0.133 0.09 1.387 ns
§ Clone C2 NA NA NA NA
S Xeric site -0.649 0.12 -5.450 falele
§ Clone C1 * Xeric site 0.729 0.15 4911 Fhx
Clone C2 * Xeric site NA NA NA NA
(Intercept) -0.415 0.15 -2.702 **
& ClonecC1 -1.303 0.30 -5.948 falele
% Clone C2 -1.836 0.26 -5.120 Fhx
S Xeric site -0.053 0.20 -0.267 ns
§ Clone C1 * Xeric site 1.848 0.36 5.083 Fxx
Clone C2 * Xeric site -1.804 0.59 -3.059 **

Coefficients of the model, standard errors, the z statistic and the associated probabilities are presented.

ns = non-significant, * = p <0.05, ** = p < 0.01, *** = p < 0.001). NA - not applicable data
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Figure 4.4 Abundance of reproductive structures. Comparison of the abundance of flowers, and 2020
and 2021 capsules from seedling-based (SB) and clonal-based (C1 and C2) E. globulus stands in the
mesic and xeric sites from October 2019 to March 2021. Vertical shaded bars represent the
interruption due to CoViD-19 legal restrictions. Clone C3 did not exhibit any phenological structure
during the monitored period, so data are not shown. Different letters indicate significant differences
regarding tree stand within each site; “*” indicate differences between study sites for each
phenological class in each tree stand. Horizontal black lines represent the same pattern of differences
within sampling dates.

4.4 Discussion

Eucalyptus globulus genetically improved clonal-based stands showed clear differences
in the onset, persistence and abundance of reproductive phenological structures compared

with unimproved plantations.

In Portugal (likewise many other countries), many eucalypt plantations rely on advanced
generation genetically improved clonal forestry. These stands are more vigorous and uniform
than their unimproved seedling-based (SB) counterparts. However, these clonal-based stands
appear to have less abundant flowering, a slightly delayed onset, and a shorter duration,
resulting in lower capsule production. These differences suggest that clonal-based forestry
would have lower reproductive fitness, though these differences are likely clone-specific:
while clone C3, one of Portugal’s most commonly deployed materials, failed to produce
reproductive structures in both study sites and years, clone C1 outperformed unimproved
trees in the drier environment. On the other hand, clonal C2 trees flowered at the same time

as SB trees only in the second year of monitoring, showing the shortest flowering period.
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Indeed, it seems to occur a specific behaviour for each tree as well as an inter-annual

variation as already described for E. regnans (Moncur and Boland 2000).

Precocity and phenology are strongly genetically controlled (e.g. Potts et al. 2001,
Spencer et al. 2020), which could explain the flowering differences observed between clones
C1 and C2. A longer flowering period was recorded for C2 trees under colder and wetter
conditions and a particularly high inter-site variability for C1 trees, reflecting a delay in the
flowering period of more than 40 days in the mesic site. This could be explained by the clone
origins: clone C2 is derived from Southern Tasmanian base parents and adapted to colder
conditions with no dry season. In contrast, clone C1 has Strzelecki sub-race ancestry, adapted
to a warmer region in southern Australia (Australian Bureau of Meteorology 2021). Indeed,
xeric conditions seemed to be associated with an earlier flowering initiation in clonal C1
trees, ultimately triggering earlier bud maturation and operculum shedding. In addition,
following this information on clonal origins, it is also verified in terms of reproduction
capacity that drier conditions favour the abundance of reproductive structures in clone C1,
whereas clone C2 has greater success in mesic conditions. However, regardless of location
characteristics, clonal trees had lower reproductive output than SB trees.

The differences in flowering between some of the clonal- and the seedling-based stands
or the short flowering period of clonal trees could result in poor synchrony between the two
stand types. In the former, this would be expected to lead to higher self-pollination rates (viz
Hardner and Potts 1995; Barbour et al. 2008), resulting in lower seed set (Horsley and
Johnson 2007) and poorer viability and development of the progeny (Hardner and Potts 1995;
Chaix et al. 2013; Faia et al. 2022). However, under drier conditions, differences in the
timing and duration of phenological stages were less apparent. Temperature is known to
influence Eucalyptus flowering behaviour (Barbour et al. 2006; Hudson et al. 2010; Suitor et
al. 2010) with early flowering usually found in warmer sites (Birtchnell and Gibson 2006),

explaining the more homogenous flowering pattern observed in the xeric site.

Observations of up to three-year-old capsules in both SB and clonal trees have also been
described for E. regnans (Cremer 1965; Ashton 1975). Older capsules gradually decreased
over time, especially in the xeric site (data not shown), most likely due to more rapid leaf fall
and subsequent branch death, a well-known strategy for coping with a longer summer season
(Li et al. 2008). Understanding the demography of capsule dehiscence and seed storage in the
canopy and how it varies with stand and site conditions is critical to determining plantation

regeneration potential, particularly after a fire (Anjos et al. 2021).
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Due to its importance in the paper industry, increased planting of E. globulus will raise
concerns about its spread, invasion, and adverse impacts on ecosystems. Therefore, planting
sterile genotypes or clones with low seed production will be crucial to limit dispersal events
and should be a criterion of choice when selecting a genotype to deploy. This claim is
noteworthy because clones C1 and C2 have similar numbers of seeds and germination rates
as SB trees (data not shown), indicating that a reduced output of capsules reduces the
probability of dispersal. However, since our findings revealed large variability in the
reproductive behaviour of clones, new plantings should be continuously monitored to ensure

that trees produce less seeds, not posing a threat.

Unfortunately, pandemic constraints hampered the continuous monitoring of the
phenological behaviour of the studied trees. Notwithstanding, results pointed out different
reproductive behaviour, especially among clones, including an inter-annual variation and an
extreme of non-production. Future long-term studies should consider these phenological
differences between clonal and SB trees. They are important to better interpret reproduction
output over time, specifically seed viability and germination, ultimately clarifying the
potential dispersal risk of genetically improved clonal stands versus unimproved stands.

Conclusions

This study indicates a different reproductive behaviour of clones compared with
unimproved E. globulus stands, which may significantly impact the dispersal dynamics of
this exotic species, a concern often raised by conservationists (Brundu et al. 2020). Seedling-
based (SB) stands produced more flowers and capsules and behaved more consistently across
climatic conditions. On the contrary, clonal-based stands were more variable, presenting
significant inter-annual differences, shorter flowering seasons, less abundant reproductive
structures and higher phenological variability across sites relative to SB plantations. It is
relevant to denote that one of the studied clones did not produce any reproductive structures
nor present remaining capsules; considering the tree cutting cycles performed in Portugal
(i.e., 10-12 years), even if a later in age flowering could be occurring, it will avoid seed
production. These results are consistent with the hypothesis that the broader genetic basis
ascribed to SB stands may result in greater reproductive fitness across different climatic
conditions, whereas clonal trees may be more sensitive and less plastic (Jump et al. 2009). A

better understanding of genetically improved clones’ phenological behaviour may reduce
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regeneration risks and naturalization from this species in introduced ranges, providing an

effective tool for sustainable management.
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Supporting Information

Table S4.1 Timing (Start and End) (in julian days, mean + SD) of reproductive phenological stages
(flowers and capsules) for E. globulus stands from seedling or clonal-based (Clone C1, Clone C2 and
Clone C3) from 2020 and 2021 in the mesic and xeric sites. Letters indicate significant differences
between sites through Wilcoxon-Mann-Whitney test (o > 0.05). The absence of phenological stages is

marked with “-*.
Flowers Capsules
2020 2021 2020 2021
Stand Site Start End Start End Start Start
_ Mesic | 3742257 438+16% 6954327 797357 | 423:47% 7242167
Seedling-based . a b a
Xeric 35619 409+14 706432 7884362 | 393x18%  739+36°

Mesic 405+132%  447+13%  743:15% 7944212 | 430+0° 77340 2

Clone C1 . b a b b
Xeric 356213 437+11 70028 786+312 | 389+13 7194302
Mesic - - 7134178 7794202 - 751425 2
Clone C2 . ) a a a
Xeric - 724411 75612 - 77340
Mesic - - - - - -
Clone C3
Xeric - - - - - -
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Abstract

