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Ana Águas1,2 • Matthew J. Larcombe3,4 • Hugo Matias1 • Ernesto Deus1,6 •

Brad M. Potts4 • Francisco C. Rego1 • Joaquim S. Silva1,5

Received: 19 August 2016 / Revised: 4 March 2017 / Accepted: 20 March 2017 / Published online: 25 March 2017

� Springer-Verlag Berlin Heidelberg 2017

Abstract Despite the potential utility of a biogeographical

approach to understanding the naturalization of exotic

species, studies using this approach are scarce. Eucalyptus

globulus is an economically important Australian tree

species that has become naturalized in a number of coun-

tries where it was introduced. Portugal is an ideal territory

to study the naturalization of E. globulus owing to: a long

introduction history, the antipodal location compared to

Australia and the large cultivated area. Wildling density

was assessed in 116 E. globulus plantations in central

Portugal through 213 transects established along plantation

borders. Boosted regression trees were used to model the

influence of plantation-scale variables. Results from this

survey were compared with data obtained in plantations

from seven Australian regions, where a similar sampling

protocol had been used. In Portugal, wildlings were more

abundant in plantations that were: located in moist aspects,

coppiced, with older tree stems and corresponding to

intermediate site growth indexes. The overall density (127

plants ha-1) was 14.9 times higher than in the Australian

estate, but this ratio was reduced to 3.1 in a more compa-

rable subset of unburnt, first rotation plantations. A gen-

eralized linear model fitted using a dataset combining the

two surveys showed that country influenced wildling den-

sity, together with plantation rotation and stem age. These

results provide insights into the naturalization of a widely

cultivated tree species, pointing to a fundamental role of

the introduction history, possibly acting along with the

biogeographical characteristics of the introduced range.

Keywords Plant establishment � Exotic species � Eucalypt
plantation � Forest management � Introduction history �
Biogeography

Introduction

Human-mediated transportation of organisms between

different geographical regions is an ancient process. This

movement has often been bolstered by human interests in

particular species (Almeida and Freitas 2001; Wilson et al.

2009). At the global level, introduced species were used in

29% of afforestation and in 36% of reforestation pro-

grammes, between 2003 and 2007 (FAO 2010). Human

activity resulted in the naturalization (sensu Richardson

et al. 2000) of at least 3.9% of all known vascular plants

outside their original territories (van Kleunen et al. 2015).

The naturalization of these species is part of the invasion

continuum, and although not all naturalized species

become invasive, all invasive species first become natu-

ralized (Richardson and Pyšek 2012).
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Progression along this continuum involves several pha-

ses (Williamson 2006; Pyšek et al. 2009) and Blackburn

et al. (2011) highlight that naturalization is essentially a

multi-generational population process. Drivers of natural-

ization are context dependent and may interact (Lozon and

MacIsaac 1997; Richardson and Pyšek 2006; Essl et al.

2011). Features related to introduction history, like resi-

dence time and propagule pressure, are strong determinants

of naturalization potential (Lockwood et al. 2005; Pyšek

and Jarošı́k 2005, Pyšek et al. 2009; Simberloff 2009).

Other important factors include the susceptibility of the

recipient community to invasion, and environmental and

anthropic factors (Catford et al. 2009; Blackburn et al.

2011; Procheş et al. 2012; Richardson and Pyšek 2012).

The particular conditions created in cultivated areas can

either promote or prevent reproduction and seedling

establishment from introduced plants (Richardson and

Rejmánek 2011). The purpose of the introduction, for

example agriculture or forestry, often guides the selection

of provenances for cultivation, aiming at high survival,

growth, productivity and/or reproductive output in the

target habitat (Richardson 1998; Thuiller et al. 2006;

Rejmánek and Richardson 2011; Dodet and Collet 2012).

Cultivated forests can induce a high propagule pressure

through the accumulation of large amounts of seed which

may be released into the environment, especially after

harvesting of reproductively mature plantations (Wilson

et al. 2009; Rejmánek and Richardson 2011). Moreover,

cultivation inherently protects and maintains founder pop-

ulations from which new foci can be continuously recruited

(Mack 2000; Lockwood et al. 2005; Wilson et al. 2009).

Concurrently, the disturbance associated with cultivation

often fosters the establishment of exotic plants (Lozon and

MacIsaac 1997). However, management operations inten-

ded to improve crop conditions, for instance removing crop

competitors or reducing fire risk, may kill or at least injure

offspring of cultivated individuals (e.g. Águas et al. 2014).

Even harvest can have detrimental side effects on recruited

plants, depending on the harvesting techniques (McIver

and Starr 2000; Gonçalves et al. 2004).

Pinus and Eucalyptus are the most important genera

used as exotics in forestry (Rejmánek and Richardson

2011). Eucalyptus globulus Labill. is probably the most

widely cultivated eucalypt in temperate regions of the

world (Jacobs 1979; Rejmánek and Richardson 2011). This

species is native to south-eastern Australia, but it has been

planted in many other world regions particularly in late

twentieth century to supply the pulp and paper industry

(Potts et al. 2004). In 2008, the global area of E. globulus

was estimated to be around 2.3 million ha (Rejmánek and

Richardson 2011).

