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A B S T R A C T   

Plantations of Eucalyptus species have been widely used in Spain to meet the high demand for wood given their 
rapid growth and high wood production capacity. Defoliation induced by the invasive eucalypt weevil (Gonip
terus platensis (Marelli)), however, has been causing significant economic damage to Spanish Eucalyptus spp. 
plantations since the 1990s. G. platensis is native to Tasmania, Australia, where populations are controlled by 
natural enemies including the egg parasitoid Anaphes nitens Girault. In this study, spatio-temporal Universal 
Kriging was applied to examine the dynamics of defoliation damage caused by G. platensis in Spanish Eucalyptus 
spp. plantations and to identify the main factors associated with the presence and spread of the pest. The data set 
combines the Spanish national plots belonging to the network of the European transnational survey of forest 
condition in Europe (ICP Forest Level I, 16 × 16 km grid) along with regional plots, measured using similar field 
protocols, in which Eucalyptus spp. are present. A total of 264 Eucalyptus plots were included in the study, 
G. platensis being present in 167 of these plots at some time during the observed period (2005–2020). Our results 
show that defoliation damage > 0% and defoliation damage > 5% caused by G. platensis increased over the 
period 2005–2010 and then decreased between 2010 and 2020. Defoliation damage > 15% incidence steadily 
decreased from 2005 to 2015, but showed an upturn in 2020. Stands belonging to the Atlantic region are more 
affected by this pest (76% of the Atlantic sampling plots affected versus just 4% of the Mediterranean plots). The 
species Eucalyptus globulus Labill. and monospecific stands, as well as spring precipitation of the current year 
were found to be positively associated with the incidence of G. platensis whereas the relationship with summer 
temperature of the previous year was negative. Finally, maps showing the degree of incidence over time have 
been produced to support decision-making for pest prevention and control. This study puts forward a method
ology which allows the spread of this pest to be better understood and simulated, thus facilitating risk 
prevention.   

1. Introduction 

Eucalyptus spp. have been extensively planted outside their native 
Australian range, their distribution having expanded dramatically over 
the last three decades (Bennett, 2011; Wingfield et al., 2015), also in the 
Mediterranean area (López-Sánchez et al., 2021; Queirós et al., 2020). 
Eucalyptus spp. are used in commercial plantations because of their rapid 

growth, adaptation to different environments (different altitudes, cli
mates and soil types) and their multiple end uses (pulp paper, timber, 
medicinal, perfumery, oil, firewood) (Da Silva et al., 2011; Sunder, 
1995). One of the key drivers contributing to the global expansion of 
intensively managed Eucalyptus spp. stands was the initial lack of natural 
enemies beyond their native range and the concomitant favorable con
ditions for growth (Colautti et al., 2004). 
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Fig. 1. Bioclimatic regions (Rivas-Martínez et al., 2004), distribution of Eucalyptus spp stands according to Spanish Forest Map (SFM) and plots belonging to ICP- 
Forests (LIMP-ICP) and Regional Monitoring Networks (RMN). 

Fig. 2. Average damage extent (%) caused by G. platensis in Eucalyptus spp. plot-year for the reference period 2005–2020 in Spain.  
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Following their introduction into Europe in the late 18th century 
(Badalamenti et al., 2018), plantations of Eucalyptus spp. expanded 
rapidly from the middle of the 20th century in some of the most pro
ductive areas of the Iberian Peninsula (López-Sánchez et al., 2021; 
Rodríguez-Soalleiro et al., 2018; Tomé et al., 2021). In Spain, E. globulus 
Labill. is the preferred species because of its rapid growth and wood 
properties, hence it is by far the predominant species, followed by 
E. nitens H. Deane & Maiden and E. obliqua L’Hér. in the north, and 
E. camaldulensis Dehnh. in the south (López-Sánchez et al., 2021; 
Queirós et al., 2020; Tomé et al., 2021). In 2018, Spanish Eucalyptus spp. 
plantations covered a total area of almost 620,000 ha. It is estimated that 
this represents 80 M m3 of standing wood, producing more than 7.8 M 
m3 of merchantable wood each year, which can reach a value of more 
than €200 M. Furthermore, Eucalyptus spp account for 39% of total 
fellings in Spain, more than any other species (MITECO, 2018). 

