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Abstract: Several eucalypt species are known for their capacity to massively regenerate through seeds
in recently burned areas, becoming an ecological problem in regions where the species is not native.
Here we study the demography and the development of highly dense Eucalyptus globulus wildling
populations established one year after a fire and test two methods to control these populations. We
monitored five mixed E. globulus stands across one year, in Central Portugal. We established a set of
plots in each stand, with three treatments: mechanical cutting, herbicide spraying and no disturbance
(control plots). Herbicide was applied in four concentrations. We tagged randomly selected plants in
the control plots to monitor their growth. The initial mean wildling density was 322,000 plants ha™!,
the highest ever recorded in the introduced range. Wildling density was significantly dependent on
the density of surrounding adult E. globulus trees. Wildling density in control plots decreased 30%
in one year, although showing positive variations over time because of new recruitment. Despite
seasonal growth differences, wildlings showed a high growth rate throughout the year, reaching
15.6 cm month~! in the summer. The growth rate of tagged wildings was positively affected by solar
radiation and negatively affected by evapotranspiration and maximum temperature. Mechanical
cutting reduced wildling density by 97% while herbicide treatment reduced density between 80%
(for the lowest concentration) and 99% (for the highest concentration). Herbicide-treated plants
were more likely to resprout than cut plants. Regardless of the control method adopted (cutting or
herbicide), management strategies should include the follow-up of the treated areas, to detect the
establishment of new recruits and resprouting.

Keywords: Eucalyptus globulus; herbicide; plant invasion; seedling establishment; seedling growth;
wildfire

1. Introduction

Eucalyptus globulus Labill, commonly known as Tasmanian blue gum, is native to
Tasmania, the Bass Strait Islands and southeast Australia [1]. The species has been intro-
duced to several world regions outside the native range, being used mostly for paper
pulp production. It is currently one of the most popular and widespread fast-growth
eucalypt species, estimated to cover around 2.3 million ha worldwide [2,3]. Eucalyptus
globulus is also the eucalypt species which has been the focus of more research regarding its
invasiveness, being reported as invasive in several countries where it was introduced [4].
Portugal currently has a large area of E. globulus plantations, estimated as 845,000 ha,
corresponding to 26% of the Portuguese forest [5]. Most research on naturalization and
invasiveness of E. globulus has been developed in Portugal, a region where the species
seems to find particularly favourable conditions to successfully reproduce, both within [6,7]
and around [8,9] planted areas. Previous studies developed in Portugal and Australia,
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suggest that the average density of naturally-established E. globulus seedlings (wildlings) in
Portugal is several times higher than in the native range [10,11]. The factors that contribute
to the naturalization of the species in Portugal include a long introduction history, a large
planted area [6,10,12], the abandonment of forest plantations and recurrent wildfires [7,13].
Abandonment and poor management are key factors that may explain the existence of high
densities of wildlings in many areas across Portugal and Spain [14] but studies at a local
scale have been mostly carried out in commercial well-managed plantations [8,9].

Like many other eucalypts, E. globulus evolved in a fire-prone environment and
developed a set of fire adaptations [15]. The ability to regenerate the burned canopy and
the fire-triggered seed dispersal are important fire-adaptive traits [16,17]. The fruits of
E. globulus are woody pseudo-capsules with four narrow cracks (valves) that open and
release the seeds following capsule desiccation [18]. Seed shedding occurs throughout
the year, but dehiscence peaks are more likely after wildfires and hot, dry periods [19,20].
Seeds are relatively small (1-2 mm) and are released in high quantities, sufficient to
satiate seed predators [21]. They are mainly dispersed through gravity and wind [20],
readily germinating when exposed to moisture [18], namely in burned areas [22]. As a
result, burned E. globulus stands may present high densities of successful regeneration.
Aguas, et al. [6] found an average of 4800 E. globulus wildlings ha~! reaching a mean
height of 270 cm, five to seven years after fire, in a large survey carried out in Central
and Northern Portugal. However, despite the evidence of these high densities, there are
no field-based data on the demography and growth rate that resulted in these wildling
populations. Previous studies [18,23] suggest that fire should deplete the canopy seed
bank, resulting in one single post-fire recruitment event. Nevertheless, no one has ever, to
the best of our knowledge, monitored wildling populations of E. globulus to validate this
hypothesis. The only studies that assessed the early developmental stages of E. globulus
seedlings were sowing experiments [22,24-27]. None of these studies has analysed the
demography of well-established seedlings, i.e., the survivors after the first dry summer
season, when an important mortality is expected to occur because of water stress [25]. Only
one study was developed in burned areas [22], and none of these studies has monitored
seedling growth.