The naturalization of E. globulus outside its native

range has been reported by several sources (e.g. Sanz-

Elorza et al. 2004; Cal-IPC 2006). The drivers of wildling

establishment close to plantations were studied in seven

planting zones in Australia (mostly outside the native

range) by Larcombe et al. (2013), and in Portugal by

Catry et al. (2015) and by Fernandes et al. (2016). These

studies found important regional-scale variables that

influence wildling establishment, including temperature

seasonality and rainfall. The only significant plantation-

scale variable identified was the age of stems, in the

Australian study. Another study by Águas et al. (2014)

assessed the role of some plantation-scale variables in

Portugal, but it was only restricted to burnt areas. This

assessment was not targeted to professionally managed

plantations and therefore included a wide range of E.

globulus-dominated stand types. All three Portuguese

studies (Águas et al. 2014; Catry et al. 2015; Fernandes

et al. 2016) considered that poor or lack of management

may create more favourable conditions for wildling

establishment. Therefore, it is expected that in industrial

plantations where standard silvicultural practices involve

more intensive management, wildling recruitment should

be lower and more comparable with similar plantations in

other parts of the world. Larcombe et al. (2013) found

that E. globulus in industrial plantations in Australia was

a low-risk invader, given the overall low density of

wildlings detected (8 plants ha-1) within a 20-m strip

along the stand edge. The higher densities found in Por-

tugal (102 plants ha-1 inside; 67 plants ha-1 outside) by

Fernandes et al. (2016) within the first 15 m on either side

of the border of managed plantations may be related to

stand characteristics but also to the very different eco-

logical context, compared to Australia where the genus

Eucalyptus is native. These biogeographical differences

could arise through a reduced competitive environment

(e.g. Xiao et al. 2016) or through enemy release (e.g.

herbivores or pathogens) in the introduced range (Keane

and Crawley 2002). However, despite the importance of a

biogeographical approach to better understand the mech-

anisms that enable the higher success of some exotic

species in their introduced ranges, studies using this

approach are scarce (Hierro et al. 2005; Parker et al.

2013). Therefore, wider comparative studies are required

for better understanding the ecology of plant naturaliza-

tion and invasion. In the specific case of E. globulus,

Portugal is an ideal territory for such an assessment since

it has a long introduction history, it is one of the farthest

regions from the native territory, and it has about 1/3 of

the global area of plantations of this species (Rejmánek

and Richardson 2011; ICNF 2013). The work by Fer-

nandes et al. (2016) provides an interesting basis for such

assessment, but it was not designed with that purpose, and

does not address important plantation-scale variables such

as stem age, rotation or site index.
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The present work aims at filling some of the afore-

mentioned knowledge gaps, by studying the influence of

plantation-scale drivers on the abundance of E. globulus

wildlings in Portugal. The study adopted a sampling

methodology very similar to Larcombe et al. (2013) in

Australia, allowing comparison of the results from the two

antipodal regions. Therefore, this study specifically aims

to: (1) assess the plantation-scale drivers of wildling

establishment in a representative sample of E. globulus

plantations in Portugal; (2) compare the results obtained in

Portugal with data previously obtained in plantations from

Australia, managed under a similar silvicultural regime; (3)

use this comparison to provide insights into the natural-

ization process of one of the world’s most widely culti-

vated tree species.

Methods

Sampling

The sampling was undertaken in the Lower Tagus valley

in central Portugal (Fig. 1) a region representative of

much of the area managed intensively for pulpwood

production in central-southern Portugal. The latitude of

sampling ranged from 39�3200200 to 38�4700400 (83 km)

and longitude ranged from -7�4605200 to -9�0000800
(106 km). This region has relatively homogeneous cli-

mate, topography and soils. Most of the sampled planta-

tions were located on Podzols (66%) or Cambissols (29%)

and a few (5%) on Lithosols (Cardoso et al. 1971). The

studied region includes hilly areas and river flats with

altitudes ranging between 30 and 307 m above sea level

(according to GPS registrations during field work). Cli-

mate is Mediterranean with clear seasonality of temper-

ature and precipitation, corresponding to type Csa

(temperate with dry or hot summer) of the Köppen clas-

sification (AEMET and IM 2011). The region has a

considerable area occupied by eucalypt plantations. The

inspection of land cover maps (IGP 2010) within 10 km

buffers centred on each sampling unit showed that E.

globulus plantations correspond to 32% of forest occu-

pation and to 15% of the total surface in these buffers

(Fig. 1). According to our knowledge of the area, this

indicator of planting intensity can be considered repre-

sentative of the whole sampled region.

Fig. 1 Location of sampled transects in Portugal. The E. globulus distribution map was based on land cover cartography (IGP 2010)
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All sampled E. globulus plantations were owed by Altri

Florestal SA (hereafter Altri), one of the two major Por-

tuguese pulp companies. Altri manages an overall E.

globulus estate of about 63,500 ha, roughly corresponding

to 8% of the total area of eucalypt-dominated plantations in

Portugal and to 40% of the total surface managed by pulp

companies (CELPA 2015). Altri’s plantations are usually

coppiced every 10–14 years, over 2–3 rotations. Sampling

was planned to include a balanced number of plantations

from all rotations.

The field work protocol was based on Larcombe et al.

(2013), in order to compare wildling densities between

Portuguese and Australian plantations. Our sampling units

were transects established along plantation borders, aimed

at assessing the number of wildlings per surface unit. A

plantation border was defined as a virtual line that crossed

the boles of neighbour border trees. Border segments were

eligible for sampling as long as they were: neighbouring a

different land use; located at least 50 m away from another

eucalypt plantation at reproductive stage; as well as

homogeneous in terms of aspect and slope. More than one

transect could be sampled along the border of each plan-

tation. Given that high densities of wildlings were frequent,

plant counts were performed using plots (sub-samples)

set along each transect, and not along the whole transect as

in Larcombe et al. (2013). Plots were squares (20 9 20 m)

straddling the plantation border, divided in two halves. One

half-plot (10 9 20 m) was established inside the planta-

tion, and the other half was established outside. The first

plot of each transect was established 50 m after the starting

point, and the remaining were established every 200 m

farther along the transect. The geographical coordinates of

plot centres, start point and end point of each transect were

registered with a handheld GPS. The numbers of plants

inside and outside the plantation were recorded separately.