Seed dispersal capacity is critical for plant species to spread into new regions and colonise
new ecosystems. However, it can also contribute to invasion events when exotic species are
introduced by humans into new areas. Concerns regarding invasion events have been raised,
particularly in large-scale fast-wood plantations, such as Eucalyptus globulus, a commercially
important species widely planted in Mediterranean-type environments. This species was
introduced into Portugal in the mid-nineteenth century and currently accounts for nearly a
quarter of the country’s forest area. This area is mainly occupied with plantations with trees
under 12 years old (i.e., seedling-based trees) but also, dispersed in the landscape, there are
very old isolated trees (seed-trees) with high reproductive output. However, new plantations
with genetically improved trees are being carried out aiming to increase production and wood
quality. Since maternal genome (viz provenance), age, and climatic conditions (viz site) affect
seed production and ecology of E. globulus, it is critical to analyse the potential risk of
dispersal of different seed provenances. This study analyses the capsule morphology, seed
set, and germination of clonal- and seed-trees under two different climatic conditions. We
found that provenance and site significantly influenced capsule weight; capsules were
heaviest in wetter conditions and lightest in clonal trees. Seed-trees’ capsules presented a
lower number of seeds in spite of having higher germination, while clonal trees’ capsules had
similar seed number when compared to seedling-based trees. Hence, it is crucial to consider
both the reproductive biology and the plantation location when deploying clonal trees.
Additionally, addressing concerns related to the presence of seed-trees is vital for ensuring a

more sustainable long-term management of this exotic species, regarding its dispersal.
5.1 Introduction

Species reproduction capacity, particularly seed production and germination, is crucial
for plant expansion, allowing them to disperse and establish in new areas, being a key step in
invasion events (Lonsdale 1999; Rejmének et al. 2005; Pysek and Richardson 2007;
Dawson et al. 2009; Blackburn et al. 2011). Species are being introduced into new
ecosystems, particularly economically important fast-growing species, such as Eucalyptus
globulus, planted worldwide due to global pulp demand (Rejmanek and Richardson 2013).
These introductions can lead to biological invasion events, which impact the environment,
economy, and human health by altering ecosystems and reducing biodiversity
(Donaldson et al. 2013).
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Eucalyptus globulus Labill. (Tasmanian blue gum) is endemic to Tasmania, the Bass
Strait Islands, and southeast Australia (Kirkpatrick 1975). Thirteen geographic races with
inherent trait differentiation have been described (Dutkowski and Potts 1999). Since its
introduction into Portugal in the middle of the 19" century (Alves et al. 2007), the planted
area has grown exponentially, now accounting for 26% of the country’s forested area
(ca. 845 000 ha) and making it the most important hardwood plantation species (ICNF 2019).
The majority of plantations consist of unimproved trees, intensively managed through 10- to
12-year tree-cutting cycles (up to three rotations) (Soares et al. 2007). Recently, individuals
with improved characteristics are being implemented in intensive clonal plantations
(Borralho et al. 1992; Almeida et al. 2005). Tree improvement programs aim to increase pulp
yield, select desirable wood properties (e.g., cellulose content and optimum fibre length), and
also improve resistance to climatic conditions and pests (Potts et al. 2004; 2011). As a result
of these breeding efforts, wood productivity increased by 25 to 50% (Borralho et al. 2007;

Rezende et al. 2014) and improved timber is already being commercialized.

In contrast to monoculture systems, isolated E. globulus trees are dispersed throughout
the landscape, usually delimiting properties and located near roadsides. These seed-trees are
left uncut, with scarce management interventions, leading to substantial canopy growth.
Consequently, these trees have a high production and accumulation of capsules (pers. obs.),
thereby rendering them a significant source of propagules with a greater influence in
dispersal risk (Anjos et al. 2021).

In plantation, E. globulus reaches sexual maturity at three to four years of age
(Jordan et al. 1999). Phenological development takes about one year from pollination to seed
set and pollination is animal-mediated (mainly insects); after fertilization, the ovary swells
and eventually dries to form a mature woody capsule, identified when it turns brown (Jacobs
1979; Eldridge et al. 1993). Although capsules fall throughout the year (Calvifio-Cancela and
Rubido-Bara 2013), many remain in the canopy for at least four years (Anjos et al. 2023),
forming a canopy seed bank (Lamont et al. 1991). Small, non-dormant seeds are mostly
dispersed within capsules, with no specialized dispersal mechanism (Kirkpatrick 1977).
Capsules protect seeds from predators and fire (Pryor and Johnson 1981; dos Santos et al.
2015), and their morphology varies between Eucalyptus species and geographical sub-races
(Kirkpatrick 1975; Williams and Brooker 1997; McGowen et al. 2004), being genetically
controlled (Suitor et al. 2009; Hernandez et al. 2022).
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Although most seeds fall within the first 15 m of the plantation boundaries (Calvifio-
Cancela and Rubido-Bara 2013), the distance that seeds reach is approximately the horizontal
distance corresponding to twice of the mother tree’s height (Cremer 1977), which increases
with tree age (Anjos et al. 2021). In any case, introducing E. globulus into a large planted
area raises concerns about dispersal beyond the plantation’s boundaries. Research conducted
in Portugal has considered this species as naturalized (Catry et al. 2015; Fernandes et al.
2016; Deus et al. 2019). Seedling establishment is highly enhanced in disturbed areas such as
after vegetation removal (Fernandes et al. 2017; 2018), nearby roadsides (Catry et al. 2015)
and after fire (Aguas et al. 2014; Anjos et al. 2021; Silva et al. 2021).

Hence, better knowledge of factors influencing reproductive capacity is important to
evaluate the risk of dispersal, especially in the current context of increasing planted areas
with genetically improved trees that could change the already known phenological behaviour
of the species. In this sense, Anjos et al. (2023) referred that clonal trees have lower capsule
production and greater variability across climatic conditions when compared to unimproved
trees. Nevertheless, little is known about how improving trees affects the properties of
capsule and seed, as well as how this improvement affects germination on clonal stands and
in seed-trees, given their significant function as a source of propagules (Anjos et al. 2021,
2022). Within this framework, the main objective of this study was to evaluate the impact of
E. globulus improvement in capsule and seed characteristics as well as on germination
potential. To accomplish this, we measured the weight of the capsules, the number of seeds
per capsule, and germination rate in two distinct climatic conditions, aiming to compare them

in clonal, unimproved tree stands and seed trees.
5.2 Material and Methods

5.2.1 Study sites

This study was conducted in two different climatic regions of Portugal, according to the
Koppen-Geiger climate classification: Coimbra, classified as Csb (warm-summer
Mediterranean climate), and Pegdes, classified as Csa (hot-summer Mediterranean climate)

(IPMA 2022), referred to as mesic and xeric sites, respectively (Fig. 5.1).
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Figure 5.1 Location of study sites: trees were monitored in Coimbra (mesic site) and Pegbes (xeric
site) in Portugal mainland. Koppen-Geiger climate classification is represented: Csb (warm-summer
Mediterranean climate), Csa (hot-summer Mediterranean climate) and Bsk (cold semi-arid climate).
Adapted from IPMA 2022.

Both sites present a seasonal wet winter/dry summer pattern, with low rainfall in the
summer months, especially in the xeric site. August is the hottest month at both sites, with a
mean difference of almost 2.5 °C (28.6 and 31.1 °C, mean maximum temperature, for mesic
and xeric sites, respectively). As mentioned, winter precipitation (from December to
February) is higher in the mesic site (315.7 compared to 250.8 mm), and January is the
coldest month with 5.8 °C mean minimum temperature for the colder site and 6.7 °C for the
xeric site [historical data 1990-2018, CRU-TS 4.03 (Harris et al. 2014) downscaled with
WorldClim2.1 (Fick and Hijmans 2017)]. Table 5.1 summarizes each site’s location and

climatic description.

Table 5.1 Main characteristics of study sites.

