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The production of the highly valued seeds of stone pine has decreased all over the Mediterranean region during the last two decades. This phenomenon coincided with the establishment in Europe of the invasive species Western Conifer Seed Bug, Leptoglossus occidentalis (Hemiptera, Coreidae). The putative impact of L. occidentalis on pine seeds has raised the need for responses among the scientific community. Still, the subject is at some extent controversial and other hypothesis has been raised, such as the influence of climate in flowering, pollination and cone survival. Until now, we lack an effective measure of the impact of this bug on seed yield. Here we integrate results from seed loss on mature cones with the monitoring of the bug population at site level during five consecutive years. The seed loss was assessed by comparing naturally exposed cones (N) with those protected by an insect exclusion bag (E). Both type of cones were analysed on fertilized plus irrigated trees (fertirrigated plots) and on control ones.

Observed seed loss per cone was closely related with the population dynamics of L. occidentalis. We found a strong positive correlation between seed loss per cone and average insect density of current Nt and previous year Nt-1 (r =0.98). For similar insect density, cones from fertirrigated plots presented a higher seed loss than control ones. Additionally, the insect population dynamics was framed with climate data for the 5 years period and a climatic theoretical explanation is hypothesized.

Introduction

The North American Western conifer seed bug, Leptoglossus occidentalis Heidemann 1910 (Hemiptera:

Coreidae) was first introduced in Europe through Italy in 1999. The species is now distributed throughout the entire continent as a result of its high dispersal ability and multiple independent introductions, both natural and human mediated [START_REF] Lesieur | The invasive Leptoglossus seed bug, a threat for commercial seed crops, but for conifer diversity?[END_REF][START_REF] Lesieur | The rapid spread of Leptoglossus occidentalis in Europe: A bridgehead invasion[END_REF]Farinha et al. 2018b). The seed bug has also been observed in Asia and North Africa [START_REF] Zhu | Exotic coreid bugs introduced into China[END_REF]Ahn et al. 2013;[START_REF] Jamâa | Detection of Leptoglossus occidentalis Heidemann, 1910 (Heteroptera: Coreidae) in Tunisia[END_REF][START_REF] Gapon | First record of Leptoglossus occidentalis (Heteroptera: Coreidae) in Morocco[END_REF] and more recently in South America and South Africa [START_REF] Faúndez | La chinche de las coníferas occidental, Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae) en Chile; rápida expansión, posibles impactos y desafíos[END_REF]Kun and Masciocchi 2019;[START_REF] Van Der Heyden | First record of Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae) in Costa Rica[END_REF][START_REF] Van Der Heyden | First records of Leptoglossus occidentalis Heidemann, 1910 (Hemiptera: Coreidae) in Brazil and South Africa[END_REF].

This hemipteran species mainly feeds on reproductive conifer structures, using its sucking mouthparts. It may feed on all cone development stages, from conelets to ripening cones with mature seeds [START_REF] Koerber | Leptoglossus occidentalis (Hemiptera, Coreidae), a newly discovered pest of coniferous seed[END_REF]). Occasionally, it may feed on xylem for hydration (Farinha et al. 2018b). In Europe, the species has been observed feeding on several European pine species, namely on Maritime pine Pinus pinaster Ait. [START_REF] Sousa | The western conifer seed bug Leptoglossus occidentalis Heidemann, 1910 (Heteroptera: Coreidae) in Portugal[END_REF], Scots pine Pinus sylvestris L. [START_REF] Lesieur | The invasive Leptoglossus seed bug, a threat for commercial seed crops, but for conifer diversity?[END_REF], Alepo pine Pinus halepensis Mill. [START_REF] Kment | Additional records of the invasive Nearctic bug Leptoglossus occidentalis (Heteroptera: Coreidae) in Croatia[END_REF][START_REF] Maltese | Primi reperti in Sicilia su diffusione e biologia di Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae), cimice americana dei semi delle conifere. 1413-1418[END_REF][START_REF] Petrakis | First record of Leptoglossus occidentalis (Heteroptera: Coreidae) in Greece[END_REF][START_REF] Hizal | Two invasive alien insect species, Leptoglossus occidentalis (Heteroptera: Coreidae) and Cydalima perspectalis (Lepidoptera: Crambidae), and their distribution and host plants in Istanbul province, Turkey[END_REF], Black pine Pinus nigra J. F. Arnold [START_REF] Tescari | First record of Leptoglossus occidentalis (Heteroptera: Coreidae) in Croatia[END_REF][START_REF] Maltese | Primi reperti in Sicilia su diffusione e biologia di Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae), cimice americana dei semi delle conifere. 1413-1418[END_REF][START_REF] Hizal | Two invasive alien insect species, Leptoglossus occidentalis (Heteroptera: Coreidae) and Cydalima perspectalis (Lepidoptera: Crambidae), and their distribution and host plants in Istanbul province, Turkey[END_REF][START_REF] Lesieur | The invasive Leptoglossus seed bug, a threat for commercial seed crops, but for conifer diversity?[END_REF] and Stone pine Pinus pinea L. [START_REF] Feducci | Cone damages by Diplodia pinea and seed boring insects on Pinus pinea L. (Italian stone pine) in central Italy[END_REF][START_REF] Maltese | Primi reperti in Sicilia su diffusione e biologia di Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae), cimice americana dei semi delle conifere. 1413-1418[END_REF][START_REF] Sousa | The western conifer seed bug Leptoglossus occidentalis Heidemann, 1910 (Heteroptera: Coreidae) in Portugal[END_REF][START_REF] Hizal | Two invasive alien insect species, Leptoglossus occidentalis (Heteroptera: Coreidae) and Cydalima perspectalis (Lepidoptera: Crambidae), and their distribution and host plants in Istanbul province, Turkey[END_REF][START_REF] Bracalini | Cone and seed pests of Pinus pinea: assessment and characterization of damage[END_REF].