Wildlings were distinguished from resprouts or planted

individuals by checking their position and their size rela-

tively to the planted trees, and by checking the presence of

a lignotuber. Conservative criteria were used, so that only

plants with strong evidence of being wildlings were

retained. In total, 514 plots were sampled along 213 tran-

sects established in 116 E. globulus plantations. The

average number of transects per plantation was

1.84 ± 0.12 (min = 1, med = 1, max = 8). The average

number of plots per transect was 2.41 ± 0.10 (min = 1,

med = 2, max = 10).

Variables and datasets

Seven plantation-scale variables were used to model the

abundance (density) of wildlings (Table 1) in the sampled

region. These variables included information provided by

Altri on: the developmental stage of the plantation (age,

rotation), site index (see below), understory management

and topography. Since tree age (corresponding to stump

age in coppiced plantations) is correlated with the number

of rotations, we only retained the latter for further analysis

(variable ROTATION) and time-since-last coppice/plant-

ing was used as the age of tree stem (variable STEMAGE).

Site index in E. globulus plantations is the height of

dominant trees at 10 years. The original values

(min = 9.0 m, median = 18.8 m, max = 22.5 m) were

reclassified according to three categories (variable SIcat)

with similar frequencies: low (\18 m); medium

(18 m B SIcat\ 20 m); and high (C20 m). The topo-

graphical information provided by Altri was originally

obtained from 1:25,000 cartography produced by the Por-

tuguese Army Geographical Institute (IGeoE). Altitude

(variable ALTITUDE) was simply divided in two classes:

low (B100 m; a minimum of 30 m) and high ([100 m; a

maximum of 307 m). Slope (variable SLOPE) was divided

in three classes: flat (0%); gentle (B15%); and moderate

([15%). This latter class included 12 transects with slope

[30%. Topographical aspect (variable ASPECT) was

defined by two classes: wet (North and West) and dry

(South, East). Flat slopes were discarded from this variable.

Management information was considered relevant due to

the potential disturbance caused to wildling establishment.

Management information (years 2009–2014) was also

checked with local managers and field observations. Two

Table 1 Explanatory variables, factor levels and corresponding

number of transects, used in the BRT model

Variable Description Factor levels Frequency

(n transects)

STEMAGE Age of tree stem (years) – –

ROTATION Plantation rotation 1 68

2 73

3 72

SIcat Site index category Low 57

Medium 86

High 70

ALTITUDE Altitude class Low 87

High 126

SLOPE Slope class Flat 63

Gentle 92

Moderate 58

ASPECT Aspect class Dry 82

Moist 68

LD Last disturbance None 43

Cut 47

Till 123

See text for detailed description
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types of management operations (disturbances from an

ecological point of view) were considered: mechanical

cutting (tractor with rotary mower) and tillage (tractor with

disc harrow). For analysis purposes, only the last distur-

bance was retained for each transect, as it was considered

the most relevant to explain wildling density. Therefore,

management information was condensed in one single

variable LD—Last Disturbance (None, Cut or Till). The

‘‘None’’ level includes transects in plantations where no

management operations had been registered over the con-

sidered period. The average time-since-last intervention

was 2.0 years for cutting and 0.7 years for tillage.

Data analysis

Collinearity among explanatory variables was checked by

computing their VIF—variance inflation factors (function

corvif from the R package AED; Zuur et al. 2009). VIF

values were all below 1.5, so all variables were retained in

further procedures. Wildling density (plants ha-1) was used

as a dependent variable in a model developed using

Boosted regression trees—BRT (Elith et al. 2008) fitted

with a Poisson distribution (R package dismo; Hijmans

et al. 2016). BRT modelling is a machine-learning tech-

nique that is able to automatically identify and model

interactions, it is flexible in handling different types of data

and predictors, and it has high predictive power compared

to other methods (Elith et al. 2008). BRT combine two

basic algorithms: regression trees and boosting. Regression

trees are built through successive binary splits of the

response variable; each split results in two groups as

homogeneous as possible, according to a simple rule, based

on the most influential variable (De’ath and Fabricius

2000). Boosting is a method that combines many simple

models (in this case many regression trees) which allows

an improved predictive performance (Elith et al. 2008).

The relative importance of each explanatory variable is

based on how often that variable is selected for splitting.

Given the recurrent disturbance of the outer half-plot,

owing to the existence of roads and firebreaks close to the

plantation border, modelling included only the inner half

allowing obtaining more clear effects from the variables of

interest. An initial model included the number of plots in

each transect as a covariate to enable the detection of

sampling bias. Modelling procedures followed the recom-

mendations from Elith et al. (2008) and Elith and Leath-

wick (2016). The model for inside density was performed

using: 2500 trees obtained from cross-validation; a bag

fraction of 0.5 (proportion of data to be randomly selected

at each step); a learning rate of 0.001 (the contribution of

each tree to the growing model); a step size of 50 (initial

number of trees); and a tree complexity of 5 (the number of

interactions within a single tree). Model performance was

assessed through the percentage of explained deviance.

Differences in wildling density between the inner and the

outer half plots were assessed using a Wilcoxon test.

In a separate analysis, data from Portuguese stands

were pooled with those from plantations of seven planting

zones (hereafter ‘‘regions’’) in Australia, studied by Lar-

combe et al. (2013). Similarly to this latter work, wildling

density was considered within the whole plot (inside and

outside the plantation). In order to assess the relative

influence of the country factor, a generalized linear model

(GLM) with a negative binomial error distribution and a

log link (in order to account for overdispersion) was fitted

to the wildling density data. Variables Country (two

levels: Portugal and Australia), Stem age (continuous

variable) and Rotation (two levels: first rotation and

coppiced plantations), were used as explanatory variables

from the joint dataset combining the results of the Por-

tuguese and the Australian surveys. In this analysis we

discarded burnt transects because this variable was

unevenly distributed, being relevant only in one Aus-

tralian region (Gippsland). This model was simplified

using a backwards stepwise procedure where single non-

significant terms were removed and the subsequent sim-

plified model was compared with the previous model

using Chi-square tests. Higher-order interaction terms

were removed first, followed by lower order terms,

starting with those with the highest p value. Diagnostic

plots of residuals versus fitted values and QQ-plots were

used to check, respectively, for heteroscedasticity and

residual normality.