The eucalypt weevil Gonipterus scutellatus Gyllenhal (Coleoptera: 
Curculionidae), presently recognized as representing a complex of at 
least ten cryptic species (e.g., G. platensis (Marelli) and G. pulverulentus 
Wakef) (Mapondera et al., 2012; Schröder et al., 2020), was one of the 
first invasive insect pests of Eucalyptus spp. to be recorded outside its 
native range (Clark, 1937; Tooke, 1955; Withers, 2001). Gonipterus spp. 
have become a global pest of Eucalyptus and have spread to numerous 
countries over the five continents (Hurley et al., 2016; Schröder et al., 
2020). Italy was the first country in Europe to detect the insect in 1975, 
while in Spain, it was detected in 1991 (Mansilla Vazquez, 1992). 
Mapondera et al. (2012) identified the species G. platensis as the 
Gonipterus sp. presents in Spain, therefore this reference will be used 
henceforth in this article. 

Significant losses in growth and wood production have been attrib
uted to G. platensis feeding damage in Eucalyptus spp. plantations. The 
feeding damage includes defoliation of the crown, epicormic and stun
ted growth caused by the larvae and adults (Tooke, 1955). While the 
larval stages prefer young leaves, which mainly occur in the upper third 
of the crown, the adults feed on the edges of the mature leaves. 
Consequently, the larval stage is the most damaging feeding stage (Rua 
et al., 2020; Schröder et al., 2020). Infected trees show a ‘stag-horned’ or 
‘witches broom’ appearance with clusters of dead shoots, resulting in 
significant growth loss (Lanfranco and Dungey, 2001; Tooke, 1955). 
Crown-loss defoliation of 25–50% can result in over 20–85% loss in 
wood production, respectively, over a 10-year growth period (Reis et al., 
2012). In continental Portugal, wood loss in Eucalyptus spp. associated 
with damage caused by G. platensis amounted to €648 M in the last 20 
years (Valente et al., 2018). The larval parasitoid Anaphens nitens Girault 
(Hymenoptera: Mymaridae) has been used to control G. platensis across 
most of its distribution area (Valente et al., 2017b), but it has failed to 
provide satisfactory results in several regions (Cordero Rivera et al., 
1999; Gumovsky et al., 2015; Loch, 2008; Reis et al., 2012; Tooke, 1955; 
Tribe, 2005; Valente et al., 2004). However, despite the severe conse
quences of Gonipterus spp. in Eucalyptus plantations, few studies have 
addressed (e.g. Alvarez Taboada et al., 2004; Lottering et al., 2019) the 
biotic or abiotic drivers of the pest and its rate of spread beyond its 
native range. 

The impact of a given pest or disease not only depends on the host 
but also on the climate, stand features and the complex interaction be
tween biotic and abiotic variables (Toïgo et al., 2020). For instance, 
changes in the climate regime can enhance the populations of a path
ogen and reduce the vitality of the host and its resistance to the path
ogen. Although most of the effects of climatic change are likely to result 
in increased forest damage, several climate-driven processes can have 
negative effects on herbivorous insects in forests, such as heat waves or 
droughts (Huffaker et al., 1976; Jactel et al., 2019). This scenario be
comes more complex for non-native forest plantations. Non-native forest 
species released from their coevolved pests and pathogens will initially 
benefit, although the natural enemies will eventually reach the new 
regions in which their host plant has become established and will 
compromise plantation health and productivity. Abiotic and biotic Ta
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factors associated with global change, such as climate warming, wild
fires and biological invasions, are increasing the vulnerability of Euca
lyptus spp. to pests and diseases even outside their native range 
(Machado et al., 2019; Tomé et al., 2021). Over the past century, in 
terms of pest insects originating in Australia and introduced to other 
parts of the world, 42 specialist insects from 16 families have been 
documented feeding on Eucalyptus species outside their native range 
(Hurley et al., 2016). 

The International Cooperative Programme on Assessment and 
Monitoring of Air Pollution Effects on Forests (ICP Forests, http://www. 
icp-forests.net) has been in operation for over three decades in Europe 
and is the only existing pan-European network that monitors the status 
of forests using common standards and harmonized methods for data 
collection (Puletti et al., 2019). Long-term forest health monitoring 
networks such as ICP-Forests provide powerful tools for studying spatial 
and temporal distributions and relationships between forest health and 
the abiotic and biotic factors involved in forest development under both 
the current climate and future climate change scenarios. Several recent 
studies have used ICP-Forests to analyse forest health in Europe (Bussotti 
et al., 2018; Ciriani and Dalstein, 2018; Duque-Lazo and Navarro- 
Cerrillo, 2017; Janik et al., 2020; Toïgo et al., 2020; Wulff et al., 2012). 