The Stone pine is an emblematic tree species of the Mediterranean Basin, with significant ecological and landscape relevance for Mediterranean ecosystems. Its edible seeds are highly priced being sold, on the market, at values up to 100€/kg [START_REF] Mutke | Producción de piña y rendimientos en piñón en los países mediterráneos[END_REF]Farinha et al. 2018c). The market demand for these seeds is quite high, having even led producers to invest in management programs using artificial watering and fertilization (fertirrigation) to increase production (Farinha et al. 2018a). Damage to Stone pine seeds, cause particular concern due to their economic value (EUFORGEN 2009;[START_REF] Mutke | Producción de piña y rendimientos en piñón en los países mediterráneos[END_REF]. Stone pine plantations have increased greatly in the last decades throughout the Mediterranean [START_REF] Mutke | Severe seed yield loss in Mediterranean Stone pine cones[END_REF].

In Portugal alone, the Stone pine area increased 61% between 199561% between and 201561% between (ICNF 2015)). The Iberian Peninsula gathers approximately 70% of the global distribution range of the species. If Italy and Turkey are added, then the four countries account for 94% of Stone pine stands worldwide [START_REF] Mutke | Producción de piña y rendimientos en piñón en los países mediterráneos[END_REF]. Both cone and seed yield losses have been reported in Italy, Turkey, Spain, Portugal and Lebanon, [START_REF] Mutke | Impact of the Dry Cone Syndrome on commercial kernel yield of stone pine cones[END_REF]. To note that the complete reproductive cycle of Stone pine cones takes place over three years, resulting in a long exposition to damage. The spring conelets (female strobili) are wind pollinated a few weeks after emergence, but fertilization only takes place during spring/summer of the third year of cone maturation, when edible seeds are formed [START_REF] Pimpão | Determinación del Daño por Leptoglossus occidentalis Heidemann (Heteroptera: Coreidae) en Piñas de Pinus pinea L. Universidad de Valladolid Price PW (1991) The Plant Vigor Hypothesis and Herbivore Attack[END_REF]. Conelet mortality high rates as well as the presence of an abnormal numbers of both empty and small undeveloped seeds have been recorded at increasing levels since the beginning of the century [START_REF] Mutke | Impact of the Dry Cone Syndrome on commercial kernel yield of stone pine cones[END_REF]. The two phenomena together were named as Dry Cone Syndrome (DCS). The invasive western conifer seed bug has been pointed out by many as the possible main cause of DCS [START_REF] Bracalini | Cone and seed pests of Pinus pinea: assessment and characterization of damage[END_REF][START_REF] Mutke | Severe seed yield loss in Mediterranean Stone pine cones[END_REF].

Damage to seeds in early developmental stages would cause seed and conelet abortion, whereas damage on mature cones would cause damaged seeds. Still, the piercing sucking mouthparts of the seed bug leave no visible traces on cones or kernels, which makes it difficult to irrefutably assign damages to the insect's feeding activity. Meanwhile, other causes were suggested for this recent phenomenon of increased DCS.

Climatic conditions and, especially spring and summer drought intensification in the Mediterranean due to climate changes has been frequently suggested [START_REF] Mutke | Impact of the Dry Cone Syndrome on commercial kernel yield of stone pine cones[END_REF]Farinha et al. 2018a). In fact, studies that point to L. occidentalis as a cause for DCS also point to the climate as acting together (Farinha et al. 2018a;[START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF]). In addition, the impact of emergent pest species, primarily the native cone worm borer Dioryctria mendacella (Lepidoptera: Tortricidae) has also been discussed [START_REF] Calama | Modelling spatiotemporal dynamics of Pinus pinea cone infestation by Dioryctria mendacella[END_REF]). Yet, in contrast with the seed bug, the activity of the cone worm borer is easy to identify, leaving galleries and excrements on attacked conelets and cones. Most likely, the severe cone and seed losses recorded are caused by multiple and interactive factors (Farinha et al 2018a;[START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF]. In fact, in a previous study using insect exclusion bags, it was demonstrated that the damage by the seed bug was probably not the only cause of empty seeds, as it was observed also in protected branches (Farinha et al. 2018a). However, cones were protected only during one summer season, which does not allow concluding on the damages done on previous years. Also, in this previous study, fertirrigated trees appeared to be more susceptible to seed damage, which could be caused by L. occidentalis.