Mesic site Xeric site
Map reference 4(1“10”19.6’:’ N, 38:39”29.16’:’ N,
8°33°58.3” W 8°37°16.23” W

Elevation (m) 65 85
Koppen-Geiger Classification (*) Csb Csa

o g Annual min. and max. air temperatures (°C) 10.84 - 21.62 11.54 - 22.33

é g Annual total precipitation (mm) 872.92 672.53

§ S Winter min. and summer max. air temperatures (°C) 5.82 -27.74 6.70 - 29.93

T g Winter and Summer total precipitation (mm) 315.67 - 50.77 250.81 - 18.93

* Koppen-Geiger Classification (IPMA 2022): Csb - warm-summer Mediterranean climate; Csa - hot-summer
Mediterranean climate | ** Historical data 1990-2018 (CRU-TS 4.03 (Harris et al. 2014) downscaled with WorldClim2.1
(Fick and Hijmans 2017)
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5.2.2 Stands description

Three provenances of E. globulus stands were evaluated at each site: i) unimproved trees
(hereafter, seedling-based), ii) isolated seed-trees with various genotypes resulting from
seedling material found in the Portuguese landscape, and iii) second-generation clonal
E. globulus stands. Clonal trees result from a cross between a Portuguese landrace base
parent (mainly from races from southern and eastern Tasmania) and a “Strzelecki Range”
base parent (from southern Australia) (Costa et al. 2017; Freeman et al. 2017). Seedling-
based and clonal stands were located close to each other in the same property. Both stands
were under similar management regimes, intensively managed with periodic understory
clearings, with the same planting spacing (2 x 4 m) and the same sun exposure. At the start of
the study, the stands at both sites were between six and nine years old. Isolated seed-trees of

unknown age were dispersed across each property’s surrounding areas (Table 5.2).

Table 5.2 Eucalyptus globulus stand description. Characterisation of the tree origins (seedling-based,
clone and seed-tree): tree cut rotation (Rotation number), plantation date and diameter at breast height
(DBH) at the beginning of the study (mean £ SE, in cm).

Site Stand Rotation Plantation date DBH (cm)
. Seedling-based 1 2012 203+1.1
g Clone 1 2012 184+0.8

Seed-tree 1 Unknown 58.1£10.0
Seedling-based 3 2010 282+28

:E: Clone 1 2013 16.1+1.0
Seed-tree 1 Unknown 710+ 114

5.2.3 Data Collection

Sampling was carried out between June 2020 and March 2021. Twelve interspersed trees
of average size (relative to the stand) of E. globulus stands (unimproved seedling-based and
clonal trees) were selected along the plantation boundary, where flowers are more abundant
(Barbour et al. 2008), in both mesic and xeric sites, along with seven older isolated seed-
trees. A Simple Sequence Repeat (SSR) nuclear marker genotyping was performed to
confirm the genetic identity of the clonal trees (Ribeiro et al. 2011).

Two 1.5 x 1.5 m plots (one in front and one on the side, without overlap) were set at the

base of each trunk under the stand trees, a total of 24 plots per stand (Fig. 5.2a). In the case of
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seed-trees, given their proximity to private properties or the roadway, and the presence of
dense vegetation, it was not possible to define 1.5 x 1.5 m plots, however one plot of 1 x 1 m
was defined and monitored instead. All reproductive structures were removed from the plots
at the beginning of the study (June 2020) (adapted from Calvifio-Cancela and Rubido-Bara

2013). Plots were visited once a month and falling capsules were collected into paper bags.

5.2.3.1 Capsule and seed characterization

Capsules were stored in dry and at room temperature until processing. In the laboratory,
capsules were assigned to different time since production based on colour, maturation, and
abrasion (2021 =Y, 2020 = Y-1, 2019 = Y-2 and 2018 = Y-3) (Fig. 5.2b). Considering that
E. globulus phenological development extends over two years (Goes 1977), capsules that
mature in 2018 were classified as 2018 capsules (i.e., Y-3), even if the flower buds that
produced them appeared in 2017. A similar approach was used to categorize capsules as Y,
Y-1 and Y-2. For each capsule, it was determined whether it was dehisced (capsules that
were already releasing material, operculum valve open) or full (no evidence of dehiscence,
operculum valve closed). Some Y-1 capsules and all Y capsules were immature (green
capsules, aborted) hence they were removed from the study. The diameter and height of each
capsule were measured, and the shape of a cone was considered to provide a proxy for
calculating the volume. Capsules were shaken to release all the seeds that were counted, and

then weighted.

Figure 5.2 Sampling design implemented in the field consisting of a) 1.5 x 1.5 m plots and b)
capsules from different years of production collected throughout the study (2018, 2019, 2020 and
2021).
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5.2.3.2 Germination tests

Seeds were maintained in paper bags at room temperature (Jacobs 1979) until
germination tests began. Seeds were grouped by site (Mesic or Xeric), tree provenance
(seedling-based, seed-tree or clone) and time since production (Y-3, Y-2 or Y-1), and a total
of 50 seeds were selected for germination tests, except for the combinations Mesic*seed-
tree*Y-3 (35 seeds), Xeric*seed-tree*Y-3 (3 seeds) and Xeric*clone*Y-3 (3 seeds), since it
was the maximum number of seeds collected. Seeds were placed in 9 cm diameter Petri
dishes with a double layer of filter paper wetted with distilled water (25 seeds of each
combination per Petri dish). Petri dishes were sealed with parafilm to ensure moist conditions
and placed in the dark in a growth chamber (LMS 250/280 incubator) at 25 °C, the optimum
temperature for E. globulus germination (Boland et al. 1980). New germinates were counted
and then removed every two days during a month. Germination was considered when the
seed presented the emergence of the radicle. Filter papers were frequently wetted with

distilled water during the trial.

2.4 Data analysis

To determine the factors influencing capsule weight, a Generalized Linear Model (GLM)
with gamma family was performed with the site (mesic or xeric), tree provenance (seedling-
based, clone or seed-tree), and time since production (Y-3, Y-2 or Y-1) as explanatory
variables. In this case, only full mature capsules were selected. As previously mentioned, the
volume and weight of each capsule were assessed. Since capsule weight is more easily
determined and both parameters showed a strong correlation (Spearman r = 0.84), this

parameter was selected in all models.

To determine the factors influencing seed number, a GLM with binomial negative family
was performed with the site (mesic or xeric), tree provenance (seedling-based, clone or seed-
tree) and time since production (Y-3, Y-2 or Y-1). Once capsule dehiscence influenced seed
number, comparison among site, stand type and year of production was made only with

mature closed capsules.

Multiple pairwise comparisons of means and differences were performed through

Kruskal-Wallis post-hoc tests with Bonferroni adjustment.

For the characterization of capsules, the correlation between the capsule weight and the

seed number was evaluated through the Spearman correlation for each year of production.
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Regarding germination tests, the final germination percentage (FGP) of seeds from

different year production of all provenances for each site was calculated with the following

formula:
FGP (%) =n/N x 100

where, n is number of germinated seeds and N is number of total seeds sown.

Data analysis was performed using packages agricolae (Mendiburu 2021), Ime4

(Bates 2015) and stats in R statistical software (R Core Team 2023).

5.3 Results

5.3.1 Capsule and seed characterization

Overall, we found that capsules from the mesic site were heavier and

contained more

seeds than those collected at the xeric site, with the highest values recorded for seedling-

based trees (Tables 5.3 and 5.4). The studied clonal trees’ capsules stored more seeds than

those collected under seed-trees, despite its lighter weight. Furthermore, Y-

2 capsules were

heaviest and stored the highest number of seeds. Thus, all factors studied, i.e., site,

provenance and time since production, had a significant impact on the

capsules and seeds.

development of

Table 5.3 Generalized Linear Model analysis of the effect of site (mesic or xeric), tree provenance
(seedling-based, clone or seed-tree) and time since production (Y-3, Y-2 or Y-1) on E. globulus
capsule weight. Significance p-value: <0.001 = ***; <0.01 = **; <0.05 = *; >0.05 = ns.