Wilding density in Portugal was compared separately to

each Australian region. This pairwise approach was used

because variation in wildling density, as well as vast dis-

tances between regions, meant an average wildling value

for Australia could be misleading. Mann–Whitney tests

were used to perform these comparisons, and the same

procedure was used to test differences in stem age. All

transects from each region were included to perform these

pairwise comparisons. No p value adjustment was intro-

duced in the results of the multiple tests (e.g. Rothman

1990). All analyses were performed using R software (R

Core Team 2015).

Results

Wildling establishment in Portugal

Overall, 2604 wildlings were counted across the 213

transects. Wildling density varied widely, showing a

strongly right-skewed distribution, with 38% of zeros.

Mean wildling density was 128.4 ± 24.0 plants ha-1

(min = 0, med = 25, max = 4000). Inside densities had a

Eur J Forest Res (2017) 136:433–446 437

123



mean value of 180.8 ± 27.5 plants ha-1 (min = 0,

med = 25, max = 2950). Outside densities showed higher

data dispersion with a mean value of 76.1 ± 31.4

plants ha-1 (min = 0, med = 0, max = 6375). According

to the Wilcoxon test, inside wildling densities were sig-

nificantly higher than those outside (p\ 0.001). However,

higher densities were found further than 10 m from the

plantation edge (data not shown); plants were from a range

of different sizes, with about half of the individuals above

1.3 m height (data not shown).

The BRT model explained 43% of deviance and

showed that the most influential variables explaining

wildling density inside plantations were: ASPECT,

ROTATION, STEMAGE and SIcat (Fig. 2). These vari-

ables accounted for 80% of importance in the model. The

remaining three variables were all below 10% in impor-

tance. An initial checking run including the number of

plots per transect showed that this covariate had no par-

ticular effect on the model results (an importance of only

6.3% with no particular trend). The BRT model showed

that wildlings are more abundant in moist aspects, in

second and third rotations, in plantations with older tree

stems and in intermediate site index categories. The

results from the remaining variables were not conclusive,

since the fitted function values were relatively close

among factor levels.

A comparison with Australia

The characterization of the surveys performed in Portugal

and in the seven Australian regions studied by Larcombe

et al. (2013) is presented in Table 2. Although the length of

surveyed plantation border was similar between Portugal

and some Australian regions, the number of transects was

in all cases much higher in the former. A considerable

difference was also noticed: in the proportion of transects

in coppiced plantations (much higher in Portugal); in the

mean age of stems (lower in Portugal; all p\ 0.001); and

in the proportion of transects in replanted plantations.

According to Altri registrations, plantations in Portugal

were nearly all ([95%) replanted in sites previously

occupied by E. globulus plantations. It must be noticed that

the concept of second rotation adopted in Larcombe et al.

(2013) included both the coppiced plantations and the

replanted plantations. Here, the concept of second and third

rotation refers only to plantations that were coppiced once

and twice, respectively. Plantations surveyed in only one

Australian region (Gippsland) were considered to be within

the local native range of E. globulus, and this was also the

region with the highest number of transects in burnt plan-

tations. The overall wildling density (total number of

wildlings divided by the total sampled surface) in Portugal

was 6.4 times higher than the highest overall density

Fig. 2 Partial dependence plots produced by the BRT model showing the relationships between the seven studied variables and wildling density.

See Table 1 for variables description
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obtained in Australia (in the Manjimup region) and 14.9

times higher than in the Australian regions altogether. In a

subset of unburnt first rotation plantations, this ratio was

reduced to 3.1.

The generalized linear model (Table 3) shows the

importance of Country in explaining wildling density,

within the ensemble of the three explanatory variables. The

model coefficients and respective significance levels for

Country and Rotation were similar and both considerably

higher than the coefficient of Stem age. The GLM showed

that wildling density is higher in Portugal, in coppiced

plantations and in plantations with older stems (Fig. 3).

Interactions among variables were not significant and were

not included in the final model. The model fitted with these

three variables was able to explain 22.2% of deviance.

When comparing the wildling densities found in Portugal

against each Australian region separately, the Mann–

Whitney tests showed that wildling densities in Portugal

were significantly higher than in all Australian regions

except Portland, but the detected differences varied widely

in their significance (Fig. 4).

Discussion

Plantation-scale drivers of wildling establishment

We found that plantation-scale factors explained a signifi-

cant component of the variation in wildling density

along the border of Portuguese E. globulus plantations.

Table 2 Characteristics of the survey in central Portugal compared with data from seven Australian regions Australian data are according to

Larcombe et al. (2013)

Region Surveyed

plantation

border (km)

No. transects % transects

in coppiced

plantations

Mean stem age

(years; ± SE)

% transects

in replanted

plantations

% transects

in burnt

plantations

Native

range

Overall

densitya

(plants ha-1)

Portugal 70.7 213 68.1 7.0 ± 0.19 [95 2.8 No 126.7

Albany 56.1 31 12.9 10.1 ± 0.51 12.9 0.0 No 11.3

Manjimup 21.5 33 24.2 10.8 ± 0.58 48.5 0.0 No 19.8

Grampians 17.2 19 0.0 10.9 ± 0.29 0.0 10.5 No 18.1

Penola 64.2 49 0.0 11.7 ± 0.15 0.0 0.0 No 0.6

Portland 44.5 40 0.0 11.2 ± 0.21 0.0 0.0 No 16.7

Gippsland 60.4 59 0.0 14.8 ± 0.33 0.0 62.7 Yes 4.3

Tasmania 26.5 38 0.0 11.4 ± 0.25 0.0 0.0 No 2.0

a Computed using the overall number of wildlings divided by the overall sampled area (400 m2 square plots in Portugal; continuous survey

along transects in Australia)