A Species Distribution Model (SDM) is a statistical and/or analytical 
algorithm that predicts the distribution of a species (either actual or 
potential), based on field observations and auxiliary maps (Hengl et al., 
2009). They allow model-based predictions of species occurrence to be 
made, thus contributing to the fields of biogeography, evolutionary 
ecology, invasive species ecology, conservation biology and natural 
resource management (Duarte et al., 2018). There are several statistical 
techniques suited to species distribution modeling such as geostatistics, 
autoregressive models, geographically weighted regression, generalized 
additive/linear models or machine learning techniques (Miller et al., 

2007; Norberg et al., 2019). Geostatistical methods are based on sta
tistical models that include spatio-temporal autocorrelation, defined as 
the statistical relationships among the measured points. These tech
niques not only allow a prediction surface to be created but also provide 
a measure of the accuracy of the predictions. Kriging techniques, e.g., 
Ordinary Kriging (OK) or Universal Kriging (UK), are some of the most 
common geostatistical approaches used to model shifts in species dis
tribution (Hernández et al., 2014; Moreno-Fernández et al., 2016). 

In this study, a geostatistical SDM based on UK models (Lappi, 2001) 
is used to assess and project the spatio-temporal patterns and spread of 
G. platensis in Eucalyptus spp. plantations in Spain based on data recor
ded between 2005 and 2020. Specifically, we aim to identify the climatic 
variables, Eucalyptus species and forest structure based on Eucalyptus 
spp. plot dominance (monospecific or mixed stands) that favor the 
eucalypt weevil, as well as the spatio-temporal dynamics of pest out
breaks. This study proposes a new approach based on a harmonized 
forest monitoring network, which is easily replicable across Europe and 
enables us to understand and to simulate the spread of pests, thus 
facilitating risk prevention. 

2. Materials and methods 

2.1. Selection of data 

The spatio-temporal analyses of G. platensis incidence in Eucalyptus 
spp. plantations in Spain were based on single-tree data collected as part 
of the European Level I Monitoring Programme (LIMP) of ICP Forests 
(ICP Forests, http://www.icp-forests.net). The LIMP is a 16 × 16 km 
network established over three decades ago covering the whole of 
Europe (around 7,500 points or plots) for the purpose of monitoring the 
health status, vitality, and biodiversity of European forests (Ferretti, 

Fig. 3. Average annual temperature and annual rainfall in Eucalyptus spp. distribution areas between 2005 and 2019 in Spain. Dotted lines show trends of average 
annual rainfall (blue) and temperature (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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2013). 
The Spanish LIMP network is composed of 620 plots, which include 

24 dominant or co-dominant trees at each plot. Sample trees are chosen 
according to strict criteria: six trees per quadrant (NE, SE, SW and NW) 
are selected, taking into consideration their proximity to the centre of 
the plot (Ferretti, 2013). Tree crown condition (defoliation, crown 
transparency and discoloration) and tree damage assessments (agent, 
affected areas, intensity) were evaluated once annually from 1986 to 
2020. G. platensis was included in the agent group 200 (insects) present 
on broadleaves in 2003 (Eichhorn et al., 2020). 

We used average extent of the defoliation damage caused by 
G. platensis in all Eucalyptus spp. trees in each plot as an explanatory 
variable in the analysis. The extent of the damage indicates the portion 
of affected leaves (%) due to the action of G. platensis and was related to 
the whole crown of the tree (ICP Forests, http://www.icp-forests.net). 

To enhance the available information on the health of forests, the 
Spanish National Parks Network and Spanish regional government ad
ministrations have used regional monitoring networks (RMN) in their 
corresponding areas since 1986 and 2000, respectively. These networks 
comprise plots at which measurements are taken using similar field 
protocols as those used in the LIMP network. In these networks, 
G. platensis has been included as an agent since 2000. This additional 
regional network provides a more intensive sampling density, contrib
uting an additional maximum of 2,211 plots to the existing national 
LIMP network by 2010. In 2020, 1,636 regional plots continue to be 
measured along with the 620 plots belonging to the national LIMP 
network. 

Information on Eucalyptus spp. assigned to the LIMP and RMN 
network plots was taken from closest polygon of the Spanish Forest Map 
(SFM), classifying the plots as a factor with two levels: E. globulus and 

Fig. 4. Summer temperature and spring rainfall in Eucalyptus spp. distribution areas between 2005 and 2019 in Spain. Dotted lines show trends of spring rainfall 
(blue) and summer temperature (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Parameters of the models to estimate probability of occurrence of defoliation damage caused by G. platensis in Eucalyptus spp. plantations in Spain.  