Estimate Std. Error z value Pr(>|z|)

(Intercept) 1.853 0.027 67.851 falel
(Mesic)

Xeric -0.093 0.020 -4.615 falel
(Seedling-based)

Clone -0.400 0.024 -16.660 falel

Seed-tree -0.118 0.027 -4.302 ks
(Y-3)

Y-2 0.183 0.029 6.231 faladed

Y-1 0.002 0.030 0.071
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Table 5.4 Generalized Linear Model analysis of the effect of site (mesic or xeric), tree provenance
(seedling-based, clone or seed-tree) and time since production (Y-3, Y-2 or Y-1) on E. globulus

capsule seed number. Significance p-value: <0.001 = ***; <0.01 = **; <0.05 = *; >0.05 = ns.

Estimate Std. Error z value Pr(>|z|)

(Intercept) 2.084 0.153 13.669 Fhx
(Mesic)

Xeric -0.520 0.086 -6.033 falaie
(Seedling-based)

Clone -0.531 0.099 -5.342 falaie

Seed-tree -1.304 0.123 -10.581 Fhx
(Y-3)

Y-2 0.848 0.161 5.267 falele

Y-1 0.797 0.166 4.805 faleie

As previously mentioned, the heavier capsules were produced at both sites by seedling-
based trees. With the exception of the Y-3 capsules, at the mesic site, where the weight of the
seed-tree and clonal capsules were similar, the capsules collected from seed-trees had
intermediate values. At the xeric site, capsules produced by the clonal trees were the lightest,
and there were no differences in weight between the capsules produced by the seedling-based
and seed-trees (Fig. 5.3).

E2 Seedling-based E2 Clone B2 Seed-tree

Y-3 Y-2 Y-1

6_
cls
A
- A* A
T4+ A AL AR
g . A B* 3 B* A 5 ] . 5 A
o B* B '
— B*
: -4
=2
=
] %+ %
U % - L]

O_ T T T T T T

Mesic Xeric Mesic Xeric Mesic Xeric
Site

Figure 5.3 Eucalyptus globulus capsule weight (g) according to different times since production (Y-3,
Y-2 or Y-1) in seedling-based and clonal-trees and seed-trees, in mesic and xeric sites. Different
letters indicate significant differences regarding tree provenance within each site, calculated through
the Kruskal-Wallis test with Bonferroni p-adjustment; “*” indicate significant differences between
study sites for each tree provenance calculated with Wilcoxon-Mann-Whitney test (o < 0.05).
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Variations were found when comparing capsules from the same provenance between
sites but limited to the oldest capsules (Y-3 and Y-2). In both cases, the mesic site produced
the heavier capsules: Y-3 seedling-based tree capsules weighted 1.97 + 0.05 and 1.71
+ 0.05 g (mean £ se) and Y-2 capsules weighted 2.05 £+ 0.03 and 1.85 + 0.02 g, for mesic and
xeric sites respectively, while Y-3 clonal tree capsules weighted 1.53 *+ 0.04 and
1.11 £ 0.11 g, and Y-2 capsules weighted 1.70 £ 0.04 and 1.62 + 0.03 g.

In contrast to capsule weight, the more recent capsules showed greater differences
regarding seed numbers (Fig. 5.4). For both sites, fewer seeds were counted in seed-tree
capsules. Y-1 capsules collected under the clonal and seedling-based trees had a similar
number of seeds, which was higher than for seed-trees, at both sites. In the mesic site, seed-
tree produced 3.39 £ 1.8 seeds, while seedling-based and clonal trees produced 17 + 4 and 12
+ 1, respectively; while in the xeric site, seed-tree capsules had 0.8 = 0.34 seeds, and in
seedling-based and clonal capsules 14 = 3 and 6 + 1 were counted. For Y-2 capsules,
differences were only observed on the xeric site: higher number of seeds produced by
seedling-based capsules (12 £ 1), while clonal and seed-trees produced 4 + 1 and 2 + 0.44

seeds, respectively.
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Figure 5.4 Capsule seed number according to different time since production (Y-3, Y-2 and Y-1) in
E. globulus seedling-based, clonal and seed-tree. Note that there were no closed clonal Y-3 capsules
in the xeric site. Different letters indicate significant differences regarding tree provenance within
each site, calculated through the Kruskal-Wallis test with Bonferroni p-adjustment; “*” indicate
significant differences between study sites for each tree provenance calculated with Wilcoxon-Mann-
Whitney test (a0 < 0.05).
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Between sites, differences were observed in seed-trees Y-2 and in clonal Y-1 capsules,
with higher values in the mesic site for both origins: 2 + 1 compared to 2 £ 0.44 in the xeric

site, in seed-trees and 12 + 1 vs 6 £ 1 in clonal capsules.

For all years considered (viz time since production), a general positive correlation

between seed number and capsule weight was observed, which decreases with age (Fig. 5.5).
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Figure 5.5 Correlation between capsule weight (g) and seed number for different time since
production (Y-3, Y-2 and Y-1) E. globulus capsules, accounting for all stand provenances. Spearman
R (rho) and p-value are presented in the figure. Correlations are represented with a linear fit lines and
the black line represents the general linear fit among the two components regardless year of

production, considering all stand types.

5.3.2 Germination rate

Overall, and for all provenances and in both sites, germination began on the second day after
sowing and occurred during the first week (Fig. 5.6). At the mesic site, the germination of seeds
produced by clonal- and seed-trees was similar with a higher percentage in recent seeds (96 and
94%, respectively). Older seeds had lower and similar germination: Y-2 and Y-3 seeds produced by
clonal trees germinated 59 and 53%, respectively, while 48 and 49% were recorded for seed-trees.
Germination decreased with age for seeds produced by seedling-based trees, a pattern observed for
both studied sites (ca. 95, 63 and 34%, for Y-1, Y-2 and Y-3, respectively).
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Figure 5.6 Cumulative percentage of germination of E. globulus seeds from different provenances
(seedling-based, clone and seed-tree) including the different years of production (Y-3, Y-2 and Y-1).
The time scale represents the days after sowing.

Also, in xeric site, seeds produced by clonal- and seed-trees showed greater values for
Y-1 (ca. 97 and 94%, respectively) and Y-2 (87 and 72%), with Y-3 showing contrasting
germination percentages: no germination for clonal and 100% for seeds produced by seed-
trees.

When comparing mesic and xeric sites, recent seeds showed the greatest germination for
all stands. For clonal trees, seeds from Y-2 had higher germination in xeric site (87 versus

59%), the same recorded for seed-trees for both Y-2 (72 and 48%) and Y-3 (100 and 48%).

5.4 Discussion

Our results indicate that different Eucalyptus globulus tree provenances present distinct
capsule and seed traits. Also, tree age shows an important role in these characteristics that
eventually affect the dispersal ability.
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In fact, selecting sub-races for breeding programs results in changes in capsule and seed
production (Jordan et al. 1993; Jones et al. 2002) since these traits are genetically controlled
(Hernandez et al. 2022). However, other variables such as moisture also affect capsule size
(Ladiges and Ashton 1974), as we found in the mesic site, where capsules were larger and

heavier.

Capsules collected from clonal trees were smaller and lighter when compared to
seedling-based trees of similar age, which is probably related to their Strzelecki provenance,
as suggested by McGowen et al. (2004). However, no significant differences were found in
the number of seeds between both clonal and seedling-based trees, and germination rate of
clonal seeds was high. In fact, it is known that large plantations composed with trees with the
same genotype reduce the genetic variability of the stand and thus increase self-pollination
(Hardner and Potts 1995; McGowen et al. 2004). Since in this study, the plantations followed
were located in an experimental setting with numerous stands of different genotypes nearby,
this could allow crossbreeding, explaining this similar number of seeds between seedling-

based and clonal trees.

Additionally, even though the clone assessed was originated in hotter zones of Australia
and had increased capsule production in the xeric site (Anjos et al. 2023), trees from the
mesic site produced a greater number of seeds. This highlights a significant site effect, since
higher water availability is associated with an elevated seed set (Suitor et al. 2010).
However, this better adaptation to hotter conditions (Rix et al. 2015) was reinforced by
higher values of germination in the xeric site for clonal seeds, unlike other studies, in which

Strzelecki ranges maternal reduced germination (McGowen et al. 2004).