The naturalization of E. globulus may result in negative impacts on local ecosystems [2]
and increased fire hazard [28]. The species is also known for having a strong allelopathic
impact on other organisms [29-31]. These characteristics call for the adoption of proper
management practices in industrial plantations [32]. The spread of wildlings within and
around plantations may also have a negative impact on the local forest economy because
of increased competition for resources and higher management costs [32]. Therefore, the
control of post-fire wildlings is required either from an economic or an environmental
perspective. The management of E. globulus has been reported to involve the highest
expenditure among 22 invasive species in Spain [33]. The control of eucalypts, particularly
E. globulus, should be relatively easy when compared to species that form long-living soil
seed banks or regenerate through root suckers, as with several Acacia spp. As with most
eucalypts, seeds from E. globulus lack dormancy, being very sensitive and vulnerable to
burying, fungal attack or predation [34]). Herbicides, sometimes associated with cutting,
have proven to be effective at controlling some common invasive woody species such
as Acacia dealbata and Ailanthus altissima [35,36]. Cutting young E. globulus wildlings
near the ground using a brush cutter can be an effective alternative, provided that no
significant resprouting occurs after cutting. As for herbicide application, the only studies
on E. globulus are related to the control of weeds in plantations e.g., [37] or the killing of
stumps [38,39]. One of the reasons for this knowledge gap is the fact that E. globulus is not
legally recognized, at least in Portugal and Spain (Decree-Law 92/2019 and Royal Decree
630/2013, respectively), as an invasive species. On the other hand, the control of E. globulus
wildlings does not present the same challenge as it does the control of species that develop
a long-lasting seed bank, such as many Fabaceae. However, it is not known if and how
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well young E. globulus wildlings can survive or regenerate after herbicide application or
cutting because of the species remarkable ability to resprout [17,40].

In this study, we present the results of a one-year experiment established in unman-
aged mixed stands of E. globulus and other species, burned by a major fire event occurred
on the 15 October 2017 in Central Portugal. The stands were extensively colonized by
highly dense wildling populations of E. globulus, providing an opportunity to study the
natural dynamics of these populations and the methods to control them. The main goals of
this study are: (a) to assess the post-fire demography of E. globulus wildlings one year after
fire; (b) to measure the vegetative growth of those populations and determine the drivers
of that growth; (c) to test the efficiency of two control methods in the elimination of young
E. globulus wildlings.

2. Materials and Methods
2.1. Experimental Design

We conducted an experiment in the municipality of Santa Comba Dao in Central Por-
tugal aimed at studying the early-stage dynamics (growth and demography) of naturally-
established E. globulus wildlings and the efficiency of different control treatments. Accord-
ing to the Koppen classification, the region has a Warm-summer Mediterranean climate
(Csb) [41] with an average precipitation of 998 mm per year. Soils are derived from granite,
the local bedrock. The Santa Comba Dao territory is heavily occupied by E. globulus, present
in 43% of forest stands [42]. Many of these forests are mixed, due to poor management
and land abandonment, partly promoted by the recurrent wildfires [13]. The land plots are
mostly private and very fragmented with an average surface below one hectare [43].

The study was established at five forest stands (Colmeosa, Barba, Pévoa, Soito and
Torroal; coordinates in Table 1), representative of these mixed forests, composed by E. glob-
ulus and other tree species, mostly pines (Pinus pinaster), oaks (Quercus spp.) and the exotic
Acacia dealbata. The understory was strongly dominated by E. globulus wildlings, with some
native shrub (Cistus psilosepalus, Rubus sp., Ulex sp.) and herbaceous (mostly Pteridium
aquilinum and Rubia peregrina) species. The five forest stands were separated by less than
3 km (distances between 338 and 2657 m) at similar altitude (between 269 and 299 m;
Table 1) and around 57 km from the coast. The five forest stands were burnt by a large
wildfire which severely affected the study region on 15 October 2017, resulting in massive
recruitment of eucalypt wildlings, reaching hundreds of plants per square meter in some
areas. There are no records of other wildfires in these forest stands since 1975. Stands were
very diverse among them, both in terms of tree density and species composition, forming a
good representation of the chaotic mixtures of exotic and native trees from different origins
(natural regeneration and human agency) typical of this region.