Table 3 Generalized linear model fitted with E. globulus wildling

densities in 437 transects established in industrial plantations from

Portugal and Australia, using data from this study and from Larcombe

et al. (2013)

Variable Coefficient (± SE) p value

Intercept 0.760 ± 0.534 1.55 9 10-1

Country

Portugal 1.466 ± 0.373 8.34 9 10-5

Rotation

coppiced 1.785 ± 0.317 1.78 9 10-8

Stem age 0.142 ± 0.045 1.50 9 10-3

Fig. 3 Relationships between stem age and wildling density (plants

ha-1) in a first rotation unburnt plantations and in b coppiced

plantations, surveyed in Portugal and Australia, according to a GLM

fitted using a database combining data from this study and from

Larcombe et al. (2013). Dashed thin lines correspond to 95%

confidence intervals. Note the different scales of the y-axis in each

graph
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Topographical aspect was the most important driver of

wildling density. Wildling density was higher on moist

than on dry aspects. The wildling preference for moist/cool

aspects might be related with edaphoclimatic constraints.

The Portuguese study region is located on the transition

zone between Atlantic and Mediterranean climates. Mean

temperature in the vast majority of sampled sites in this

region is close to or above the maximum found in the

planting zones of E. globulus in Australia (Larcombe et al.

2013). More than half of the studied area in Portugal has

annual precipitation close to the low limit for its natural

distribution (Kirkpatrick 1975; Jacobs 1979; Turnbull and

Pryor 1984), and precipitation is clearly seasonal with a dry

season of four months. This contrasts with the preference

for reduced seasonality in precipitation (Larcombe et al.

2013), especially if annual precipitation is close to its low

limit (Kirkpatrick 1975). Therefore, drought (especially

during summer) may limit wildling establishment in this

region. This is in agreement with several references that

identify either drought or frost as the main limiting factors

for E. globulus development in different regions of Portu-

gal (Almeida et al. 1994; Ribeiro and Tomé 2000; Alves

et al. 2012). In addition, drought can be aggravated in areas

where soils have little water holding capacity, such as

podzols that are the commonest soil type in the southern

part of the sampled region. Actually, in regions where

climate induces reduced water availability, E. globulus

persists only where mitigating factors exist such as south-

ern aspects (in southern hemisphere), along streams

(Kirkpatrick 1975) and in deep moist soils (Jacobs 1979).

Moreover, González-Muñoz et al. (2011) showed that this

species is more successful under moderate light and high

water availability conditions, normally associated with

deeper soils. In Portugal, these conditions are more

frequently found in northern and western aspects (Marques

and Mora 1992; Boer et al. 1996).

There may be several reasons why wildings were

more abundant in coppiced than in first rotation planta-

tions. Firstly, coppiced plants have well-developed root

systems and are likely to reach maximum reproductive

capacity sooner than seed-grown first rotation plants.

Secondly, site preparation following harvesting involves

ploughing, and may result in fewer residual seed than in

coppiced plantations where slash (canopy branches)

carrying unopened capsules is left on the soil surface.

Moreover, slash may act as a buffer against drought and

predation, helping seeds that dehisce from the slash to

germinate and establish (Fagg 2001). In line with this,

Skolmen and Ledig (1990) note that prolific germination

occurs after logging E. globulus, resulting in abundant

seedling recruitment. In addition, seed might be released

from capsules on the ground over an extended period.

For example, Santos et al. (2015) found that capsules on

the ground, presumably aged 0–6 years, may contain

significant proportions of viable seeds. Although we

could not assess the effect of previously existing plan-

tations, because nearly all plantations in the Portuguese

study region had been replanted, these mechanisms are

equally valid in this case and contribute to explain the

role of residence time in the naturalization of woody

plants (Pysek et al. 2009).

Wildlings were also more frequent in stands with older

stems, as was found in Australian plantations (Larcombe

et al. 2013). This pattern could be related with the pro-

duction and the release of seeds from trees. E. globulus

starts seed production in the wild approximately seven

years after germination or crown destruction (Kirkpatrick

1975), while, in fertilized plantations, trees can produce

Fig. 4 Wildling density (plants

ha-1; mean ± SE) in Portugal

and in seven Australian regions

using data from this study and

from Larcombe et al. (2013).

GIP stands for Gippsland,

GRAMPS stands for

Grampians, and TAS stands for

Tasmania. Asterisks represent

the result of pairwise

comparisons through Mann–

Whitney tests, between Portugal

and each Australian region

(* p\ 0.05, ** p\ 0.01,

*** p\ 0.001; ns

nonsignificant)
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seeds at three-five years old (Turnbull and Pryor 1984;

Barbour et al. 2008b).

Wildlings were more abundant in plantations with site

index between 18 and 20 than in better or worse sites. It

would appear as a logical preposition that wildlings would

have more resources to thrive in the best sites. However,

the sensitivity of E. globulus to asymmetrical intraspecific

competition (Tomé et al. 1994) may reverse this preposi-

tion. Actually, under asymmetrical competition, the better

suited the conditions are for E. globulus growth, the

stronger this competition is and the earlier it begins (Tomé

et al. 1994). In cases of very strong and/or prolonged

asymmetrical competition among eucalypts, the smaller

plants may not be able to thrive (Florence 1996). Hence,

the low density of wildlings in high site index plantations

may be a result of suppressive effects from the planted

trees. There is also the possibility of a trade-off between

growth and reproduction, with plants allocating more

resources to growth in the highly competitive environments

of eucalypt plantations located at the best sites (Suitor et al.