It is known that Eucalyptus large seed production enhances dispersal (Booth 2017),
however, seed-trees produced fewer seeds than seedling-based trees, suggesting to rely more
on production of capsules. Older eucalypt trees produce higher reproductive structures, since
more energy is redirected into their production than younger trees, which invest in rapid
growth (Birtchnell and Gibson 2006). As outcrossing is often higher in denser stands
(Hardner et al. 1996) and inbreeding increases with age (Hardner and Potts 1995), seed-trees
presented a lower seed set, a known post-zygotic barrier to self-pollination (Hardner and
Potts 1995; McGowen et al. 2010). However, since outcrossing is more common in the upper
canopy (Patterson et al. 2001), the fact that the capsule collection plots were located close to
the seed-tree trunks may have underestimated the number of seeds collected, since capsules

will fall far from the trunk in larger canopies (Cremer 1977). Nevertheless, germination is
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quite high, even for older seeds, which together with the higher production of capsules

(pers. obs.) may explain its role as a propagule source (Anjos et al. 2021; 2022).

Since most pollination occurs within 200 m of nearby trees, it would be expected that
clonal seeds presented lower germination, due to higher inbreeding (Byrne et al. 2008;
Broadhurst 2013). However, more recent seeds showed similar high germination for all
origins, while older seeds behave quite differently between the studied sites. Furthermore, in
this study, higher mean germination percentages were obtained compared to other studies
(Aran et al. 2013; dos Santos et al. 2015) since the age of the seeds was considered. Overall,
the germination pattern was consistent with previous research (Aran et al. 2013; dos Santos et
al. 2015), concentrated in the first week and consistent throughout all the years examined,

proving the lack of dormancy of the seeds.

In fact, although capsules collected in the mesic site were heavier and presented higher
seed set, seeds from the xeric site were heavier (data not shown), resulting in greater
germination (Humara et al. 2001; Lopez et al. 2003) for clonal- and seed-trees. Indeed, Y-3

clonal seeds were the lightest (data not shown) not being able to germinate at all.

Finally, although capsules can dehisce while still attached to the tree branches, many
remain closed and fall, releasing the seeds already in the ground (Free 1951). These seeds
maintained the germination capacity, even in older capsules (i.e., capsules with at least four
years), and may be relevant in disturbed areas for this species dispersal. It is important to
highlight that the capsules were collected once a month, therefore the reproductive capacity
of the seeds that are retained in the capsules is noteworthy; even in open capsules, seeds were
found, since non-fertilized ovules are shed first while viable seeds are retained deep in the

mature ovary (Eldridge et al. 1993), being released lately (dos Santos et al. 2015).

Long-term studies are then required to evaluate the reproductive biology of other clones.
Nevertheless, these results indicate that using clones could reduce dispersal risk, since
seedling-based trees not only exhibit greater capsule production and better adaptation to
diverse environmental conditions (Anjos et al. 2023) but also generate more seeds per

capsule, thereby enhancing potential new recruitment events.

Conclusions

Exotic species planting on a large scale may cause dispersal events that could result in

invasion episodes, which poses a global threat to ecosystem stability (Blackburn et al. 2011).
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Also, with increasing demand for forest products and concerns about sustainability, it is
natural for advances such as tree improvement to emerge. In this sense, our findings reveal
that the provenance of the E. globulus trees, the location of the plantation, as well as the tree
age, influence seed output and germination capacity. Seed germination capacity is maintained
regardless of time since production, being particularly relevant in clonal- and seed-trees. For
this reason, reproductive biology of clonal trees must be considered when choosing and
implementing improved plantations, including its location; while seed-trees are indeed a
valuable seed source (viz quality over quantity), it is crucial to account with these old and

isolated trees in management strategies.

References

Aguas A, Ferreira A, Maia P, Fernandes PM, Roxo L, Keizer J, Silva JS, Rego FC, Moreira F (2014)
Natural establishment of Eucalyptus globulus Labill. in burnt stands in Portugal. For Eco Man
323:47-56. https://doi.org/10.1016/j.foreco.2014.03.012

Almeida MH, Araljo C, Aradjo JA, Costa e Silva F, Neves I, Paiva V, Santiago A, Ribeiro D (2005)
Melhoramento genético do eucalipto: Que impacto na realidade? In: Silva R, Pascoa F (eds) A
floresta e as gentes, 5° Congresso Florestal Nacional. Sociedade Portuguesa de Ciéncias
Florestais, Viseu, pp 145-146

Alves AM, Pereira JS, Silva JN (2007) O eucaliptal em Portugal - Impactes ambientais e investigacao
cientifica. ISAPress, Lisbon

Anjos A, Fernandes P, Marques C, Borralho N, Valente C, Correia O, Maguas C and Chozas S (2021)
Management and fire, a critical combination for Eucalyptus globulus dispersal. For Eco Man
490:119086. https://doi.org/10.1016/j.foreco. 2021.119086

Anjos A, Jesus JG, Marques C, Borralho N, Valente C, Correia O, Maguas C, Chozas S (2022)
Climate and local factors influence Eucalyptus globulus establishment after off-season
fires. New For 54:981-992. https://doi.org/10.1007/s11056-022-09950-w

Anjos A, Jesus JG, Marques C, Borralho N, Valente C, Araljo JA, Méguas C, Correia O, Chozas S
(2023) Exploring reproductive biology in Eucalyptus globulus clones under distinct climatic
conditions. Discover Agriculture 1(6). https://doi.org/10.1007/s44279-023-00006-x

Aréan D, Garcia-Duro J, Reyes O, Casal M (2013) Fire and invasive species: Modifications in the
germination potential of Acacia melanoxylon, Conyza canadensis and Eucalyptus globulus. For
Eco Man 302:7-13. https://doi.org/10.1016/j.foreco.2013.02.030

112


https://doi.org/10.1007/s44279-023-00006-x

Chapter 5 | From capsules to germination: an assessment of Eucalyptus globulus dispersal mechanisms

Barbour RC, Otahal Y, Vaillancourt RE, Potts BM (2008) Assessing the risk of pollen-mediated gene
flow from exotic Eucalyptus globulus plantations into native eucalypt populations of Australia.
Biol Conserv 141:896-907

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using Ime4.
J Stat Softw 67(1):1-48. https://doi.org/10.18637/jss.v067.i01

Birtchnell MJ, Gibson M (2006) Long-term flowering patterns of melliferous Eucalyptus (Myrtaceae)
species. Aust J Bot 54:745-754. https://doi.org/10.1071/BT05160

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP, Jarosik V, Wilson JRU, Richardson DM
(2011) A proposed unified framework for biological invasions. Trends Ecol Evol 26(7):333-339.
https://doi/10.1016/j.tree.2011.03.023

Boland DJ, Brooker MIH, Turnbull JW (1980) Eucalyptus seed. CSIRO publishing, Canberra

Booth TH (2017) Going nowhere fast: a review of seed dispersal in eucalypts. Aust J Bot 65:401-410.
https://doi.org/10.1071/BT17019

Borralho N, Cotterill PP, Kanowski PJ (1992) Genetic control of growth of Eucalyptus globulus in
Portugal. 1l Efficiencies of early selection. Silvae Genet 41:70-77

Borralho NMG, Almeida MH, Potts BM (2007) O melhoramento do eucalipto em Portugal. In: Alves
AM, Pereira JS, Silva JMN (eds.) O eucaliptal em Portugal - Impactes ambientais e investigacdo
cientifica. ISAPress, Lisbon, pp 61-110

Broadhurst LM (2013) A genetic analysis of scattered Yellow Box trees (Eucalyptus melliodora
A.Cunn. ex Schauer, Myrtaceae) and their restored cohorts. Biol Conserv 161:48-57.
https://doi.org/10.1016/j.biocon.2013.02.016

Byrne M (2008) Phylogeny, diversity and evolution of eucalypts. In: Plant Genome: Biodiversity and
Evolution. Volume 1, Part E, Phanerogams-Angiosperm (ed. ASA Sharma), Science Publishers,
Enfield, pp 303-346

Calvifio-Cancela M, Rubido-Bara M (2013) Invasive potential of Eucalyptus globulus: Seed dispersal,
seedling recruitment and survival in habitats surrounding plantations. For Eco Man 305:129-137.
https://doi.org/10.1016/j.foreco.2013.05.037