The difficulties associated with the quantification of the impact of this insect also hinder the decision on how and when to act regarding pest control. In some countries, such as Turkey and Portugal, chemical control has been applied in field conditions. In Portugal, an authorized commercial product, TEPPEKI, based on a pyridine organic compound (flonicamid) is now authorized and available in the market (DGAV 2019). However, without being able to clearly identify the damage caused by the seed bug, producers may be applying chemical control treatments blindly, without knowing if they are actually needed or cost-effective to control L. occidentalis. Furthermore, the detection of the seed bug in the field is only possible through direct observation, as there are no traps available at the moment for this insect pest. However, field observations of the seed bug are nearly impossible in natural non-grafted Stone pine stands where trees are over 10 meters high.

This study presents the first attempt to estimate the impact of L. occidentalis on seed yield through a combined field methodology that correlates the damage on seeds with the presence and abundance of the bug at the site level on a long-time scale (5 years). By combining these two variables, and comparing exposed and protected cones in exclusion trials, we aim to clarify to what extent the insect is responsible for the damage to Stone pine seeds, as reported in the last decade in the Mediterranean region. Other studies have used exclusion methods [START_REF] Mutke | Impact of the Dry Cone Syndrome on commercial kernel yield of stone pine cones[END_REF]Ponce 2017;Farinha et al. 2018a) but none of them were accompanied by field monitoring of L. occidentalis populations, leaving uncertainties on the actual causes of damage. Additionally, we want to understand the impact of stand management by watering and fertilization on the susceptibility to the conifer seed bug. In a previous study, by using bags with caged bugs in branches with cones, we observed that both seed damage and cone mortality tended to be higher on fertirrigated trees (Farinha et al. 2018a). This hypothesis is in line with the well-documented observations that some insect feeding guilds, such as sapsuckers, may benefit from host plant watering and nitrogen availability, which increases the nutritional value of the host plant [START_REF] Jactel | The influences of forest stand management on biotic and abiotic risks of damage[END_REF]. In this work, we wanted to confirm this hypothesis for L. occidentalis. The outcome is particular relevant for landowners interested in using fertirrigation to increase productivity in orchard plantations.

Material and Methods

Experimental field sites

The study was conducted in two sites, hereafter called A and B, located in the center of Portugal. Both plantations consisted of grafted Stone pine trees. Climate is similar on both sites -Mediterranean with a cold and moist winter and dry and hot summers, with annual precipitation around 600 mm and a mean annual temperature of 17 o C. The understory of both plantations comprises a mixture of annual grasses, legumes and forbs. The soil is sandy-loam with a low organic matter (<0.5%).

Study site A is located in Coruche (39°06'25.7"N, 8°21'40.6"W), in a pure P. pinea stand planted in 2007 and grafted at the age of four. Within the site, an area of 3 ha was selected and four randomized blocks each including a pair of plots of two different tree management treatments were installed during the summer of 2014. Each plot comprehends 15 to 21 trees spaced by 3 x 8 m. The tree management treatments were Control (C) and a regime consisting of fertilized + irrigation, hereafter called Fertirrigation (FR). Trees were fertirrigated through a dripping irrigation system with diluted fertilizer (40 kg N ha -1 ) during the growing season (March to October), from 2014 to 2017. This irrigation regime corresponded to an additional water input to the system of approximately 270 mm ha -1 year -1 . Samples of ripening cones were collected always at the beginning of the cone harvesting campaign in December over a period of 5 years, from 2015 to 2019. Site B is located in Vendas Novas (38°44'34.9"N, 8°31'59.0"W), in a Stone pine plantation installed in 2010, with a 7 x 3.5m line spacing and grafted at the age of four. In an area of 3 ha, two blocks were selected, each containing 2 plots, one for each of the two management treatments (Control, C and Fertirrigation, FR). Trees were fertirrigated through a dripping irrigation system since plantation (2010) with 100 kg/ha of NPK injected in the irrigation system. During the time of the experiment, an average 100 mm per year was added daily from March to October. The production of last year cones started in 2018. Thus, for this site we only have samples of cones collected in December in the years 2018 and 2019.

Temporal viable seed yield variation in experimental field trials

A field experimental trial enclosing cones in insect exclusion bags was set up at both sites, A and B. We started by randomly select 10 trees of each tree management treatment (C and FR) among all productive trees from each site. The 3 rd year cones of each sample tree were counted, labeled and divided into two sets: half were covered with an individual insect-exclusion bag and the other half were left exposed. The number of sampled cones per tree varied between trees and sites, depending on the number of cones available.

N -natural exposed cones; E -cones inside insect exclusion bags; FR -fertilized and irrigated trees; C -control trees 6 Insect exclusion bags were made out of 0.5 mm moldable metal mesh. The bags were built with enough space between the cone and the mesh, thus preventing insects from feeding from the outside. Each year, bags were set up in April, before the emergence of the overwintering adult bugs, which occurs in earlymid May in the studied region. The insect is active throughout the summer and until mid-autumn. It stops feeding and seeks a winter refuge for overwintering by end of October/ early November. Bags were removed in December and all labeled cones were harvested (Fig. 1).