2010). Meanwhile, in the plantations with the lowest site

indexes, wildlings might have faced difficulties to thrive

owing to more adverse abiotic conditions, like drought or

nutrient availability.

The results for the remaining three studied variables

were not conclusive, given the low importance attained in

the variable selection process for building the regression

trees. Nonetheless, it is worth mentioning the unexpected

lack of importance of the management variable (LD) and

the very small differences between the different levels in

the partial dependence plot. This result may have several

explanations. Firstly, it may be partially explained by

uncertainty in the management data. It is possible that not

all recorded management operations have directly affected

the relatively small area surveyed by each individual

transect plot. For instance, the cutting and tillage opera-

tions were restricted to inter-rows, leaving the space

between trees within the rows undisturbed and available for

wildling establishment. In some cases, operations were not

continuous (covering one inter-row in every two) poten-

tially also contributing to the obtained results. Finally, as

sampled sites are owned by a pulp company, the absence of

cutting and tillage operations in some sites was likely due

to low density of wildlings and other understorey vegeta-

tion, which would not require mechanical control.

Although our results apparently contradict those found by

Águas et al. (2014) in central and northern Portugal, the

difference may be due to the different methods used to

assess management, as well as to different sample char-

acteristics. Additionally, the registration of management

operations in Águas et al. (2014) was restricted to direct

field evidence in areas that had been completely burnt and

in many cases submitted to salvage logging operations and

replanting. In such cases, the effect of tillage can be more

effective in reducing wildling density, as it normally

affects the whole surface. Moreover, the so-called

unmanaged sites sampled by Águas et al. (2014) were more

likely to be abandoned plantations as opposed to the ones

sampled in the present study.

Nonetheless, disturbance factors definitely played a role

in the resulting wilding density. In our study, wildling

densities were generally higher inside the plantation than

outside, similarly to the results obtained by Larcombe et al.

(2013) and by Fernandes et al. (2016). The type and the

frequency of disturbance inside plantations can be signifi-

cantly different from what happens outside. Plantations in

the study region were usually delimited by dirt roads and

firebreaks. Besides disturbance caused by traffic and

trampling, these areas are exposed to maintenance opera-

tions, mainly for fire prevention. This contrasts with the

less recurrent disturbance regime inside the plantations,

therefore, influencing the abundance of naturally regener-

ated eucalypt plants in either side of the plantation border.

The existence of higher wildling densities in undisturbed

areas beyond 10 m from the plantation edge (unpublished

data), somehow, confirms this explanation. Another pos-

sible reason contributing for this difference may be related

with a potentially more intense seed rain inside than out-

side the plantation.

Establishment success compared to Australian

plantations

The overall density of naturally regenerated plants found in

the Portuguese E. globulus plantations was substantially

higher than in the comparable Australian study by Lar-

combe et al. (2013). On the one hand, Portugal has a longer

history of E. globulus domestication and plantation estab-

lishment than Australia (Doughty 2000). On the other hand,

eucalypt species have evolved over millions of years on the

Australian continent (Thornhill et al. 2015). The compar-

ison between the two studies thus involves different bio-

geographical contexts and different introduction histories

in each specific region, including different sources of

germplasm, planting intensity and residence time. While

the observed difference is consistent with expectations of

naturalization and invasion syndromes such as release from

competition (Xiao et al. 2016) or enemies (Keane and

Crawley 2002), there are numerous other factors which are

confounded in the comparison between the countries, and

decoupling these effects is a major challenge.

Part of the observed country differences could be

explained by differences in plantation-scale factors related

with introduction history, including the proportion of

coppiced stands and the proportion of replanted stands.

Both these factors are associated with a longer residence
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time and a higher propagule pressure, therefore, potentially

contributing to the greater wildling density observed in

Portugal. While the effect of replanting could not be tested,

coppicing was proven to increase wilding density as dis-

cussed above. However, even after accounting for cop-

picing, we still found a large effect of country in the GLM

analysis, suggesting other factors may be contributing to

higher establishment in Portugal. These may include other

non-studied plantation-scale factors but also other more

general biogeographical features that determine the eco-

logical context in each of the two countries.

Genetic factors may partly explain these differences. It

has been shown that the Portuguese landrace had its origin

predominantly in southern and south-eastern Tasmania

(Lopez et al. 2001; Freeman et al. 2007), while Australian

plantations are likely to have a larger component of their

germplasm from the three Victorian subraces, including the

Strzelecki Ranges subrace (Potts et al. 2014). It has been

reported that this subrace has lower fecundity and produces

smaller seeds than those from southern and south-eastern

Tasmania (McGowen et al. 2004b). Bigger heavier seeds

produce seedlings with faster initial growth and may

improve establishment success (Simberloff 2009). Thus,

differences in germplasm may result in Portuguese plan-

tations producing more seed that is better able to establish

than the Australian plantations, possibly contributing to

differences in wildling densities between the two countries.

This higher reproductive output of Portuguese plantations

has potentially been compounded by a longer residence

time, when compared to Australia. This is in agreement

with Donaldson et al. (2014): reproductive output of exotic

species increases wildling densities over time, and this

effect gradually overwhelms the effects of other factors

over the course of residence time.