MODEL Int. Stand 1 Stand 2 Stand 3 Last Summer 
Temp 

Spring 
Rainfall 

Nugget Spatial sill 
(km) 

Spatial 
range (km) 

Temporal sill 
(years) 

Temporal range 
(years) 

Damage >
0%  

0.4464  − 0.0897  0.1218*** 0.1334 **  − 0.0111 0.00048 ***  0.0881  0.3042  1003.8  0.0142  5.85 

Damage >
5%  

0.6096  − 0.1058  0.2025*** 0.1969***  − 0.0265** 0.0003***  0.2033  0.0332  581.1  0.0009  0.1 

Damage >
15%  

0.2465  0.0089  0.096*** 0.112*  − 0.0135* 0.0001*  0.0358  0.0504  29.4  0.0216  0.5 

Stand 1: Mixed Eucalyptus spp.stands. 
Stand 2: Monospecific Eucalyptus globulus stands. 
Stand 3: Monospecific Eucalyptus spp. stands. 
***p < 0.001. 
**p < 0.01. 
*p < 0.1. 

P. Adame et al.                                                                                                                                                                                                                                  

http://www.icp-forests.net


Forest Ecology and Management 510 (2022) 120104

6

other Eucalyptus spp. (E. nitens, E. camaldulensis, E. gomphocephalus A. 
Cunn., E. robusta Sm. and E. viminalis Labill.). 

The selected sample comprises 264 plots belonging to the national 
LIMP and RMN (46 and 222 respectively) networks in which the pres
ence of Eucalyptus spp. was registered between 2005 and 2020 (Fig. 1). 
Bioclimatic regions were defined following Rivas-Martínez et al. (2004). 
The extent of defoliation damage in Eucalyptus spp. per plot/year is 
shown in Fig. 2 for the reference period 2005–2020. The year 2005 was 
chosen as the initial year for the data set because G. platensis has only 
been included as a damage agent since 2003 in LIMP network. 

The modelling data set was composed of data measured from 2005 to 
2019. The data set collected in 2020 was used to test the performance of 
the proposed model. 

2.2. Spanish forest Map (SFM) 

We used the Spanish Forest Map (SFM) to identify the distribution 
area of Eucalyptus spp. in Spain. The SFM is the basic forest cartography 
at national level, with data on the distribution of Spanish forest eco
systems being continuously gathered and regularly updated (at least 
every 10 years) (MAGRAMA, 2006). The SFM provides detailed and 
homogeneous vectorial information for each polygon regarding forest 
structure, the main species (up to three), the degree of coverage and the 
development stage, among others. We used the most up-to-date SFM, 
that is, the SFM at a scale of 1: 25,000 (SFM25, minimum polygon size of 
1 ha) for the regions that are already available at that scale (Northern 
populations, 75% of the eucalypt distribution area) and the SFM at a 

scale of 1: 50,000 (SFM50, minimum polygon size of 2.5 ha) for the rest. 
The distribution area of Eucalyptus spp. was established by identi

fying SFM polygons in which Eucalyptus spp. was present as either the 
main or secondary species (Fig. 1), comprising monospecific and mixed 
stands respectively. Monospecific stands were defined as those where 70 
percent or more of the total tree crown cover is comprised of Eucalyptus 
spp. 

2.3. Climatic information 

To study the factors driving the spread of G. platensis, we collected 
the most up-to-date climate data based on temperature and precipitation 
measurements for the reference period 2005–2019 from meteorological 
stations belonging to the Spanish State Meteorological Agency (www. 
aemet.es). Climate data for 2020 was estimated using Universal Krig
ing geostatistical models to test the performance of the proposed model. 
Average seasonal and annual temperatures and total seasonal and 
annual precipitation were taken into consideration as possible explan
atory variables. 

2.4. Geostatistical methods 

Universal Kriging geostatistical models (Matheron, 1973) allow the 
space–time structure of the variance as well as the effects of climatic 
(seasonal and annual climatic variables) and forest structure (mono
specific and mixed stands) to be included in the model as auxiliary 
variables, improving the prediction accuracy in terms of bias and error 

Fig. 5. Predicted damage probability versus 2020 measured data for (a) damage > 0%, (b) damage > 5% and (c) damage > 15% models.  
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(Lappi, 2001). These methods are variogram-based, describing the cor
relation among neighboring values as a function of the geographic dis
tance between the points, therefore the farther apart two points, the 
lower the likelihood that their values will be similar. 