Overall, we had two exclusion treatments: cones within insect-exclusion bags (E) and cones exposed naturally (N), and two tree management treatments: cones on control trees (C) and cones on fertirrigated trees (FR).

The following variables were measured for each harvested cone individually: cone fresh weight (g), cone dry weight until scales opening (55ºC in oven until the scales open, which usually takes 5 to 10 days ) (g) and number of pine seeds in shell. All pine seeds were opened manually and the shells separated from the kernels. The kernels were weighed and separated into four categories: i) intact kernel with no damages (which we call hereafter sound seeds); ii) kernel partially damaged/with a different color/serous appearance (named as "damage type I"); iii) completely shrunken and dry embryo with no endosperm (named as "damage type II"); and, iv) empty shell without embryo (named as "damage type III"). This classification follows Farinha et al. (2018a). occidentalis population density in the field (see Methods 2.3). Both trials were conducted in plots with irrigated and fertilized pines (FR) and in plots with control pines (C).

Leptoglossus occidentalis population abundance in natural field conditions

The presence and abundance of L. occidentalis was assessed monthly from May to November every year by direct observation of branches and cones in each site. Observations on site A were conducted from May 2014 until November 2019 and on site B from May 2018 to November 2019. Insect observations on site B started in 2018 due to the absence of cones up until that year. In both sites, 20 trees from each tree management treatment (C and FR) were randomly selected each year, among all producing trees (Fig. 1).

The methodology consisted on careful observation of the whole tree canopy for at least 5 minutes, completing a full turn of the canopy. The direct observation of the branches and cones from the ground or using a small ladder was possible in both sites due to the small size of the grafted trees (2-5 m high) and the easy access to the canopy. The development stage of identified insects (nymph or adult) was recorded but no collections were made in order to avoid perturbation on the records for the following months.

Climatic data

Daily records of meteorological data were obtained from local meteorological stations installed near the sites. Air humidity and temperature (CS215; Campbell Scientific, Inc., Logan, UT, US) were collected continuously in 30-min time intervals (CR10X; Campbell Scientific, Inc., Logan, UT, US). Due to a local station failure at site A during the summer of 2016, missing data for average temperatures, maximum temperatures and relative humidity were modeled from site B climatic data, through linear models generated from data from both sites corresponding to the years of 2015 and 2017. Hemipteran insects are quite sensible to air temperature and in particular to Vapor Pressure Deficit (VPD) affecting their activity and even their distribution (de la Vega and Schilman 2017). To evaluate climatic data that could influence summer survival, the number of days with maximum temperatures over 34ºC and 36ºC was recorded on a monthly basis for the whole duration of the study. Vapor Pressure Deficit (VPD) was calculated using maximum daily temperatures and average daily relative humidity for the period of insect's activity. We considered 25 hPa threshold for the insect activity, in accordance with what was observed for other Hemiptera species (de la Vega and Schilman 2017).

Statistical analysis

To evaluate the effects of the insect-exclusion bags (E vs N) and FR treatment (FR vs C) with the correspondent control conditions we used the ratio between the number of intact kernels over the total number of pine seeds per cone (viable seed yield).

Treatment comparisons were performed using generalized linear models (GLM), with a binomial distribution. The response variable was the viable seed yield. Seeds with any type of damage were considered as nonviable. Cones belonging to the same tree were considered as repeated measures in the models, controlling the subject effect.

Two models were used with different objectives. In site A, with a long-term data set of 5 years, we were interested in analyzing the effect of the year on the exclusion treatment. Therefore, a model was built for all study years considering two fixed factors (exclusion treatment and year) and their interaction. When significant differences were found, pairwise differences were further explored using Tukey tests. For this location, we also analyzed separately the response variables: type I damage and type II + type III damage pooled together using the methodology outlined above. Type II and III have been considered together to avoid misclassifications in the laboratory as the damage is sometimes difficult to distinguish, especially when the kernel is very shriveled or stuck to the shell.

For both site A and B, we further used generalized linear mixed model to analyze the fixed effects of tree management, exclusion treatment and their interaction. Year was considered a random effect. For site A we used data for the first three study years only, when tree management treatments were in place, since tree treatments were discontinued after 2017.

Temporal trends in L. occidentalis populations were analyzed using the average number of insects per tree (including all life stages), for each year and site. This average corresponds to the mean number of insects observed per sampled tree during the month with more observations, which corresponds to the peak of their activity (June-July).

The percentage of seed loss (per cone) due to the activity of L. occidentalis, was calculated using the following equation:

% = - × 100
In which Average Viable Seed Yield (E) is the average proportion of sound seeds on cones inside insect exclusion bags, and Average Viable Seed Yield (N) is the average proportion of sound seeds on naturally exposed (unprotected) cones. We also analyzed possible correlations and linear relationships through linear regression models between the average number of insects per tree and seed loss. Taking into account that cones are susceptible to L. occidentalis during the entire reproduction cycle, the relationship was analyzed between seed loss in a current year t and the average number of insects in the current Nt and previous year Nt-1. Data is presented as average ± SE throughout the text.