Catry FX, Moreira F, Deus E, Silva JS, Aguas A (2015) Assessing the extent and the environmental
drivers of Eucalyptus globulus wildling establishment in Portugal: results from a countrywide
survey. Biol Invasions 17:3163-3181. https://doi.org/10.1007/s10530-015-0943-y

Costa J, Vaillancourt RE, Steane DA, Jones RC, Marques C (2017) Microsatellite analysis of
population structure in Eucalyptus globulus. Genome 60:770-777. https://doi.org/10.1139/gen-
2016-0218

113



Chapter 5 | From capsules to germination: an assessment of Eucalyptus globulus dispersal mechanisms

Cremer KW (1977) Distance of seed dispersal in eucalypts estimated from seed weights. Aust For
7:225-228

Dawson W, Burslem DFRP, Hulme PE (2009) Factors explaining alien plant invasion success in a
tropical ecosystem differ at each stage of invasion. J Ecol 97(4):657-665.
https://doi.org/10.1111/j.1365-2745.2009.01519.x

Deus E, Silva JS, Larcombe MJ, Catry FX, Queir6s L, dos Santos P, Matias H, Aguas A, Rego FC
(2019) Investigating the invasiveness of Eucalyptus globulus in Portugal: Site-scale drivers,
reproductive capacity and dispersal potential. Biol Inv 21:2027-2044. https://doi.org/
10.1007/s10530-019-01954-6

Donaldson JE, Hui C, Richardson DM, Robertson MP, Webber BL, Wilson JRU (2014) Invasion
trajectory of alien trees: the role of introduction pathway and planting history. Glob Change Biol
20:1527-1537. https://doi.org/10.1111/gcb.12486

dos Santos P, Matias H, Deus E, Aguas A, Silva JS (2015) Fire effects on capsules and encapsulated
seeds from  Eucalyptus globulus in  Portugal. Plant Ecol 216:1611-1621.
https://doi.org/10.1007/s11258-015-0544-y

Dutkowski GW, Potts BM (1999) Geographic patterns of genetic variation in Eucalyptus globulus
ssp. globulus and a revised racial classification. Aust J Bot 47:237-263.
https://doi.org/10.1071/BT97114

Eldridge K, Davidson J, Harwood C, Van Wyk G (1993) Eucalypt domestication and breeding.
Claredon Press, Oxford

Fernandes P, Antunes C, Pinho P, Maguas C, Correia O (2016) Natural regeneration of Pinus pinaster
and Eucalyptus globulus from plantation into adjacent natural habitats. For Eco Man 378:91-102.
https://doi.org/10.1016/j.foreco.2016.07.027

Fernandes P, Méaguas C, Correia O (2017) Combined effects of climate, habitat, and disturbance on
seedling establishment of Pinus pinaster and Eucalyptus globulus. Plant Ecol 218(5):501-515.
https://doi.org/ 10.1007/s11258-017-0706-1

Fernandes P, Maguas C, Correia O, Gonzalez-Moreno P (2018) What drives Eucalyptus globulus
natural establishment outside plantations? The relative importance of climate, plantation and site
characteristics. Biol Invasions 20:1129-1146. https://doi.org/10.1007/s10530-017-1614-y

Fick SE, Hijmans RJ (2017) WorldClim 2: New 1km spatial resolution climate surfaces for global
land areas. Int J Clim 37:4302-4315. https://doi.org/10.1002/joc.5086

Free RA (1951) Germination and emergence of eucalypt seed when sown at depth. Aust For
15(2):115-120. https://doi.org/10.1080/00049158.1951.10675810

114


https://doi.org/10.1016/j.foreco.2016.07.027

Chapter 5 | From capsules to germination: an assessment of Eucalyptus globulus dispersal mechanisms

Freeman JS, Marques CMP, Carocha V, Borralho N, Potts BM, Vaillancourt RE (2007) Origins and
diversity of the Portuguese Landrace of Eucalyptus globulus. Annals For Sci 64:639-647.
https://doi.org/10.1051/forest:2007042

Goes E (1977) Os eucaliptos: Ecologia, cultura, producdes e rentabilidade. Lisboa: Portucel

Hardner CM, Potts BM (1995) Inbreeding depression and changes in variation after selfing in
Eucalyptus globulus spp. globulus. Silvae Genet 44:46-54

Hardner CM, Vaillancourt RE, Potts BM (1996) Stand density influences outcrossing rate and growth
of open-pollinated families of Eucalyptus globulus. Silvae Genet 45:226-228

Harris 1, Jones PD, Osborn TJ, Lister DH (2014) Updated high-resolution grids of monthly climatic
observations - the CRU TS3.10 Dataset. Int J Climatol  34:623-642.
https://doi.org/10.1002/joc.3711

Hernandez MA, Butler JB, Ammitzboll H, Weller JL, Vaillancourt RE, Potts BM (2022) Genetic
control of the operculum and capsule morphology of Eucalyptus globulus. Ann Bot 130(1):97-
108, https://doi.org/10.1093/aob/mcac072

Humara JM, Casares A, Majada J (2002) Effect of seed size and growing media water availability on
early seedling growth in  Eucalyptus globulus. For Eco Man 167:1-11.
https://doi.org/10.1016/S0378-1127(01)00697-1

ICNF (2019) IFN6 — Anexo Técnico. [pdf], 31 pp, versdo 1.0 Instituto da Conservacdo da Natureza e
das Florestas, Lisbhoa

IPMA (2022) https://www.ipma.pt/pt/oclima/normais.clima/?print=true (consulted in May 2022)
Jacobs MR (1979) Eucalypts for planting. FAO, Rome

Jones RC, Steane DA, Potts BM and Vaillancourt RE (2002) Microsatellite and morphological
analysis of Eucalyptus globulus populations. Can J For Res 32:59-66.
https://doi.org/10.1139/x01-172

Jordan G, Potts BM, Kirkpatrick JB, Gardiner C (1993) Variation in the Eucalyptus globulus complex
revisited. Aust J Bot 41:763-785. https://doi.org/10.1071/BT9930763

Jordan G, Potts BM, Wiltshire R (1999) Strong, independent quantitative genetic control of vegetative
phase change and first flowering in Eucalyptus globulus ssp. globulus. Heredity (Edinb) 83:179-
187. https://doi.org/10.1046/j.1365-2540.1999.00570.x

Kirkpatrick JB (1975) Natural distribution of Eucalyptus globulus Labill. Aust Geogr 13:22-35.
https://doi.org/10.1080/00049187508702675

Kirkpatrick JB (1977) Eucalypt invasion in Southern California. Aust Geogr 13:387-393

115



Chapter 5 | From capsules to germination: an assessment of Eucalyptus globulus dispersal mechanisms

Ladiges PY, Ashton DH. 1974. Variation in some central Victorian populations of Eucalyptus
viminalis Labill. Aust J Bot 22:81-102

Lamont BB, LeMaitre DC, Cowling RM, Enright NJ (1991) Canopy seed storage in woody plants.
Bot Rev 57:277-317

Lonsdale WM (1999) Global patterns of plant invasions and the concept of invasibility. Ecology,
80(5):1522-1536. https://doi.org/10.2307/176544

Lopez G, Potts B, Vaillancourt R, Apiolaza L (2003) Maternal and carryover effects on early growth
of Eucalyptus globulus. Can J For Res 33. https://doi.org/10.1139/x03-132

Mendiburu F (2021) agricolae: Statistical procedures for agricultural research. R package version 1.3.-
5. CRAN.R-project.org/package=agricolae

McGowen M, Potts B, Vaillancourt R, Gore P, Williams D, Pilbeam D (2004) The genetic control of
sexual reproduction in Eucalyptus globulus. In: Borralho N, Pereira JS, Marques C, Coutinho J,
Madeira M, Tomé M (eds) Eucalyptus in a changing world. Proc. of IUFRO Conf., Aveiro 11-15
October 2004

McGowen M, Vaillancourt R, Pilbeam D, Potts BM (2010) Sources of variation in self-
incompatibility in the Australian forest tree, Eucalyptus globulus. Annals Bot 105(5):737-745.
https://doi.org/10.1093/aob/mcq036