Kriging techniques predict the value of the variable Z(s0) at an 
unsampled location s0 from the value of the variable at various obser
vation points Z(s1), Z(s2), …, Z(sn). UK models assume the mean E(Z(s)) 
shows a deterministic drift following an unknown linear combination of 
p + 1 known (in sampled and unsampled locations) auxiliary spatially 
structured variables (usually denoted fk(s)) and spatially correlated 
random process δ(s) (Montes and Ledo, 2010): 

Z(s0) =
∑p

k=0
βkfk(s0)+ δ(s0)

The value prediction p(Z,s0) of the variable Z at point s0 is then 
performed by estimating the optimal weight defined by the coefficients 
λi for each observation si while considering this autocorrelation structure 
(Armstrong, 1998; Oliver and Webster, 2015): 

p(Z, s0) =
∑n

i=1
λiZ(si)

The autocorrelation structure of the observations can be expressed 
abstractly by the semi-variogram or variogram γ(d), which is defined as 
half the expected squared difference between paired (intrinsic) random 
functions (Matheron, 1973) at a distance d (Atkinson and Lloyd, 2007; 
Goovaerts, 1997), and the associated covariance function, which has to 
be fitted to the observation points. The estimation of the optimal weights 
λi involves modelling the variogram γ(d). Several approaches can be 
used to estimate the variogram parameters and the βk coefficients. For 
spatio-temporal variogram modeling we used the generalized product- 
sum model (De Iaco et al., 2002). Spherical variograms were used for 
both temporal and spatial components assuming a common nugget ef
fect for both components. Iteratively Reweighted Generalized Least 
Squares (IRWGLS) (Neuman and Jacobson, 1984) was then chosen to 
simultaneously estimate the variance–covariance matrix and the βk co
efficients of the auxiliary variables. 

Climate variables were calculated at annual and seasonal resolution 
every five years for the considered time span. UK, with altitude, X and Y 
coordinates as well as their interactions as auxiliary variables were used 
to interpolate annual and seasonal climatic variables at the LIMP and 
RMN data plots and centroids of SFM polygons. We retained those 
auxiliary variables with p < 0.05. When no significant trend function 
was found, Ordinary Kriging (OK) was used instead of UK. In this case, 

Fig. 6. Probability of occurrence of G. platensis between 2005 and 2020 for defoliation damage > 0% in North-western Spain.  

P. Adame et al.                                                                                                                                                                                                                                  



Forest Ecology and Management 510 (2022) 120104

8

Weighted Least Squares (WLS) (Cressie, 1985) was used to fit the var
iogram parameters with OK. 

Indicator Kriging provides probability maps from an indicator vari
able and has been used for pest risk assessment (Mohammadi et al., 
1997). By adding temporal autocorrelation, Indicator Universal Kriging 
(IUK) can predict the dynamics of the outbreaks, allowing us to deter
mine the spatio-temporal autocorrelation of the pest progress, as well as 
the geographical and temporal trend linked to climatic or geo
morphologic variables (Montes and Ledo, 2010). 

The distribution of G. platensis was evaluated using an indicator 
variable that took a value of 1 or 0 depending on whether the average 
defoliation damage caused in the Eucalyptus plot was above or below a 
certain threshold. We fitted three IUK models, one for each defoliation 
damage threshold: damage > 0%, damage > 5% and damage > 15%. 
Cross-validation residuals and β coefficient p-values were analyzed to 
select the auxiliary variables for inclusion in the IUK models. 

To test the performance of the IUK models for predicting the 
following year’s risk, we estimated the probability of plots being 
affected in the case of the plots measured in 2020. For each kth plot in 
the dataset, we have fitted a model leaving out 2020 observations and all 
data series from that plot. Then, we test the model to check the 

effectiveness for kth plot. The averaged IUK predicted values for plots 
affected to a level above or below the respective threshold for each 
model were then compared. 

Finally, occurrence probability maps were plotted applying the same 
IUK model calculated with the LIMP and RMN data in the centroids of 
SFM polygons every 5 years (2005, 2010, 2015 and 2020). These maps 
show the dynamics of the G. platensis pest in the area of the Eucalyptus 
stands in Spain. 

The geostatistical analyses were conducted using MatLab® software 
developed by the authors and freely available by contacting the corre
sponding author, and raster calculations and map drawings were carried 
out using QGIS ver. 3.10.12-A Coruña (QGIS Development Team, 2021). 

3. Results 

3.1. Dynamics of G. platensis spread based on LIMP-ICP and RMN 
networks information 

The data set showed that defoliation damage caused by G. platensis 
had varied over the period 2005–2020 (Table 1). Stands belonging to the 
Atlantic region had been more affected by this pest than those in the 

Fig. 7. Probability of occurrence of G. platensis between 2005 and 2020 for defoliation damage>5% in North-western Spain.  
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Mediterranean region. 76% of the Atlantic plots had been affected at 
some time as opposed to only 4% of the plots in the Mediterranean area. 
Since 2005, average defoliation damage has reached maximums of 
8.09% in 2009 and 12.35% in 2020, and minima of 3.11% in 2018 and 
2.87% in 2019. E. globulus stands displayed a higher incidence and 
defoliation rate than other Eucalyptus spp. stands in all years. As regards 
forest structure, monospecific stands showed higher defoliation damage 
in all years, with the exception of 2006 and 2017. 