It is also possible that natural and/or artificial selection

has increased the fecundity and/or establishment capacity

of the Portuguese germplasm relative to the Australian

plantations. Eucalyptus globulus was introduced in Portu-

gal in the 1850s where it was extensively planted from the

mid-twentieth century (Radich 1994) and now corresponds

to 26% (around 0.8 million ha) of the forested area (ICNF

2013). In contrast, almost all Australian plantations of E.

globulus were established after 1996 and today cover

around 0.5 million ha (Gavran and Parsons 2011; Gavran

2015), predominantly outside the natural range of the

species (Barbour et al. 2008b; Larcombe et al. 2013). The

short history of Australian plantations means that there has

been limited opportunity for adaptation. Conversely, the

Portuguese E. globulus landrace has been influenced by

bottlenecks and genetic drift (Borralho et al. 2007), and by

both natural (Almeida 1993; Freeman et al. 2007) and

artificial (Lopez et al. 2001; Potts et al. 2004) selection

which may have resulted in better adaptation of E. globulus

to the plantation environment (Almeida 1993). There is

certainly evidence that after introduction, natural selection

has acted to improve E. globulus adaption to frost in Por-

tugal (Almeida 1993) and to drought in Spain (Turnbull

and Pryor 1984; Toro et al. 1998). While artificial selection

has mainly focused on improving growth and wood quality

traits (Borralho et al. 1992, 2007), flowering precocity and

fecundity may have also been enhanced (Borralho et al.

1992; L. Leal, pers. com.). There are two sources of evi-

dence, suggesting that the selection of mother-trees may

have increased seed production in Portuguese plantations:

(i) 37.6% of trees at plantation borders have capsules in our

Portuguese study region (unpublished data; 25 plantations;

stem age: 3–10 years), while in the Australian plantation

estate, reproductive output of border trees ranges from

7.8% (age 3–10 years) to 29% (age 8–12 years) (Barbour

et al. 2008a; Larcombe et al. 2014); and (ii) we observed

small wildlings which were reproductive in the juvenile

phase in the Portuguese survey, but these were never

observed in the Australian survey (M. Larcombe pers.

com.). Thus, better adaptation to the plantation environ-

ment in Portugal, including frost and drought resistance,

may have increased establishment potential, while artificial

selection of traits that improve seed production may have

increased net fecundity. These signals of adaptation may

contribute to increasing reports of naturalization (e.g. Silva

and Marchante 2012; Silva and Tomé 2016) since large

areas of plantations were established in the mid-twentieth

century. Concomitantly, adaptation may also help

explaining the differences found in wildling densities

between Portugal and Australia. In addition, the synergy

between longer residence time and larger reproductive

output in Portugal than in Australia may strengthen this

idea (Donaldson et al. 2014), no matter the origin of

fecundity differences between Portuguese and Australian

plantations (i.e. introduced germplasm or evolution).

It is unlikely that differences in the abiotic environment

would favour seedling establishment in Portuguese com-

pared to Australian plantations. Larcombe et al. (2013)

found that establishment was more likely in conditions that

were similar to the native range of E. globulus. Therefore,

if abiotic factors are important, it would be expected that

abiotic conditions in Portugal would be more similar to the

species native range than are the Australian planting

regions. However, the climate in the studied region in

Portugal is relatively distinct from both the native region in

Australia and the Australian plantation regions. In central,

Portugal precipitation tends to be less and seasonality is

clearly stronger than in those Australian regions (Kirk-

patrick 1975; Larcombe et al. 2013), and these conditions

are compounded by major differences in soil types. In fact,

other regions in Portugal, where wildlings are even more

abundant than in the region assessed in this study, have
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climatic conditions that resemble more the native region

(Catry et al. 2015). Hence, abiotic conditions do not seem

to be the main factor explaining the high wildling success

observed in many sites in the current study.

On the contrary, biotic interactions may have con-

tributed both to higher reproductive success and increased

establishment potential in Portuguese plantation environ-

ments. These include: release from competition, enemy

release and build-up of mutualistic relationships. Given the

industrial setting of both study regions, it is unlikely that

release from competition would drive large differences in

establishment. One possible interaction that could influence

reproductive success is release from competition for pol-

linators. Australian plantations may experience competi-

tion for pollinator resources with neighbouring native

eucalypt species, and such pollinator competition may be

absent from Portugal. On the other hand, despite E. glob-

ulus being exotic in the Iberian Peninsula, there are reports

of bird (Calviño-Cancela and Neumann 2015) and bee

(Apis mellifera) pollination, (H. Águas, pers. com.; Feás

et al. 2010) and no obvious pollinator limitation. Indeed,

Moncur et al. (1995) showed that the introduced A. mel-

lifera improves seed production and maintains outcrossing

of E. globulus in Tasmania. Flowers which are insuffi-

ciently fertilized abort (Suitor et al. 2008) and, while higher

proportion of trees with capsules in Portuguese plantations

most likely reflects selection for fecundity, the possibility

of more effective pollination services than in the Australian

plantations cannot be dismissed. However, pollinators of E.

globulus are generalists in its native range (Hingston et al.

2004), and having related plant species nearby may actu-

ally increase pollinator services in Australia relative to

Portugal where the pollinator community is likely to be less

diverse. Conversely, the high density of plantations in

Portugal (namely in the studied region) compared to the

Australian estate may significantly facilitate pollination

and fruit production.

The enemy release hypothesis may be more relevant to

the current study than release from competition. Strauss

(2001) reports that Australian eucalypt plantations acquire

more pathogens and pests from neighbouring native forests

than plantations of species exotic to Australia. In contrast,

in Portugal E. globulus had no major pests or diseases for

more than 100 years, with few local pests or pathogens

adapting to eucalypts (Goes 1977). Only recently, has E.

globulus been significantly attacked by species of phy-

tophagous insects and fungi, most of which were inadver-

tently imported from Australia (Branco 2007). In Portugal,

local browsing species do not feed on E. globulus (Catry

et al. 2007), and its juvenile leaves are unpalatable to stock

(Jacobs 1955). This is in marked contrast to the suscepti-

bility of E. globulus juveniles to marsupial browsing in

Australian plantations (Borzak et al. 2015). In fact, key

biotic interactions that could contribute to the success of

wildlings in Portugal are escape from pre- and post-dis-

persal seed predators. In Australia, wasps of the genus

Megastigmus are significant predators of seed held in

capsules in the canopy of E. globulus (McGowen et al.