Patterson B, Vaillancourt RE, Potts BM (2001) Eucalypt seed collectors: beware of sampling seedlots
from low in the canopy! Aust For 64(3):139-142.
https://doi.org/10.1080/00049158.2001.10676178

Potts BM, Vaillancourt RE, Jordan GJ, Dutkowski GW, Costa e Silva J, McKinnon GE, Steane DA,
Volker PW, Lopez GA, Apiolaza LA, Li Y, Marques C, Borralho NMG (2004) Exploration of
the Eucalyptus globulus gene pool. In: Borralho NMG, Pereira JS, Marques C, Coutinho J,
Madeira M, Tomé M (eds) Eucalyptus in a changing world: proceedings of the IUFRO
conference Aveiro, 11-15 October 2004. RAIZ, Instituto de Investigacdo da Floresta e Papel pp
46-61

Potts B, Hamilton M, Blackburn D (2011) Genetics of Eucalypts: Traps and Opportunities. In: Walker
J (ed) Developing a eucalypt resource: learning from Australia and elsewhere. Wood Technology
Research Centre, University of Canterbury, New Zealand

Pryor LD, Johnson LAS (1981) Eucalyptus, the Universal Australian. In: Keast A (ed) Ecol
Biogeograph Aust 1:499-536. The Hague, Junk

Pysek P, Richardson D (2007) Traits associated with invasiveness in alien plants: Where do we stand?
Biol Invasions 193. https://doi.org/10.1007/978-3-540-36920-2_7

116



Chapter 5 | From capsules to germination: an assessment of Eucalyptus globulus dispersal mechanisms

R Core Team (2023) R: A language and environment for statistical computing. R Foundation for
statistical computing, Vienna, Austria

Rejméanek M, Richardson D, Higgins Sl, Pitcairn M, Grotkopp E (2005) Ecology of invasive plants:
State of the art. In: Mooney HA, Mc Neely JA, Neville L, Schei PJ, Waage J (eds) Invasive alien
species: Searching for solutions. 104-162. Island Press,Washington, D.C

Rejméanek M, Richardson DM (2013) Trees and shrubs as invasive alien species - 2013 update of the
global database. Divers Distrib 19:1093-1094. https://doi.org/10.1111/ddi.12075

Rezende GDSP, de Resende MDV, de Assis TF (2014) Eucalyptus Breeding for Clonal Forestry. In:
Fenning T (ed) Challenges and Opportunities for the World's Forests in the 21st Century.
Forestry Sciences, vol 81. Springer, Dordrecht. https://doi.org/10.1007/978-94-007-7076-8 16

Ribeiro MM, Sanchez L, Ribeiro C, Cunha F, Aradjo J, Borralho NMG, Marques C (2011) A case
study of Eucalyptus globulus fingerprinting for breeding. Ann For Sci 68:701-714.
https://doi.org/10.1007/s13595-011-0087-x

Rix K, Gracie A, Potts B, Brown P, Gore P (2015) Genetic control of Eucalyptus globulus seed
germination. Ann For Sci 72:457-467. https://doi.org/10.1007/s13595-014-0450-9

Silva JS, Nereu M, Pinho S, Queir6s L, Jests C, Deus E (2021) Post-fire demography, growth and
control of Eucalyptus globulus wildlings. Forests 12:156. https://doi.org/10.3390/f12020156

Soares P, Tomé M, Pereira JS (2007) A produtividade do eucaliptal. In: Alves AM, Pereira JS, Silva
JMN (eds) O eucaliptal em Portugal — Impactes ambientais e investigacdo cientifica. Lisbon, pp
27-60

Suitor S, Potts B, McGowen MH, Pilbeam DJ, Brown P, Gracie A, Gore P (2009) The relative
contribution of the male and female to the variation in reproductive success in Eucalyptus
globulus. Silvae Genet 58:129-138. https://doi.org/10.1515/sg-2009-0017

Suitor S, Potts BM, Brown PH, Gracie AJ, Rix KD, Gore PL (2010) The impact of flower density and
irrigation on capsule and seed set in Eucalyptus globulus seed orchards. New For 39:117-127.
https://doi.org/10.1007/s11056-009-9159-2

Williams JE, Brooker MIH (1997) Eucalypts: An introduction. In: Williams JE, Woinarski JCZ (eds)
Eucalypt ecology: Individuals to ecosystems. Cambridge University Press, Cambridge, pp 1-15

117



Chapter 6

GENERAL DISCUSSION AND MAIN
CONCLUSIONS



6. General Discussion

Introducing species into new regions can facilitate adaptation and potential dispersal. As a
result, exploring novel niches with conditions similar to the native region creates a threat
associated with the invasive potential in these introduced ecosystems. Although E. globulus is
important for the world economy as a supply of forest products, its extensive planting raises
concerns about its invasiveness (Cao et al. 2022). In this context, it is critical to identify the
factors involved in the natural regeneration of this species in non-native areas to predict
dispersal risk and provide more effective control measures. Several concerns and findings
regarding this topic were addressed in the preceding chapters; this section presents a
summary of the key results of this research about the main drivers that influence the natural

establishment of E. globulus and provides recommendations for management.

Although it is known that forest fires promote the natural regeneration of E. globulus
(Larcombe et al. 2013; Aguas et al. 2014), this thesis shows how external factors
significantly influence sapling establishment: pre-fire management strongly limits it, while
the date and conditions following a fire, as well as the presence of older isolated seed-trees,
enhance it (Chapters 2 and 3). Furthermore, significant recruitment episodes require the
combination of several factors: fires followed by rainy episodes, plantations of a certain age
that are not subjected to regular cut regimes, or the presence of isolated seed-trees, which due
to their large size and height, increase density and the distance reached by saplings. On the
other hand, in the absence of fire, recruitment of new individuals is extremely low, even

under poor management conditions or nearby seed-trees, indicating a low spread capacity.

After a fire, seeds are released from capsules retained in canopies (dos Santos et al. 2015)
and find favourable conditions for germination, such as bare soil and reduced inter-specific
competition and allelopathic substances (Stoneman 1994). However, this research
demonstrated that the date of the fire is crucial since dry conditions after a spring fire limit
establishment, but fire occurrences before the rainy season stimulates recruitment
(Chapter 2). In line with this, Silva et al. (2021) reported a mean of 322 000 saplings/ha and a
maximum of 804 000 saplings/ha following the 2017 October fire event in Portugal, the

highest density ever recorded in a non-native area.

Although the timing of the occurrence of a fire is uncontrolled due to meteorological
factors, recurrent pre-fire management prevents significant recruitment events (Chapters 2

and 3). It was already known that periodic tree-cut rotation cycles avoid capsule production
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and seed maturation under no fire conditions by reducing propagule pressure and limiting the
dispersal of wildlings (Fernandes et al. 2016), and this practice is also relevant to restraining
recruitment even after a fire (Chapter 2). Plantations where trees are not periodically cut
result in a higher accumulation of capsules in the canopy for at least three years (Chapter 4),
increasing the risk of expansion (Chapter 3), since seeds maintain their viability during that
period and can germinate when conditions are favourable (Chapter 5). Furthermore, the lack
of management increases the growth of understory vegetation that stimulates fire spread and,
as a result, potentially increases the burned area (Fernandes 2009). Consequently, frequent
forest fires lead to rural abandonment and the development of unmanaged mixed plantations
(Silva et al. 2011), maintaining the cycle that may result in frequent wildling regeneration

potentiating E. globulus dispersal.