3.2. Universal Kriging models for climate variables 

Data from the National Meteorological Agency stations located close 
to the Eucalyptus distribution area reveal a rise in mean temperature and 
a decrease in annual rainfall between 2005 and 2019 (Fig. 3). Summer 
temperatures and spring rainfall for the studied area varied consider
ably, but there has been a clear negative trend in spring rainfall as well 
as increasing Summer temperature since around 2010 (Fig. 4). 

UK, with altitude and Y coordinate as auxiliary variables, was used to 
interpolate all the mean annual and spring and winter seasonal tem
peratures at the points and centroids of the SFM polygons. The X and Y 
coordinates were included as auxiliary variables for mean summer and 

fall temperatures, whereas the altitude, X and Y coordinates and the 
interaction of altitude with X and Y were employed as auxiliary variables 
for fall, winter and annual precipitation models. In the spring and 
summer precipitation models, no significant trend function was found so 
OK was used instead of UK. 

The IRWGLS method used to fit the UK model variogram parameters 
and b coefficients reveals significant relationships between mean sum
mer temperature and the X coordinate (increasing temperature towards 
the East) and latitude (negative relationship) as well as an autocorre
lation range of 3,399 m and less than 1 year. OK was used in spring 
rainfall modeling due to the absence of a significant trend, the WLS 
estimations of space and time autocorrelation range being 187,952 m 
and 3.6 years, respectively. 

3.3. Indicator Universal Kriging models for G. platensis damage 

Based on previous exploratory analysis, Eucalyptus spp factor 
(E. globulus and other Eucalyptus spp.), forest structure (monospecific 
and mixed stands), previous summer mean temperature and spring 
precipitation were selected as auxiliary variables for the three IUK 
models. 

Fig. 8. Probability of occurrence of G. platensis between 2005 and 2020 for defoliation damage > 15% in North-western Spain.  
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E. globulus stands showed significantly more damage than other 
Eucalyptus spp. stands in all three IUK models. As regards forest struc
ture, monospecific eucalypt stands were more affected than mixed 
stands, while in the case of climatic variables, previous summer 

temperature and spring precipitation were also found to be significantly 
related to the incidence of G. platensis. There was a significant, negative 
relationship between previous summer temperature (p < 0.0001) and 
the distribution of the eucalypt weevil in two of the three models 

Fig. 9. Average probability of occurrence of G. platensis and area of Eucalyptus spp. stands according to (a) Damage > 0% IUK model, (b) Damage > 5% IUK model 
and (c) Damage > 15% IUK model between 2005 and 2020 in Spain. 
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(damage > 5% and damage > 15%). Spring rainfall was identified as 
having a significant positive relationship with pest incidence in all three 
models. The spatial range of autocorrelation varied between 1000 km 
(damage > 0%) and 29 km (damage > 15%) and the temporal range 
varied from>5 years (damage > 0%) to less than a year (both damage >
5% and damage > 15%). In the three models, the sill of the spatial 
spherical variogram model (the maximum value of semivariance linked 
to the spatial distance between observations) was several times larger 
than the sill of the temporal spherical variogram model, indicating 
greater variability in space than in time. The variogram parameters as 
well as coefficients for the three models are included in Table 2. 

The predicted probability of the three models for 2020, leaving out 
observations and auxiliary data, were compared with the data for that 
year measured in the field (Fig. 5). According to each model, the mean 
probability predicted in 2020 for plots with field-measured damage 
above the respective threshold was clearly higher than for those with 
field-measured damage below the threshold, pointing to the suitability 
of the proposed model for risk forecasting. The damage > 0% and 
damage > 15% models performed best. 

3.4. Risk maps 

Finally, risk maps for Spain were generated based on the SFM 
polygons to support decision making in pest prevention and control (see 
Supplementary Materials). The area most affected by G. platensis is 
North-western Spain, as can be seen from detailed examples of the risk 
maps, Figs. 6–8. South-western Spain is less affected (see Supplementary 
Materials). According to the UK prediction maps, the national area 
above the damage > 0% threshold increased between 2005 and 2010 
(from an average of 46.7% to 51.4% of Eucalyptus spp. area affected) and 
decreased between 2010 and 2020 (average of 35.7%). This trend was 
quite similar where the damage was higher than 5% (24.3% in 2005, 
26.4% in 2010 and 18.4% in 2020). When damage was greater than 
15%, there was a clear diminishing trend from 2005 to 2015 (12.5% and 
6.4%, respectively) and then a slight increase in 2020 (8.5%) (Fig. 9). 