RESULTS

Variation of viable seed yield in experimental field trials

Temporal trends of viable seed yield

During the 5 years of the study, 560 cones were collected (354 in site A and 206 in site B) and a total of 44 133 pine seeds were processed. Overall, we found 80±1 pine seeds in shell per cone, of which on average 67±1 were sound (Table 1 Supplementary material).

In site A, significant differences between exclusion treatments were concentrated in the first three study years (2015: p < 0.001, 2016: p < 0.001 and 2017: p = 0.008), with viable seed yield of cones inside insect-exclusion bags significantly higher than exposed ones (Fig. 2). During the last two years of the study, no significant differences between viable seed yield of different treatments were found. Cones enclosed in insect-exclusion bags have relatively constant viable seed yields, not different statistically over the study period, being only slightly lower in 2019. On the contrary, viable seed yield of cones without insect-exclusion bags presented a greater variation over time increasing nearly 20% from the beginning to the end of the study.

When damage types were analyzed separately in site A (Fig. 3), we observe that type I damage was in general less prevalent than more severe kernel damages (type II+III). The temporal pattern is similar in N -natural exposed cones; E -cones inside insect exclusion bags; FR -fertilized and irrigated trees; C -control trees 10 both cases, with differences during the first study years, which gradually disappear (Fig. 3). For type I damage, there are significant differences between treatments in 2015 (p < 0.001) and 2016 (p < 0.001), and for type II+III damage, there are significant differences in 2015 (p < 0.001), 2016 (p = 0.003) and 2017 (p < 0.001). During the first two years, both damage types contribute to the differences found between insect exclusion treatments, whereas in 2017 type II+III alone is responsible for them. From 2018 to 2019, we observe an increase in type II+III damage for both insect exclusion treatments, associated with the slight decrease in viable seed yield during this period. 

Effect of tree management on viable seed yield

When the tree management treatment (C, FR) is analyzed for seed damage, in site A significant interaction between treatment types (exclusion treatment, management treatment) is observed for all damage types (total damage -p < 0.001, type I damage -p < 0.001, type II+III damage -p=0.001) (Fig. 4). Both in the control C and FR plots, insect exclusion cones had higher yields than non-exclusion ones (p < 0.001). In cones within insect exclusion bags, total damage was higher in control plots in comparison with FR plots (p = 0.035), while in non-exclusion cones the opposite was observed with FR cones showing a much higher damage ratio than control ones (p < 0.001). Considering type I damage, only FR cones showed significant higher damaged seeds on non-protected cones (p < 0.001). For type II+III damages, results are similar to those of total damage, but here with no significant difference between C and FR on the insect exclusion cones. In site B, tree management treatment showed an effect for all damage types (total damage -p = 0.034, type I -p < 0.001, type II+III -p < 0.001). Higher damage was observed for FR cones when compared to control cones (total damage -p=0.038, type II+III -p=0.001). Insect exclusion treatment also had an effect for total damage (p < 0.001) and damage type II+III (p < 0.001), with higher damage for unprotected cones when compared with exclusion cones (total damage -p < 0.001, type II+III -p < 0.001). For type I damage, despite no differences in exclusion versus exposed cones, C cones were less affected than FR ones (p=0.006). In site B, the models detect no significant interactions between factors for any damage type.

Leptoglossus occidentalis population abundance in natural field conditions

At site A, individuals of the local population of L. occidentalis, were observed in the first four years of the study but no individuals were detected in the following two years (Fig. 5). The month with the highest number of insects observed was July for all years except 2014, for which it was June. There were no differences in the number of insects observed between FR and control plots (p = 0.620). No insects were observed at site B for the whole duration of the study. During the 6-year period, we observed a steady decrease of population numbers over time (Fig. 5). From 2014 to 2017, the period in which the insect was observed in the field, the population declined exponentially (equation Nt=N0e λt , growth rate λ = -0.584, r 2 =0.98). A sharp drop in the average number of individuals observed per tree occurred from 2014 to 2015, with the loss of over 60% of the population (Fig. 6). From then on, a steady decrease was observed. In 2018 and 2019, no insects could be detected.

Year -Management treatment

Since this insect has a gregarious behavior with a patchy distribution in the field, we also calculate the percentage of trees with insects in the sample tree pool. Here too we noticed a decreasing pattern throughout the study period. Taking per year the month with the highest number of observations, in 2014 we were able to observe insects in more than half of the trees inspected (55%). In 2015, the number dropped to 33%. In 2016, it continued to decline to only a quarter of the trees with insects, reaching a minimum of one-fifth (20%) in 2017.