We adopted a hierarchical sampling design, with five transects as the basic sampling
units, one for each forest stand. Initially, we established a series of five experimental blocks
of treatments across each transect aimed at testing alternatives to eliminate the eucalypt
wildlings. Each block was composed of three 1 x 1 m plots corresponding to the following
treatments: a Control plot (no disturbance); a Cutting plot, where all wildlings were cut at
ground level with pruning scissors; and a Herbicide plot, where all plants were sprayed
with glyphosate. The plots were arranged sequentially and oriented diagonally across the
transect, i.e., the transect was coincident with the diagonal (1.4 m long) of the squared
plot. Therefore, all transects were 21 m long (1.4 m X 15 plots). To assess demography and
growth at the individual level, five randomly selected plants were tagged for monitoring,
within each plot. Blocks had an increasing glyphosate concentration (from 0.5% to 2.5%,
with a 0.5% step) across each transect so that concentrations were not replicated within each
transect but only among transects. The 2.0% concentration was later discarded because
some of these plots had been established in patches with very low wildling densities.
However, although only four herbicide concentrations were retained for analysis (0.5%,
1.0%, 1.5% and 2.5%), the Cutting and the Control treatments associated with each 2% block
were still included in the final dataset. The commercial product used was glyphosate in the
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form of isopropyl ammonium salt with a concentration of 360 g L~! of active ingredient.
The product was then diluted in water, according to the different concentrations adopted in
the experiment. The water pH was lowered to pH = 4, using wine vinegar (6%), a common
technique to increase herbicide efficiency. The herbicide was sprayed uniformly over all
plants in each plot, using a backpack sprayer equipped with an anti-drip nozzle Tee]et
AI8004 (TeeJet Technologies, Glendale Heights, IL, USA). A plastic cover was installed
around the plot to prevent the drift of glyphosate into adjacent plots. Glyphosate is a
non-selective, systemic herbicide, meaning that the active ingredient is absorbed by the
plant organs [44]. Glyphosate was chosen because of its wide usage, including the control
of woody invasive plants with a strong resprouting ability such as Ailanthus altissima [36].

Table 1. Characterisation of forest stands. DBH: Diameter at breast height (mean + SE) of Eucalyptus globulus (Eg) and other
tree species (other spp.); Proportion Eg: the proportion of E. globulus trees in the stand; Closest Eg: distance from transect to
the closest E. globulus tree. Average density/average height: initial characteristics of the E. globulus wildling population.
Uppercase letters show the result of multiple comparisons among forest stands using a post-hoc Nemenyi test. Different
letters correspond to statistically significant differences (p < 0.05).

Forest Stand Characteristics Colmeosa Barba Povoa Soito Torroal

Coordinates 40°24'19.06" N 40°25'2.71" N 40°25'35.33" N 40°25'00.44" N 40°25'45.26" N
08°08'50.65” W 08°09'1.55” W 08°09'01.17” W 08°08'44.89” W 08°08'55.17" W
Altitude 269 269 284 280 299
DBH Eg (cm) 13.9 + 4.0 227 +32 13.0 +3.2 91407 50.7 + 7.2
DBH other spp. (cm) 35+0.6 41+0.7 33+05 144+50 20.8 £4.2
Tree density (trees/ha) 3199 + 1448 2012 + 1448 1572 + 520 589 + 162 1214 + 1535
Proportion Eg (%) 75% 25% 58% 17% 50%
Basal area Eg (m? ha~1) 36.4 20.4 12.1 0.01 122.5
Basal area other spp. (m? ha™') 0.8 2.0 0.6 8.0 20.6
Closest Eg (m) 25403 3.9+23 13401 71415 52423
Average density (plants m~1) 80.4 £24° 23.0+ 13" 195+1.0° 15.8+09° 219+ 1.6°
Average height (cm) 70.0 £ 2.7 abe 85.0 3.9 2P 66.9 4 4.0 < 56.4 4 4.7 ¢ 8724432

2.2. Data Collection

The monitoring of the experimental plots started on 19 November 2018, approximately
13 months after the major wildfire which affected this region. Treatments were applied on
27 November in all forest stands. Monitoring was performed approximately every two
months until 4 December 2019 (380 days), so there were six surveys: 19 November 2018
(survey 1); 14 February 2019 (survey 2); 23 May 2019 (survey 3); 18 July 2019 (survey 4);
9 October 2019 (survey 5); and 4 December 2019 (survey 6). In each survey, we counted the
number of plants that were alive in each plot and registered the presence of resprouting
and recruitment. The five tagged individuals of each plot were measured (plant height) to
assess plant growth across time.

Overall, we should have 450 (6 surveys x 5 transects x 5 blocks x treatment plots)
plot observations (including wildling counts and height measurements) per treatment
but some plot observations were lost (24, mostly in Control plots) due to missing data
and destruction by unknown agents. Considering that the 2% Herbicide treatment was
also dropped, we ended up with 401 plot observations over the whole experiment: 130 in
Control plots, 146 in Cutting plots and 125 in Herbicide plots.

The forest stands were characterised as to tree density, structure and composition. Tree
density was estimated using the point-centered quarter method [45]. With that purpose,
we divided the transect into three sections measuring 7 m each. At the middle of each
section, we established four orthogonal quadrants and in each quadrant, we registered the
distance from the closest tree to the intersection. Therefore, we registered information for
12 trees in each transect (3 quadrants X 4 trees). For each tree, we measured the diameter
at breast height (DBH) and registered the tree species. Only individuals taller than 4 m
were recorded for stand characterisation.