4. Discussion 

This study presents a spatio-temporal IUK approach that allows us to 
identify the drivers associated with the presence and spread of 
G. platensis and to examine the dynamics of the pest in Spanish Euca
lyptus spp. plantations through defoliation damage between 2005 and 
2020. Given a set of observations irregularly distributed in space and 
time, geostatistical methods enable us to inspect and describe their 
statistical properties in order to perform optimal interpolation. These 
methods have proven to be suitable for stand density, growing stock or 
species distribution modelling from forest inventories (Aulló-Maestro 
et al., 2021; Hernández et al., 2014; Mandallaz and Ye, 1999). 
Expanding kriging techniques to model space–time survey data allows 
us to analyze changes in forest species distribution (Moreno-Fernández 
et al., 2016) or spread of animal diseases (Iglesias et al., 2018). Our 
findings show that these methods can also be used to examine changes in 
the spread of forest pests using long-term data and to assess the variance 
linked to environmental factors and intrinsic spatio-temporal factors, as 
well as to make one-year predictions for prevention strategy planning. 

Along with the previous summer temperature, spring rainfall and 
monospecific E. globulus stands were found to be positively associated 
with the probability of G. platensis incidence. These results reveal that 
monospecific E. globulus stands in areas of Spain with milder weather 
(cooler summers and humid springs) are more prone to attack by 
G. platensis. This type of weather is typical of the Atlantic region in 
Spain, which is more affected by this pest than the Mediterranean re
gion. Hence, climatic variables would appear to be of greater signifi
cance than forest structure. All the climate change scenario projections 
for Europe (IPCC, 2014) suggest that by 2100, temperatures will have 
increased, annual precipitation will be slightly lower and rainy seasons 

will be longer. These scenarios are likely to result in positive responses of 
pest populations, such as increased development rate, increased chance 
of survival and reproductive potential as well as negative effects like 
decreased growth rate and reduced fecundity (Bale et al., 2002; Huberty 
and Denno, 2004; Hunter, 2001). 

E. globulus is consistently found to be a preferred host in countries 
where G. platensis is present, even though several other eucalypt species 
have also been identified as susceptible (Cordero Rivera, 2000; Hanks 
et al., 2000; Lanfranco and Dungey, 2001). Furthermore, differences in 
susceptibility between species are less pronounced at high attack in
tensity (Gonçalves et al., 2019). Our results confirm a positive associa
tion between E. globulus and the probability of G. platensis incidence for 
all levels of damage in Spain. E. globulus is the main species in 56% of the 
Spanish Eucalyptus area (61% in Atlantic areas and 44% in Mediterra
nean areas), so plantations with less susceptible plant material would 
help to reduce the incidence of G. platensis. 

Our results indicate that monospecific stands are more susceptible to 
defoliation than mixed stands. Eucalyptus spp. plantations in Spain are 
generally monospecific, planted in regular rows (generally 3 m × 3 m), 
with the aim of optimizing wood production. Homogeneous landscapes 
with high stand density can shorten the timescale and increase the fre
quency of pest dispersion by increasing the amount and connectivity of 
resources to the pest (Tscharntke et al., 2012). Abandonment of plan
tations caused by depopulation in rural areas, higher recurrence of fires 
and low productivity of small stands may lead to an increase in Euca
lyptus mixed stands (Tomé et al., 2021). In this regard, several authors 
have stated that mixed stands are more resistant to natural disturbances 
caused by different agents, specialized insect herbivores among them 
(Jactel et al., 2017). Our results appear to support this statement, mixed 
Eucalyptus forests being less affected by G. platensis over all the period 
and regions studied. However, the productivity and profitability of 
mixed stands of Eucalyptus spp. could be diminished by competition with 
other species, depending on accompanying species, stand age and pro
ductivity (Forrester et al., 2011). 

Our probability-of-occurrence maps reveal that the area with defo
liation damage > 0% and defoliation damage > 5% by G. platensis 
increased until around 2010, then declined through 2020. Climate data 
in the study area, with a negative tendency for spring rainfall and a 
positive tendency for summer temperature since around 2010, show a 
high correlation with these results. These climatic variables were also 
significant when damage was greater than 15%, but showed a down
ward trend from 2005 to 2015 and then a slight increase in 2020. 