When we analyze temporal patterns of seed loss at site A we observe a correspondence between years with significant insect exclusion treatment differences and years with high seed loss (over 15%). These correspond to the years in which L. occidentalis was still present on site (up to 2017, Fig. 6). We also observe a decrease in seed loss that follows the population decline very closely over time (Fig. 6). From 2018, when the population density of the insect decreased making it difficult to detect it in the field, seed loss decreased also to only about 5% in 2018 and under 2% in 2019. The correlation between seed loss in the current year and the average number of insects observed in the current and previous year was significant (r 2 =0.95, p=0.02). 

Climatic data

Average monthly temperatures during summer were similar between sites. In both sites the year of 2017 was exceptionally hot and dry with the period of insect activity (from April to November) showing maximum records of extreme daily temperatures and vapor pressure deficits. In site A, we observed an increasing trend of the number of extremely hot days from 2014 onwards culminating in 2017 with maximum values but decreasing thereafter in 2018 and 2019 (Fig. 1 Supplementary material). Days with VPD over 25 hPa peaked also in 2017, with a record of 26 days (Fig. 7). Site B appears to show more extreme conditions for insect activity and survival during the studied period, especially in 2018. 

Discussion

By analyzing, both the densities of the insect populations observed in the field and the seed damage later obtained in harvested cones we were able to correlate the two variables and thus clearly quantify the bug's impact in seed loss per cone.

A recent and extensive study led by [START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF] reported a severe decline in seed yield of P.

pinea in Spain. The authors compared historical data (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) and recent data (2012-2015) of cone and seed production and highlighted the bug as the main cause of the observed decline in seed yield. Seed damage as large as 50% was observed in some sites for the year of 2015 [START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF]). We obtained a similar result for 2015, the only year in which both studies can be compared. In fact, the year of 2015 together with 2016 were the most damaging years in our time series but a recovery trend on viable seed yield was observed after 2016 with seed losses below 2% three years after, in 2019. Our results contradict an overall decline in viable seed yield of Stone pine as suggested in some studies [START_REF] Mutke | Severe seed yield loss in Mediterranean Stone pine cones[END_REF][START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF]) but rather a variable pattern that needs clarification as to its determinants. A year of low cone production might result in high yield loss due to a concentration of insects feeding on a small number of cones available. The year of 2015 was the one with the lowest cone production in site A, as the trees were still young (8 years old) on its early years of cone production after grafting. This may have contributed to the high seed damage observed in that year. Still, from 2016 to 2018 cone production was more or less constant (Table 1) whereas seed damage steeply decreased (Fig. 6). This decrease can only be justified by the decline of the bug population.

Seeds from cones naturally exposed to biotic agents presented a variable percentage of viable seed yield over the five years of the study (varying from 70% to 86%). On the contrary, seeds from cones inside insect exclusion bags had a steady and higher viable seed yield average (92%) considering only the long time series of site A. This result clearly shows that the variations observed must be related with biotic agent(s) causes and should be independent of meteorological conditions or tree physiological status that would equally affect the two types of cones. Other field studies using insect exclusion bags and comparing viable seed yield from protected and unprotected cones also reported a similar viable seed yield average (94%) in cones protected with nets (Elvira-Recuenco et al. 2016;Farinha et al. 2018a).

However, in none of these studies were the results of the viable seed yield correlated with the population density of L. occidentalis. By analysing both variables we found a strong positive correlation between them (r=0.98) with high natural insect densities corresponding to high seed loss. Furthermore, the insect´s near-absence in the field in the last two years (2018 and 2019) would thus explain the lower seed losses per cone observed -only 2% (contrasting with 25% on the first years) as well as the striking similarity in seed losses between protected and unprotected cones. These results provide strong evidence for the impact of L. occidentallis on seed loss in Stone pine. They also support previous studies that hypothesized this new invasive bug as the main responsible for cone and seed losses in the Mediterranean region reported in the last decade (e.g. [START_REF] Bracalini | Cone and seed pests of Pinus pinea: assessment and characterization of damage[END_REF][START_REF] Mutke | Severe seed yield loss in Mediterranean Stone pine cones[END_REF]Elvira-Recuenco et al. 2016;[START_REF] Calama | Decline in commercial pine nut and kernel yield in mediterranean stone pine (Pinus pinea L.) in Spain[END_REF].

When analysing the type of seed damage, the results corroborate again a clear impact of the insect. Both damage Type I and Type II + III are much higher in unprotected cones than in protected ones in the first two years when the insect density was also very high (2015 and 2016). Interestingly, in 2017, when the population of the insect greatly decreases, the Type I damage also decreases (to only 2.5%) with no differences between unprotected and protected cones. It should be noted that this type of damage reflects the feeding by the insect on the already fully developed seed of last year cones (ripening cones) (Farinha et al. 2018a, b). The low level of the insect population in 2017 may then explain the low damage Type I and the consequent lack of difference between protected and unprotected cones in this year. In contrast, in this same year, the Type II + III damage was greater on unprotected cones. Again, this may be linked to the different impact of the insect if it feeds on young or mature cones. This type of damage (Type II + III) is observed when the insect feeds on young cones as seen in other Pine species [START_REF] Schowalter | Effect of Leptoglossus occidentalis (Heteroptera: Coreidae) on seed development of Douglas-fir at different times during the growing season in western Oregon[END_REF][START_REF] Bates | Effect of feeding by the western conifer seed bug, Leptoglossus occidentalis, on the major storage reserves of developing seeds and on seedling vigor of Douglas-fir[END_REF]). Therefore, it may reflect the presence of the insect in the previous year when it was still abundant.