We collected meteorological data that could potentially help explain plant growth [25].
Meteorological data from the nearest station (ca. 29 km from the study area) was supplied
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by the Portuguese Institute for Sea and Atmosphere (IPMA). This information included:
maximum, minimum and average daily temperature (°C); maximum, minimum and
average daily relative humidity (%); daily precipitation (mm); average daily wind speed
(km h™1); average daily solar radiation (MJ m~'); and daily potential evapotranspiration
(mm). Based on the potential evapotranspiration, we computed crop evapotranspiration
(ETc) using the Penman—Monteith equation [46]. Averages were computed for each period
between consecutive surveys, so there were five sets of meteorological data, for the whole
period and all forest stands.

2.3. Data Analysis

To relate the initial wildling density and wildling height with the local conditions
of each forest stand, we built univariate generalized linear models (GLM) with a normal
error distribution and an identity link (n = 5 forest stands). The explanatory variables were
the average DBH of E. globulus trees, E. globulus density, the distance (of the transect) to
the closest E. globulus tree, and the basal area (m? ha~!) of E. globulus trees. We checked
whether there were significant differences in wildling density and wildling height among
the five forest stands at the beginning of the study, through a Kruskal-Wallis test, followed
by a post-hoc Nemenyi test, using the R package PMCMR [47].

Plant growth was analysed using the plants tagged in Control plots, by pooling height
measurements into one single mean value per plot and survey (wildling height). Changes
in wildling height between consecutive surveys were used to estimate the average growth
rate (cm month~!). We used a generalized linear mixed model (GLMM) to assess the
influence of two population variables (wildling density and wildling height, measured at
the beginning of each growth period) and weather variables (see Section 2.2) on the average
growth rate (n = 97) of surviving plants. Wildling height was introduced as a covariate,
to control its influence on the model output. The model was built with a Gaussian error
distribution. The transect and the block within each transect were used as nested random
effects, following the structure described by Bates et al. [48]. To avoid multi-collinearity
between explanatory variables, we computed variance inflation factors (VIF) to select
the final set of predictors, using the R package car [49]. We adopted VIF > 4 [50] as the
threshold for discarding highly correlated variables. The GLMM was built using the R
package Ime4 [48]. The variance explained by the model was estimated using the R package
MuMIn, according to the method proposed by Nakagawa and Schielzeth [51]. This method
delivers a marginal pseudo-R?, representing the variance explained by the fixed effects
and a conditional pseudo-R?, representing the variance explained by the whole model,
including the random effects.

We assessed the effect of treatments (Cutting and Herbicide in different concentrations)
on the net demography of the wildling populations, also using a GLMM with a negative
binomial error distribution. We chose a GLMM because mixed-effects modelling can
cope with unbalanced data such as in our case (different sample sizes for the tested
treatments) [50]. Net demography corresponds to the difference between the initial wildling
density (plants m~2) in each plot and the current wildling density, observed in the following
surveys. This response variable was chosen as an alternative to wildling density, to avoid a
zero-inflated model [50] resulting from the strong mortality in most of the cut and herbicide-
treated plots. The only dependent variable was Treatment with six levels (Control, Cutting,
Herbicide 0.5%, Herbicide 1.0%, Herbicide 1.5% and Herbicide 2.5%). Model structure
and the variance estimation were similar to those previously described for the growth
model. Model overdispersion was assessed using the function overdisp_fun from the same
package [52].

The presence of recruitment and resprouting in all plots were analysed to test the
independence between each of these binary variables and the three plot types (Control,
Cutting, Herbicide), using a Fisher’s exact test for count data with a simulated p-value. The
different herbicide concentrations were pooled into one single treatment, so the tests were
performed on 2 x 3 tables (presence/absence, three treatments). Pooling was necessary to
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get a balanced sample but also because the main goal was to contrast the three treatments,
regardless of the herbicide concentration. For the same reason incomplete blocks were
discarded, so we ended up with 60 plots, 20 for each treatment. The presence of resprouting
and recruitment was registered for all plots that had at least one observation of resprouting
or recruitment, respectively, over the six surveys. Individual counts were also performed
but these were not analysed because there was a risk of repeated counts of the same
individual. We have used R software to produce all the analyses and graphs presented in
this study [53].