Biological control through the introduction of parasitoids may also 
have had an impact on the spread of this pest. The egg parasitoid 
A. nitens is the main agent used worldwide to control Gonipterus spp. 
(Hanks et al., 2000; Reis et al., 2012). In the 1970s, it was successfully 
employed to control Gonipterus spp. in Italy and France, and later 
introduced into Spain at the end of 1993 (Mansilla and Perez, 1996). 
Success was restricted to a few areas despite successive releases of this 
parasitoid in Spain (Cordero Rivera et al., 1999; Reis et al., 2012). 
Santolamazza-Carbone et al. (2006) concluded that the effect of para
sitism by A. nitens in some localities in NW Spain was to lower the 
G. platensis populations to levels below which the snout beetle could not 
be detected. Valente et al. (2017b, 2017a) assessed A. inexpectatus Huber 
as another possible Anaphens species to parasitise Gonipterus spp., 
reporting that it had good potential as a biological control candidate and 
that risk of negative environmental impacts due to the introduction of 
this parasitoid in Southwestern Europe is minimal. 

The efficacy of the biological control organism is not always satis
factory and over 80% of organism release for biological control of ar
thropods is ineffective (Hall et al., 1980). Host density can be reduced by 
the action of parasitoids, but this in turn can shrink parasitoid density 
due to the lack of hosts (Begon et al., 1996). Understanding the spatio- 
temporal dynamics of pests and their natural enemies is important for 
the conservation and release of biological agents in the field (Park and 
Obrycki, 2004). Parasitoids and chemical treatments that influence the 
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spread of G. platensis have not been considered in this study. 
Both the larvae and the adults of G. platensis feed on Eucalyptus 

leaves, causing defoliation damage in both development stages (Reis 
et al., 2012; Tooke, 1955). Mansilla and Perez (1996) reported that the 
insect lays eggs from March- June and from October-December in North- 
Western Spain, with an aestivation period from July-September. Cor
dero Rivera et al. (1999) found inter-annual variability in the number of 
egg-laying periods. These authors stated that this variability could be 
due to the Anaphens nitens parasitoid. Reis et al (2012) observed that the 
population of adult weevils at the end of winter showed a significant, 
linear, positive relationship with the percentage of defoliation at the end 
of spring. Loch (2006) concluded that lower reproduction by G. platensis 
may be due to the limited availability from summer onwards of new 
flushing foliage, which is essential for feeding and oviposition. These 
findings are supported by our results, which reveal that high summer 
temperatures lead to a reduction in the incidence of damage in the 
following year. Thus, it may be concluded that hotter aestivation periods 
result in a lower ratio of survival of adults and consequently, a lower 
number of larvae. 

Finally, forest management could also alter the future distribution of 
tree species, which will alter host distributions. The area occupied by 
E. nitens has increased substantially in the North of the Iberian Peninsula 
due to its suitability in frost prone areas and its lower susceptibility to 
defoliation by G. platensis (Gonçalves et al., 2019; Pérez-Cruzado et al., 
2011). Likewise, land use change could alter forested land and urbani
zation patterns, both of which would affect pest spread (Hudgins et al., 
2017). In Spain, most Eucalyptus spp. plantations are owned by small 
non-industrial private owners, a large majority of whom do not imple
ment the management practices needed to obtain high productivity, or 
in many cases, any active forest management at all (Tomé et al., 2021). 

Risk maps generated based on the SFM polygons help us to decide 
where to focus pest prevention and control. However, the results also 
indicate important synergies of biological control, climate change, site 
conditions and forest management that impact the dynamics of Euca
lyptus spp. stands and G. platensis populations (Jordan et al., 2021; Rua 
et al., 2020). Our understanding of the adaptive capacity and vulnera
bility of Eucalyptus plantations to these variables is scarce, so further 
research efforts focusing on these aspects are required. 

5. Conclusions 

Our findings indicate that the incidence and occurrence of 
G. platensis in Spanish Eucalyptus spp. stands is strongly related to cli
matic conditions, especially the previous summer temperature and 
spring rainfall. Therefore, forecasted changes in climatic conditions 
could alter the influence of this pest on the profitability of Eucalyptus 
spp. stands. Monospecific Eucalyptus globulus stands in areas of Spain 
where weather conditions are mild, with cooler summers and humid 
springs, are more prone to attack by G. platensis. 

This study establishes a methodology (LIMP-ICP and RMN perma
nent networks along with IUK geostatistical models) which enables us to 
understand and simulate the spread of G. platensis, generating risk maps, 
which are essential to the development of programs for controlling or 
preventing the spread, thus mitigating the economic consequences. 
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