In the last two years (2018 and 2019), no differences between protected and unprotected cones were observed in site A in any damage category which is in line with the near absence of the insect in the field.

This near-absence in the field means that the population is below detectability level by direct observation We further investigated viable seed yield and the presence of the insect in trees growing in a better water and nutritional environment (fertirrigated plots) compared with trees growing in natural conditions. Trees from fertirrigated plots presented a consistently lower viable seed yield in unprotected cones in both sites although we have not found an apparent preference in insect distribution for trees with a particular management treatment. It is important to note that the patchy distribution of this insect makes it difficult to carry out an unbiased sampling of its actual distribution that only a census could address. Previous studies have showed this higher damage to seeds in fertirrigated trees when compared to control ones (Farinha et al. 2018a). It is possible that these trees are more attractive, both nutritionally and visually (larger canopies), to the seed bug L. occidentalis. Similar preference was shown for other plant sucking insects [START_REF] Moran | Population fluctuations in complex life cycles: an example from Pemphigus aphids[END_REF][START_REF] Kimberling | Testing a new hypothesis: plant vigor and phylloxera distribution on wild grape in Arizona[END_REF]Price 1991) as well as other seed and cone pests [START_REF] Mitchell | Leaf-footed bugs (Coreidae). Heteroptera of Economic Importance[END_REF]. It is also likely that well irrigated and fertilized trees support higher survival of the seed bug nymphs which are more demanding in humidity than adults (Farinha et al. 2018a). Forest managers should therefore balance the management costs of fertirrigation, addressing the potential increase in cone production but a decrease in viable seed yield when the bug is present in high densities.

However, there is a relevant limitation to this. Effective and timely monitoring tools for the bug are still lacking which is a challenge for the scientific community. In this study, the bug monitoring was only possible using grafted pine orchards where the cones are at eye level. In the absence of traps, the implementation of a network of grafted seed orchards to monitor the insect populations should be articulated between researchers and producers and taken as a priority as it would benefit both. Producers would have more information to support their pest management decisions. In particular, the chemical control could then be carried out in an appropriate and non-blinded extent avoiding negative environmental impact and unnecessary costs. Due to its patchy distribution, the number of trees (instead of the number of bugs) where at least one insect is spotted is a practical tool for grafted seed orchards and could serve as a proxy for the density of the bug in the field. In a practical way, we could observe that in a sample of a cluster of grafted pines (n=20), when the bug was spotted in one-third to one-quarter of the trees the loss in seed per cone was around 25%. Whereas if spotted in 20% of the trees the damage drops to 15%. These results are the first quantitative indicators of the damage that a given insect population density (estimated as described in the methods section) can cause on ripening cones of Stone pine. Yet, it will still be necessary to replicate the experiment in more locations and further calibrate the results with the annual cone production (resources availability for the insect) to get an estimate for the economic injury level of L. occidentalis. It is relevant to note that in this study we evaluate the impact of the insect only on the seed yield. Our analysis does not take into consideration the impact of this bug on the mortality of young cones and thus, in the annual production of cones. Yet, we recognize, this can be a further negative impact of the seed bug [START_REF] Bates | Abortion and seed set in lodgepole and western white pine conelets following feeding by Leptoglossus occidentalis (Heteroptera: Coreidae)[END_REF][START_REF] Mutke | Impact of the Dry Cone Syndrome on commercial kernel yield of stone pine cones[END_REF]Farinha et al. 2018a). In addition, attacks on last year of cone development may cause a larger number of inviable seeds (small size), thus reducing the number of pine nuts per cone (e.g. Elvira-Recuenco et al. 2016;Farinha et al. 2018a). However, in contrast to seed damage type I and II, which are an evident sign of the activity of L.

occidentalis (Farinha et al., 2018b), it is not possible to decouple inviable seeds caused by the seed bug from tree physiological factors and negative effects of abiotic factors on fertilization.

Alongside the absence of traps, another challenge is the population dynamics of this insect. It was described as chaotic because its determinants are not known [START_REF] Lesieur | The invasive Leptoglossus seed bug, a threat for commercial seed crops, but for conifer diversity?[END_REF]. Resource availability can strongly influence insect population dynamics as observed for many seed feeding insects (e.g. Van [START_REF] Van Klinken | What limits predation rates by the specialist seed-feeder Penthobruchus germaini on an invasive shrub?[END_REF][START_REF] Johnson | Effects of temperature and resource variation on insect population dynamics: the bordered plant bug as a case study[END_REF]). This may be particularly important for insects feeding on host species with masting cycles. In years when there is a counter-harvest, the number of insects decrease with the opposite happening in years of high cone production (bumper years). In our study, pines were still very young and time period not long enough to identify years of harvest and counter-harvest and its putative effect on the population dynamics of the seed bug. Moreover, the local insect population was not uniquely affected by the cone production of the experimental site, considering that the site is surrounded by pine stands with mature trees in full cone production, which could act as reservoir. The population dynamics of this insect is still an intriguing subject, which requires specific studies and longer time series of cone production, climate and insect abundance for its understanding.