3. Results
3.1. Characterisation of Forest Stands

The characteristics of the five burned forest stands listed in Table 1 correspond to
the information collected in survey 1. Colmeosa was the site with the highest percentage
of E. globulus, being also the site with the highest density of eucalypts. Torroal had the
largest E. globulus trees (higher average DBH). Soito was the site with the lowest: tree
density, percentage of E. globulus and average DBH, and with the largest distance to the
nearest E. globulus tree. The initial average density of E. globulus wildlings found in all
plots (1 = 75) was 32.2 + 1.4 plants m~2, ranging between 80.4 & 2.4 in Colmeosa and
15.8 £ 0.9 in Soito. The Kruskal-Wallis test showed significant differences between sites
(Chi-squared = 37.311, df = 4, p-value < 0.001), with Colmeosa presenting a significantly
different density, compared to the other forest stands (post-hoc Nemenyi test). The density
of E. globulus trees (obtained from the proportion of eucalypts within the estimated tree
density) was the only dependent variable that significantly explained the variability of
wildling densities among forest stands. The GLM showed a positive relationship between
the two variables (coeff. = 0.03; p = 0.010; n = 5, R? = 0.92). Most plots (52%) did not show
any presence of other plant species, being completely covered with eucalypt wildlings. At
the beginning of the experiment, the maximum height of tagged wildlings was 186 cm,
the minimum was 12 cm and the pooled average height was 73.1 & 3.0 cm (1 = 75). The
Kruskal-Wallis test showed significant differences between sites (Chi-squared = 46.665,
df =4, p <0.001). The average wildling height at Torroal was significantly higher than at
Soito and P6voa and the average wildling height at Soito was significantly lower than at
Colmeosa, Barba and Torroal. The GLM developed for the average wildling height did not
reveal any significant relationships between this variable and the stand variables.

3.2. Demography

Wildling density decreased throughout the experiment in Control plots. This reduction
was 30%, from 33.4 £ 2.7 plants m~2 (n=25),t023.4 + 2.6 plants m~2 (n = 20) observed in
the last survey. Two surveys (4 and 6) showed an increase of wildling density, compared
to the previous survey (see Section 3.4) because of the recruitment of new plants. At the
end of the experiment, the overall mortality of tagged plants in Control plots was 40%. We
did not consider the 25 plants of discarded plots, so this rate corresponds to 100 plants
in total. The mortality these 100 plants was low in surveys 2, 3 and 4 (7%, 3% and 2%,
respectively), but it sharply increased in the last two surveys (11% and 17%) corresponding
to the summer and autumn months.

3.3. Growth

At the beginning of the experiment, the average height of tagged plants in Con-
trol plots was 71.1 £ 5.1 cm (1 = 25) and the average height in the last survey was
173.1 £ 20.2 cm (1 = 14) (Figure 1). The initial average height in the 14 remaining plots (with
alive individuals in the last survey), was 66.5 £ 7.9 cm. The average growth in all plots
over the experiment was 8.4 + 0.7cm month~! (Figure 2). The highest growth rates were
observed in Spring and Summer, with 10.5 4- 1.4 cm month~! and 15.6 4 1.5 cm month~!,
respectively (Figure 2). Winter was the season with the lowest growth rate, with
3.4 + 0.4 cm month~!. The growth rate was positively influenced by solar radiation and
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negatively influenced by maximum temperature and evapotranspiration (Table 2). The
wildling height was the only population variable retained by the model, showing a positive
influence on growth rate. The marginal R? of the GLMM was 62.6% and the conditional R
was 62.8%.

Autumn Winter Spring Summer Autumn

200 1 n=14'

150 1 {
s : n=20 s

§ t
o
] 100 1
S : n=25
‘D n=25 :
T [ S E
50 1
0 -

2018-11-19  2019-02-14  2019-05-23 2019-07-18 2019-10-09 2019-12-04
Monitoring Date

Figure 1. Average height of E. globulus wildlings (mean + SE) registered in each survey, using the
plants tagged in Control plots. Dashed lines represent the limits of each season.

Winter Spring Summer Autumn
n=20
15 1
£
c
g n=20
e
<
g 197 :
@ :
m H H
< i n=18
s : n=14 :
o I :
— .
O E :
> :
n=25 :
2019-02-14 2019-05-23 2019-07-18 2019-10-09 2019-12-04

Monitoring Date

Figure 2. Average growth rate of E. globulus wildings tagged in Control plots (mean + SE) between
consecutive surveys. Dashed lines represent the limits of each season.
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Table 2. Generalized linear mixed model presenting the effect of wildling height, maximum daily
temperature, evapotranspiration and solar radiation on wildling growth (cm month~!). The table
shows the coefficients of the model, the respective standard errors, the z statistic and the associated
probabilities: <0.001 = ***; >0.05 = ns.

Estimate Std. Error t Value Pr(>1tl)
(Intercept) 2.221 1.527 1.455 ns
Wildling height 0.059 0.008 7.190 o
Maximum temperature -1.339 0.220 —6.091 o
Evapotranspiration —0.053 0.014 —3.806 ok
Solar radiation 1.597 0.163 9.780 o

3.4. Treatments

The effect of treatments on wildling density in comparison with the Control plots
is illustrated in Figure 3. Considering the start and the end of the experiment, wildling
density was reduced by 97% in the Cutting treatment, by 80% in the Herbicide 0.5%, by
88% in the Herbicide 1.0%, by 99% in the Herbicide 1.5% and by 99% in the Herbicide
2.5%. The reduction was abrupt in the Cutting treatment (97% between the first and the
second surveys) and Herbicide 2.5% (94% for the same period) and more gradual for
lower herbicide concentrations, in these latter cases taking two survey intervals to reach a
stable density.