2004a). Seed harvesting ants are also known to deplete

dispersed eucalypt seeds and limit plant establishment in

Australia (Ashton 1979) contrasting with recent findings in

Portugal, showing that a large proportion of post-dispersed

E. globulus seeds remains unharvested (unpublished data).

The build-up of mutualistic relationships may also be an

important factor in the different recruitment profiles

between the countries. As discussed above, site-level res-

idence time is far greater in Portugal where multiple

plantings and rotations of E. globulus have occurred on

most sites. However, in Australia the plantations assessed

were typically on sites never previously planted with E.

globulus. This difference raises the possibility that plan-

tations in Portugal have developed better mutualistic

interactions with other organisms that promote wilding

establishment, than Australian plantations where they have

had less time to develop. Positive soil conditioning, where

the presence of a species changes the biological, structural

and physio-chemical properties of a soil so that establish-

ment of that species is facilitated, is a prominent theory in

the invasion/naturalization literature (Suding et al. 2013).

There is evidence that eucalypt plantations do positively

condition soils (Orozco-Aceves et al. 2015), and Marchante

et al. (2001) found frequent ectomycorrhizal associations

between several native fungi and E. globulus in Portugal.

Ectomycorrhizal fungi are potentially a biotic component

of soil conditioning, so it is possible that the build-up of

mycorrhizal communities at the site level over time con-

tributes to establishment of wildlings. It has previously

been suggested that these associations may be crucial for

exotic establishment of eucalypt seedlings (Rejmánek and

Richardson 2011). It is also conceivable that these rela-

tionships could be especially important in our study region

where poor soils and water stress are frequent. However, E.

globulus plantations in Australia are likely to share myc-

orrhizal species, pest enemies and pollinators with neigh-

bouring native species (Strauss 2001), meaning that

Australian plantations may come pre-primed with mutual-

ists. Therefore, in the current contrast the effect of mutu-

alistic relationships is unclear but cannot be dismissed.

Conclusion

This work is the first to assess plantation-scale drivers of

wildling establishment in industrial E. globulus plantations

in Portugal and to compare wildling densities with those in

regions within the native range of the Eucalyptus genus.
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Plantation-scale drivers seem to explain a considerable

amount of variation in wildling density in the studied

Portuguese region. Aspect was the most important variable,

leading to the conclusion that water stress is an important

factor limiting wildling establishment. The significant

effect of stand rotation and stem age, also highlight the role

of propagule pressure. At present, the observed wildling

densities, with plants of different size, some of them

showing reproductive capacity, strongly confirm the natu-

ralization status of the species in Portugal. Meanwhile, the

observed densities at some plantation borders may require

control, as they increase fire hazard and may become new

propagule sources. Indeed, the location of observed

wildlings outside the plantation boundary points to a

potentially more relevant issue—their escape to other land

uses. Where there is such a concern, it has been suggested

that this risk may be minimized with suitable management

of plantation boundaries (Calviño-Cancela and Rubido-

Bará 2013; Catry et al. 2015; Fernandes et al. 2016).

Comparisons between Portugal and several Australian

regions showed that wildling density in Portuguese plan-

tations was considerably higher. Identifying the precise

differences that are causing variation in wildling recruit-

ment between two regions so far apart is virtually an

impossible task. Nonetheless, it is very likely that factors

related with introduction history (namely residence time)

should partly explain the observed differences, possibly

along with the biogeographical context of the two regions.

In fact, biogeographical factors may be at least as impor-

tant as introduction history, but further studies are needed

to shed additional light on the main naturalization drivers

of E. globulus.
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Almeida JD, Freitas H (2001) The exotic and invasive flora of

Portugal. Bot Complut 25:317–327

Almeida MH, Chaves MM, Silva JC (1994) Cold acclimation in

eucalypt hybrids. Tree Physiol 14:921–932

Alves AM, Pereira JS, Correia AV (2012) Silvicultura—a gestão dos

ecossistemas florestais. Fundação Calouste Gulbenkian, Lisboa

Ashton D (1979) Seed harvesting by ants in forests of Eucalyptus

regnans F. Muell. in central Victoria. Aust J Ecol 4:265–277

Barbour RC, Crawford AC, Henson M, Lee DJ, Potts BM, Shepherd

M (2008a) The risk of pollen-mediated gene flow from exotic

Corymbia plantations into native Corymbia populations in

Australia. For Ecol Manag 256:1–19. doi:10.1016/j.foreco.

2008.03.028

Barbour RC, Otahal Y, Vaillancourt RE, Potts BM (2008b) Assessing

the risk of pollen-mediated gene flow from exotic Eucalyptus

globulus plantations into native eucalypt populations of Aus-

tralia. Biol Conserv 141:896–907

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP, Vc

Jaroaı́k, Wilson JRU, Richardson DM (2011) A proposed unified

framework for biological invasions. Trends Ecol Evol

26:333–339
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Calviño-Cancela M, Rubido-Bará M (2013) Invasive potential of

Eucalyptus globulus: seed dispersal, seedling recruitment and

survival in habitats surrounding plantations. For Ecol Manag

305:129–137

Cardoso JC, Bessa MT, Marado MB (1971) Carta de Solos

1:1,000,000. Serviço de Reconhecimento e Ordenamento

Agrário, Lisboa

Catford JA, Jansson R, Nilsson C (2009) Reducing redundancy in

invasion ecology by integrating hypotheses into a single

theoretical framework. Divers Distrib 15:22–40

Catry F, Bugalho M, Silva JS (2007) Recuperação da Floresta após o

fogo. O caso da Tapada Nacional de Mafra. Centro de Ecologia

Aplicada Prof. Baeta Neves/ISA, Lisbon

Catry FX, Moreira F, Deus E, Silva JS, Águas A (2015) Assessing the
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