Climate has also been widely pointed out as a key factor in the dynamics of various insects (e.g. Bale et al. 2002;[START_REF] Stange | Climate Change Impacts: Insects[END_REF][START_REF] Kiritani | Different effects of climate change on the population dynamics of insects[END_REF][START_REF] Pureswaran | Forest insects and climate change[END_REF]) but little is known about how it affects L. occidentalis dynamics. During the 5 years of this study, the year of 2017 was exceptionally dry, with maximum VPD values among the highest of the 5 years' time series. This year the insect population density in the field declined abruptly. We associate it with consecutive days with extreme air dryness during the period of insect activity imposing an environmental stress that may have reduce the number of individuals considerably. In fact, an increasing trend of harsh summers was observed between 2014 and 2017. Although there are evidences that higher temperature often promotes the abundance of insects [START_REF] Wallner | Factors affecting insect population dynamics: differences between outbreak and nonoutbreak species[END_REF], heat waves may exceed maximum biological thresholds decreasing fecundity and survival (Musolin et al. 2009). Without further information however, we cannot safely conclude that this was due solely to climate conditions. Future scenarios of climate change in the Mediterranean region predict an increase in frequency of heat waves [START_REF] Giorgi | Climate change projections for the Mediterranean region[END_REF]. More studies relating climate with population dynamics, especially the impact of meteorological conditions on L. occidentalis populations during summer are required. Insects' distribution models must integrate their resistance to extremely high temperature events, as it may become a key controlling factor of insects' survival in some regions of the globe [START_REF] Rouault | Effects of drought and heat on forest insect populations in relation to the 2003 drought in Western Europe[END_REF].

Conclusions

N -natural exposed cones; E -cones inside insect exclusion bags; FR -fertilized and irrigated trees; C -control trees 20

This work represents the first field study that integrates, at site level, both the variation in stone pine viable seed yield and the population density of a key biotic agent of Stone pine, the invasive bug L.

occidentalis. This combined approach provided supported estimates on the impact of the insect on stone pine seeds, which until then had been rather speculative. Results revealed that variation in viable seed yield is strongly correlated with variation in bug densities. Where, as expected, greater damage corresponds to higher bug densities. We could thus set out a basis for the estimation of an economic injury level threshold for L. occidentalis. This threshold would later help producers to decide at which value of the bug field density an investment in pest control becomes justified.

To note that, scientific efforts to find tools, such as pheromone-based traps or other attracting methods which would allow for the monitoring of this insect species must continue.

Fig. 1

 1 Fig.1 Field trials. The top diagram concerns the two field trials methodology: first row corresponds to the assessment of seed damage in ripening cones by comparing cones enclosed in insect exclusion bags (E) with cones naturally exposed (N) (see Methods 2.2). The bottom row corresponds to the prospection of L.

Fig. 2 Fig. 3

 23 Fig. 2 Temporal trends in viable seed yield (proportion of intact kernels on the total number of seeds per cone, average ratio ± SE) according to exclusion treatments: Exclusion (E) -cones inside insect exclusion bags (E) and Non-exclusion (N) -cones naturally exposed. Error bars represent standard error. (A -site A, B -site B)

NABFig. 4

 4 Fig. 4 Damage ratio (estimated damage ratio ± SE) according to both insect exclusion and tree management treatments. Error bars represent standard error. (A -site A, B -site B)

Fig. 5

 5 Fig. 5 Total number of insects observed per year, season and tree treatment in Site A. C -control trees FR -fertirrigated trees (this treatment was applied from 2014 to 2017)

Fig. 6

 6 Fig. 6 Temporal trends in L. occidentalis population numbers (average number ± SE) in site A. The average corresponds to the mean number of insects observed per sampled tree during the month with more observations each year. Grey bars represent percentage seed loss per cone.

Fig. 7

 7 Fig. 7 Daily calculated values of VPD (hPa). Numbers represent the total number of days were calculated VPD was higher than 25 hPa. Grey shades represent the VPD threshold above 25 hPa. The dashed line shows the increasing trend between 2014 and 2017.

  and not that it has disappeared completely. The significant percentage of seeds with damage Type II + III on naturally exposed cones on site B in 2018 could be the result of damage caused by the bug on previous year or other undetermined causes. Nevertheless, site B corroborates the trend observed in site A regarding the low density of the insect in the field in 2018 and 2019. Geographically, the two study sites are located 50 km apart and have similar climate and soil characteristics. Observations elsewhere in the country that encompass several regions in central and South of Portugal (Santarém, Setúbal, Évora) have also revealed low insect population levels in 2018 and 2019 leading to believe that external factors may be influencing population dynamics on a large scale and that the insect population fluctuations do not occur locally.
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