The GLMM developed to assess the influence of treatments, showed that all treatments
had a positive influence on the net demography of E. globulus wildlings, with Herbicide
1.5% showing the highest coefficient (1.16; Table 3). Cutting and Herbicide 0.5% presented
the lowest coefficients (0.79 and 0.76, respectively). The marginal R? was 10% and the
conditional R? was 90%, showing a very high influence of plot location.

Table 3. Effect of treatments on the net demography of E. globulus wildlings as shown by a Generalised
Linear Mixed Model. The table shows the coefficients of the model, the respective standard errors,
the z statistic and the associated probabilities: <0.001 = ***; <0.05 = *.

Estimate Std. Error z Value Pr(>lzl)
(Intercept) 1.392 0.562 2478 *
Cutting 0.793 0.110 7.219 wHx
Herbicide 0.5% 0.763 0.160 4.749 ok
Herbicide 1.0% 0.927 0.171 5.407 x
Herbicide 1.5% 1.165 0.186 6.260 o
Herbicide 2.5% 0.978 0.203 4.821 xox

The Fisher’s exact test applied to the distribution of resprouting plants by the three
treatments (Control, Cutting and Herbicide) showed the existence of a dependent relation-
ship between the two variables (p < 0.001) (Figure 4). Pairwise comparisons showed that
plants sprayed with herbicide were more likely to resprout than plants in the control plots
(p <0.001). The lowest recruitment was registered in plots sprayed with herbicide (four out
of 20) even though this difference was not statistically significant. Both resprouting and
recruitment were first registered in survey 3 and continued in further surveys until the end
of the experiment. These results were in line with the distribution of recruits and resprouts
per treatment. The counts of recruits were 50, 61 and 8 plants for the Control, the Cutting
and the Herbicide treatments, respectively. Resprouting was observed in 19 and 37 plants,
in the Cutting and Herbicide treatments, respectively.
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Figure 3. Graphs showing the effect of each treatment (dashed lines) on wildling density (mean + SE),
compared with the Control plots (solid line): (A) Cutting; (B) Herbicide 0.5%; (C) Herbicide 1.0%;
(D) Herbicide 1.5%; (E) Herbicide 2.5%.
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Figure 4. Frequency of plots with presence and absence of resprouting (upper graph) and recruitment
(lower graph), over the experiment (1 = 60), distributed by treatment.

4. Discussion
4.1. Wildling Establishment

We should consider the local nature of our study and the particular establishment
conditions because the experiment was conducted in a small territory in a particular year.
The sampled forest stands were chosen for being a representative example of the massive
post-fire establishment that occurred in large areas of Central and Northern Portugal, after
the 2017 wildfires. Therefore, our study can be considered an extreme example of the
potential post-fire establishment and early-stage development of E. globulus wildlings,
in the introduced range, under very favourable circumstances. We found much higher
wildling densities (up to 804,000 plants ha~!) compared to other studies on E. globulus
and even on other eucalypt species. The highest eucalypt wildling densities registered
in the available literature were in burned stands. Ruthrof, et al. [54] and Ruthrof [55]
have reported densities between 2610 (E. cladocalyx) and 5200 plants ha=! (E. megacornuta)
in an urban park in Western Australia (non-native range) eight and 12 years after fire,
respectively. Aguas, et al. [6] have found 4800 plants ha~! in a large survey of burned
eucalypt and pine-dominated stands, across Central and North Portugal. Calvifio-Cancela
and Rubido-Bara [27], estimated maximum recruitment as 20,000 plants ha—!, forE. globulus
seeds fallen within the first 5 m from the plantation edge. Therefore, to the best of our
knowledge, the present work reports the highest eucalypt wildling densities ever recorded,
exceeding by far the values reported by other studies. The reasons for this disparity are
multiple and should be addressed.

The age of the wildlings is an important aspect to consider because the density of
tree populations tends to decrease over time. Considering that seed dehiscence occurs
within the first five weeks after fire and that most germination occurs within the first two
weeks after dehiscence, [23,25] it is reasonable to assume that most wildlings were about
one-year-old at the beginning of the experiment. Therefore we can assume that most of
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the 234,000 plants ha~! found at the end of the experiment were two-years-old. If we
apply an average mortality rate of 30% (according to our results) we would expect to have
80,262 plants ha~! after five years and 39,328 plants ha~! after seven years, still much
above the density reported by Aguas, et al. [6] five to seven years after fire. Therefore, the
young age of the wildling populations surveyed in this study does not seem to explain
alone, the high densities observed.