This study is especially significant because it includes, for the first time, isolated seed-
trees as a potential source of propagules, emphasising their previously overlooked
importance. Furthermore, accounting with their massive reproductive output, pre-fire
management do not have as much of an impact on natural regeneration under seed-trees. In
this case, the capsules accumulate in the soil throughout the year, and possibly when fire
passes through, it destroys only the capsules in the upper layer, allowing the seeds in the
bottom layers to germinate. Aside from increased recruitment, seed-trees provide more
favourable microclimatic conditions for sapling establishment (Chapter 3). Post-fire
resprouting in seed-tree branches can be especially determinant after spring fires to provide
shade that reduces soil water evaporation and high soil-surface temperatures, increasing
humidity and minimizing the impacts of water scarcity (Battaglia and Reid 1993; Stoneman
1994; Padilla and Pugnaire 2006); this will ultimately promote germination and establishment
in such harsh circumstances. This statement is confirmed since seed-tree saplings withstand
increasing aridity better than saplings growing nearby plantations (Chapter 3). Surprisingly,
except for lack of management, local factors that influenced sapling establishment in seed-
tree surrounding areas, namely stone and vegetation cover, altitude and aridity, had only a
negative impact, reinforcing that the presence of these large trees is a great factor that
enhances regeneration, pointing seed-trees as nurse plants (Cavieres et al. 2006), once their
presence facilitates the development of saplings. These findings highlight the critical role of
seed-trees as a source of wildlings and the need to consider these trees in management

strategies.
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Despite this, saplings were mainly observed close to the plantation’s limits or seed-trees,
especially in the first 30 m, confirming the low dispersal capacity of E. globulus. Also, even
after a fire, when conditions favour the germination and establishment of new individuals,

local factors play a relevant role, supporting the species’ limited ability to invade new areas.

However, a significant sapling survival was reported even two years following the fire
events in areas with no post-fire management (Chapter 2). However, offspring density is
expected to decrease (da Silva et al. 2011; Calvifio-Cancela and Rubido-Bara 2013; Lorentz
and Minogue 2015; Silva et al. 2021), most likely due to intra-specific competition (Adams et
al. 1993), yielding similar results to Aguas et al. (2014), who observed only 0.2 plants/m?
(with a maximum of 4.6 plants/m?) five years after a fire. In this regard, it is observed that
there seem to be periods of species naturalization, with reproduction occurring at a short
distance from the mother trees. However, climate change may dodge this scenario
considering an extension of the fire season ascribed to different post-fire conditions. For
example, the worst-case scenario was found after autumn fires in unmanaged plantations with
the highest natural regeneration, opening the door to potential invasive events. Nonetheless,
seed-trees’ presence led to a constant source of wildlings since increased sapling cover was

detected in all remaining combinations.

Given the potential risk of dispersal after fire events, clonal tree plantations should be
preferred over seedling-based ones, since the ones that were studied produce fewer
reproductive structures (Chapter 4) and less seeds per capsule (Chapter 5), which will limit
the establishment and subsequent dispersal of wildlings and minimize concerns about
E. globulus dispersal. Furthermore, within monoculture plantations of the same genotype
trees, despite pollen being able of dispersing about 700 m (Costa et al. 2022; Faia et al.
2022), insects will not be capable to pollinate flowers of different genotypes, thereby
enhancing inbreeding. Additionally, even when multiple clones are present, out-crossing
becomes more difficult due to variations in flowering time and duration among trees (Chapter
4). However, climate change could resemble flowering periods, increasing pollination
efficiency, so constant monitoring of these clones with lesser reproductive capacity will be

required.

The widespread utilization of clones in planted forests could potentially limit reproductive
capacity in certain scenarios, such as unmanaged or abandoned plantations, or even if one of

these trees became a seed-tree. In this sense, this limitation on reproductive capacity may be
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seen as a key sustainable practice, particularly in mitigating the potential risk of natural

regeneration outside plantation.

Overall, this thesis provides insights to the ongoing controversy surrounding E. globulus
dispersal, especially in new scenarios (Fig. 6.1) by addressing the identified knowledge gaps

and through its main findings.

Plantation Dispersal risk
(Artificial establishment) Natural establishment outside plantation

Plantation Seed-tree
Managed Unmanaged Managed Unmanaged
No Fire Limited Low Low Low
=
2 - June fire Low Low Medium -low Medium -low
2 &
=
305 October fire Low High Medium -low Medium -high
Local factors Tree age and heflfght & climatic Less influenced
conditions

Reproductive P I Low / Medium - I

: development low
Tree improvement H Clonal stands

programs
Seed ecology H Medium

Figure 6.1 Main outcomes from this thesis, considering the gaps in knowledge ascribed to E. globulus

establishment and dispersal.

In a nutshell it is crucial to emphasize the low risk associated with E. globulus in several
contexts: 1) in the absence of a fire, ii) following a fire combined with pre-fire management
and iii) after spring fires. However, the novel case of clonal stands implies particular caution
due to the heterogeneity observed among clones. Even so, in contrast to seedling-based trees,
clones displayed site-specific reproductive behaviour ascribed to a lower capsule production
and seed set. However, under favourable conditions clones could establish new individuals,

thereby creating opportunities for naturalization.

On the other hand, there are some scenarios that raise concerns, particularly those
involving the presence of seed-trees. Given their huge reproductive output, when combined
with fire occurrence and its capacity to mitigate harsh conditions, seed-trees promote the
naturalization and could contribute to the expansion process. However, as mentioned

previously, the worst-case scenario which poses the highest level of risk is the lack of
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management in plantations along with autumn fires, joining residence time and the highest
propagule pressure. Even so, the largest sapling cover was found within the plantation, and a
greater dispersal was restricted to 15 m beyond the plantation limits, confirming this species
low dispersal capacity. Moreover, it is crucial to account with local drivers influence on
post-fire natural regeneration, since saplings have shown high sensitivity to surrounding
conditions. Therefore, considering these outcomes, managers could decide the best

management strategies aiming to prevent dispersal events.
6.1 Management recommendations

Given the known critical role of high propagule pressure in an invasive process (Rejmanek
et al. 2005), optimal management strategies must target this attribute, whether from large
plantation areas or high reproductive output. As a result, adhering to best practices and

environmental guidelines can help reduce the expansion risk.

Even though saplings establish mainly in the first 15 m around plantation edges and seed-
trees, and their control after a fire is effective (Aguas et al. 2014; Silva et al. 2021), control
measures using mechanical tools in burned areas are recommended to mitigate any dispersal
events, particularly in the surrounding areas of the isolated trees. Moreover, dispersal could
be reduced by improving clone selection and silviculture. Firstly, the higher productivity of
improved trees may result in a decrease of planted areas, which, in addition to minimizing the
ecological implications of monoculture, also reduces the area suitable for dispersal. Also,
deploying improved forests, besides enhancing forest management due to greater uniformity
(Rezende et al. 2014), can combine reduced reproductive output with higher tree
productivity. Alternatively, interspersing seedling-based plantations with reduced
reproductive capacity clonal plantations could reduce seed production levels. Nevertheless,
before adopting these improved trees, a phenological assessment is recommended to ensure
lower seed output or even absence of production. In any case, short-rotation tree-cut cycles

should be advised to reduce flower and seed production and eliminate wildlings.
6.2 Conclusions

Planted forests provide economic benefits and are a desirable alternative to exploiting
native forests. However, special consideration must be given to the spread of exotic species,
since introduced species originated from similar areas generally demonstrate strong adaption

to new conditions and can cause significant damage in introduced areas. Eucalyptus globulus
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does not appear to be an invasive species in Portugal due to its poor spread capacity outside
the plantations, even in the presence of disturbances such as fire. Moreover, despite its high
propagule production, the species does not disperse beyond the limits of most plantations,
making its naturalization status based on its large planted area. Additionally, lower sapling
cover in burnt and unburnt managed areas indicates that lower residence time is crucial in
lowering this species’ natural regeneration and highlights for the positive effect of
management even in a pre-fire scenario. On the other hand, seed-trees are of concern as they

contribute greatly to species dispersal.

Regarding clonal trees, and because they vary in their reproductive biology, selecting
sterile genotypes or with limited seed production can reduce dispersal risk. Additionally,
short rotations minimize seed maturation and the number of years with substantial seed
production. Even when employing low seed production trees, monitoring should be
prioritized since climate change and adaptation to new conditions may increase dispersal

events.

Finally, the most effective management strategy for dealing with dispersal events is
prevention. Identifying the main factors responsible for the spread of an introduced species
allows the implementation of efficient prevention techniques, early identification of
recruitment events, and rapid actions to ultimately avoid an potential invasion. Together,
these strategies will ultimately ensure the maintenance of productive planted forests due to
their subsequent importance along with an effort to value biodiverse native forests.
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