The abandonment of E. globulus stands has been related to higher wildling establish-
ment, compared to managed plantations [6,8]. Stand characteristics (mixed, uneven-aged
stands) suggest that the sampled stands have resulted from the abandonment of former
plantations. On the other hand, wildling density was directly related to the density of
adult eucalypt trees, some of them presenting a DBH, greatly beyond what is commonly
found in managed plantations. Bigger trees correspond to increased seed production and
dispersal, which may contribute to the high wildling densities recorded [56]. Wildling
establishment was also positively influenced by environmental factors. According to the
models developed by previous authors [11,14,57], the study region has good conditions
for E. globulus establishment, in terms of annual precipitation, altitude, and distance from
the sea.

The circumstances related to the fire season have probably played a major role in
the very high wildling densities recorded in our study. Seeds have higher germination
success if adequate moisture conditions are met shortly after dehiscence. The shorter the
time-lag between dehiscence and germination cues, the higher will be the probability that
seeds will escape predation and natural decay [58,59]. The fire occurred unusually late
in early autumn (15 October), two days before significant rainfall (13 mm). The resulting
soil moisture has probably created optimal conditions for rapid seed germination and
seedling establishment. These conditions have probably allowed many established plants
to develop and escape the water stress, typical of summer months. Previous studies have
also found higher seedling survival in autumn sowings compared to spring sowings,
thereby supporting this hypothesis [24,27].

4.2. Wildling Demography

There was a considerable reduction of wildling densities in Control plots, over one year.
High mortality at this stage is expected due to the high density of plants and consequent
intraspecific competition. Previous studies on E. globulus demography report very low
survival rates during the first year, but provide no information for further developmental
stages. Nereu, et al. [25] registered 0% survival one year after sowing, Fernandes, et al. [24]
registered a maximum survival of 1.3%, 300 days after sowing, and Calvifio-Cancela and
Rubido-Bara [27] estimated (based on a sowing experiment) E. globulus survival to be
between 3.7% and 19.9%, 180 days after dehiscence. The survival rate of tagged plants
in Control plots was 60% and, therefore, much higher than the values reported by these
studies. Besides the reasons previously outlined, related to the age of the plants, the
stand characteristics, the season of the fire and the environmental conditions, differences
in demography were also probably related with the characteristics of the experiments
presented in the cited studies. Sowing experiments use a limited number of seeds, and can
hardly mimic natural conditions, such as those reported in our study. Seed availability is a
key factor that strongly affects plant abundance [60] since it influences the probability that
some seeds will reach microsites with good conditions for seedling survival [61].

The presence of new emerging wildlings during our study contradicts the expectation
created by previous studies, of a single fire-triggered dehiscence event leading to the
depletion of the canopy seed bank [18,23]. The uneven-sized populations of E. globulus
wildlings found by Aguas, et al. [6] in burned areas could be the result of continuous
recruitment after fire. Eucalyptus globulus does not form a seed bank [34] so recruitment
should have originated mostly from capsules in the canopy of neighbouring eucalypt trees.
It is also possible that encapsulated seeds on the ground may have been preserved, and
released later due to disturbances caused by animals, people or wind [23]. Regardless of
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the involved mechanisms, recruitment was very likely higher than the small increase of
wildling density registered in the Control plots in the fourth and sixth surveys, because
this increase represented the difference between mortality and recruitment. Considering
that the average number of tagged plants in Control plots has decreased 10% more than
the overall density of these plots (40% vs. 30%), we can reasonably assume that this value
should be close to the overall new recruitment that was alive at the end of the experiment.
This percentage corresponds to 3.3 plants m 2 year~! (11% of the initial average wildling
density in Control plots), a high number that does not include the plants that established
and died during the experiment.

4.3. Wildling Growth

One year after fire the tagged plants that survived were on average 71 cm height,
reaching 173 cm at the end of the second year. Comparisons with other studies are difficult
because there is no published information about the early growth of E. globulus wildlings.
The few previous studies (sowing experiments) report growth rates that are much lower
(less than 10 cm year‘l) than the values registered in our study [22,25]. The wildlings
surveyed by Aguas, et al. [6] five to seven years after fires in Central and Northern Portugal
were 270 cm height on average, although with a wide variation among samples. Site
productivity was found to be an important driver of plant height. Similarly, we found
significant height differences among forest stands, revealing that local site conditions can
be determinant for early wildling development.

Growth data was associated with strong seasonality, showing a peak in spring and
early summer. The difference between spring-early summer growth and winter growth
was about five-fold. In Mediterranean climates, most plant species, including E. globulus,
should find the most favourable growth conditions in spring-early summer, as opposed
to late summer (hydric stress) and winter (low temperature and low solar radiation) [62].
Despite seasonal differences, we should highlight the continuous growth over the year,
as opposed to many native tree species which become dormant in the cold season. The
GLMM developed to explain the growth rate has confirmed the strong relationships
between weather variables and growth, showing a positive effect of solar radiation and
a negative effect of evapotranspiration and maximum temperature. The first variable is
the fundamental driver of photosynthesis, while the latter two are limiting factors directly
related to water stress. Although these effects were expected [62] we should stress the
fact that these variables were more important than the structural characteristics of the
wildling population (wilding density and height) in explaining growth variability among
populations and across time.

4.4. Effectiveness of Control Methods

Our research shows that the application of chemical or physical control methods can
significantly reduce the densities of young E. globulus wildlings. After 380 days, cutting and
the highest concentrations of glyphosate (1.5% and 2.5%) caused a 97% to 99% reduction in
wildling density. It is important to note the very high value of the conditional R?, compared
to the marginal R?, showing that the effect of treatments was strongly site-dependent. We
also observed that resprouting was significantly more frequent in Herbicide plots, com-
pared to Control plots, than in Cutting plots. This result was surprising since glyphosate is
rapidly absorbed and translocated to the tissues of higher metabolic activity [44] acting
through enzyme blockage [63], which should strongly affect resprouting. Although several
studies report the development of resistance mechanisms to glyphosate [64], it is very
unlikely that E. globulus wildling populations would have developed such mechanisms.
However, we should stress the strong resprouting capacity of E. globulus associated with
the presence of a lignotuber [17,65]. Although the long-lasting effects of lignotubers on the
survival of decapitated seedlings have been demonstrated [65], our results suggest that
resprouting can also occur when a chemical disturbance is applied.
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Our experiment shows the need to apply high concentrations of herbicide for it to be
effective. Considering the concentration of the solution, and the volume of the product
applied per square meter, the four herbicide treatments ranged from 1.9 kg ha~! (weight of
active ingredient) in the lowest concentration up to 14.0 kg ha~! in the highest concentration.
The technical recommendations of the manufacturer point to a maximum of 2.5 kg ha~!,
which means that only the least concentrated solution (0.5%) met that recommendation. In
current forestry practices, the application rate should not exceed 4 kg ha—! [66] although
there are references of application rates even higher than the 2.5% concentration e.g., [67].
We observed that one year after treatment there were still 6.6 plants m? in the 0.5% herbicide
plots, which suggests that E. globulus wildlings may present considerable resistance to
standard applications of herbicide.

Considering that the 1.5% concentration has delivered similar results to the 2.5%
concentration, it seems reasonable to use the lower herbicide concentration both from an
economical as from an environmental point of view. The cost of the herbicide (current
prices in Portugal) amounts to 219 € ha™!, for a 1.5% herbicide application, to which we
should add around 80€ of labour costs. The application of cutting operations using a
brush cutter ranges from 383 € ha~! to 1150 € ha~! (according to the official tables from
the Portuguese authority for forests), including manpower. Therefore, although similarly
effective, cutting seems to be a more expensive solution compared to herbicide application.

5. Conclusions

Although our study did not aim to assess ecosystem impacts, there are ecological
consequences that should be drawn from our results. The high plant density, the limited
mortality and the fast growth of E. globulus wildlings portrayed by our dataset suggest
that the naturalization of E. globulus under favourable post-fire conditions can have a
strong impact on local ecosystems. The complete absence of other plant species in more
than half of the surveyed plots supports this hypothesis. Moreover, our results show that
recruitment is a continuous process not limited to a single post-fire episode, which calls for
additional attention to the problem of post-fire management in recently burned eucalypt
stands. Nonetheless, the fire event that triggered E. globulus dehiscence and the massive
plant recruitment had special characteristics since it occurred in mid-autumn, followed
by significant rain, providing optimal soil moisture that allowed high seed germination
rates. Therefore, special attention should be paid to fire events that occur late or after the
fire season, because of the increased risk of high wildling establishment.

Both herbicide and cutting treatments proved to be effective alternatives to control
young wildling populations of E. globulus. Although herbicide may be a more economical
alternative compared to cutting, we should consider the strict regulations for herbicide
application and the potential impacts on the environment, especially the risk to water-
courses [68]. On the other hand, herbicide was able to match the performance of the cutting
treatment only for high product concentrations, beyond what is technically advised, and
was more prone to resprouting. Therefore, under the conditions of our study, cutting
should be a better alternative for managing young E. globulus wildlings. Regardless of the
control method adopted, the monitoring of the treated areas is of paramount importance,
to detect resprouting plants and new recruitment, as observed in our study.

Until recently, most literature on eucalypts and particularly on E. globulus has been
focused on wood production from plantations and the respective environmental impacts.
Therefore, the ecology of E. globulus as a naturalized species in the introduced range was
and still is, poorly known. The data presented in this study show for the first time the early
behaviour of recently established wildling populations in a post-fire environment and the
ways to control it. This information can be useful for knowledge-based management of
these novel ecosystems (in the sense of Hobbs, et al. 2006) [69] in their areas of expansion
in western Iberia (Portugal and Spain) and elsewhere in regions prone to E. globulus
naturalization [2]. However, more focused research is needed to assess the real impact of
the establishment of E. globulus wildlings on local plant communities.
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