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Abstract

:

Chrysoperla carnea s.l., a vital predator in olive groves, plays a key role in reducing the reliance on pesticides. Despite its efficacy, habitat diversification at the landscape level can compromise its effectiveness as a generalist natural enemy, diverting its attention from olive pests to other resources. To unravel its habitat preferences and maximize biocontrol services, a comprehensive study was conducted, collecting specimens monthly across diverse habitats in a Portuguese olive grove landscape. These habitats included shrublands, “montado,” grasslands, eucalyptus and pine forests, vineyards, and olive groves. The findings revealed C. carnea s.l. displayed a widespread presence in all habitats, with peak abundance initially observed in olive groves, coinciding with the presence of its preferred prey, Prays oleae. However, the peak abundance of this species varies among habitats, with the highest numbers initially observed in olive groves, gradually decreasing throughout the summer and reaching the lowest levels in vineyards. Significantly, habitat diversification at the landscape level contributes to an increased abundance of C. carnea s.l. in olive groves. This suggests that diversifying available resources aids in sustaining natural enemy populations in proximity to the targeted crop, thereby enhancing their efficacy in pest control. Consequently, we advocate for stakeholders in olive cultivation to promote landscape-scale habitat diversity by preserving, restoring, or fostering alternative habitats surrounding olive groves.
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1. Introduction


In recent decades, agriculture has undergone an intensification process marked by a substantial increase in land dedicated to food production [1]. This transformation has led to the depletion of natural habitats, resulting in a loss of biodiversity and a decline in associated ecosystem services [2]. Moreover, this simplification of landscapes raises the risk of more severe and catastrophic pest outbreaks, intensifying the reliance on insecticides among farmers [3]. However, pests are developing resistance to insecticides at a rate that often surpasses our ability to develop new control products [4]. As a response, new policies are advocating for sustainable pest management approaches that do not necessitate the use of such products [5]. While many of the techniques tested have been geared toward local implementation, ecologists, agronomists, and farmers are increasingly recognizing the pivotal role that surrounding landscapes can play in influencing pest damage [6,7].



Natural habitats at the landscape scale can provide pest predators with resources for optimal action against pests [8,9]. Shelter, nectar, pollen and, especially, alternative prey are among the resources they need to thrive optimally [10,11]. However, in some cases, these habitats can be more attractive to natural enemies than the crop itself, preventing them from moving to the cultivated areas and avoiding natural pest control [12,13,14]. This is especially relevant for generalist predators, those with a broad diet that includes various pest species, who play an essential role in sustainable pest management due to their ability to naturally regulate pest populations [15]. These predators offer several advantages in agricultural ecosystems. For example, they can exert significant top-down control on pest species, helping to prevent outbreaks and reduce crop damage [16,17]. In addition, generalist predators can adapt to changes in pest populations, making them effective in dynamic agricultural environments [18].



Among all generalist predators, Chrysoperla carnea s.l., commonly known as the green lacewing, holds significant importance in biological pest control due to its voracious appetite for a wide range of crop-damaging insects, including aphids, thrips, mites, and several caterpillar species [19,20]. As a generalist predator, Chrysoperla carnea s.l. adapts well to different agroecosystems, making it a valuable asset in integrated pest management (IPM) strategies [15]. Its high reproductive rate and effectiveness in reducing pest populations have garnered attention in both greenhouse and field crop applications [15]. The most interesting life stage is the larva because it is the moment in which it can exert its predatory capacity with its long, sickle-shaped mandibles. However, the adult stage is also very important, as it is at this moment that this insect disperses, reaching distances that can be longer than 10 km [21]. Moreover, Chrysoperla carnea s.l. exhibits a preference for pest prey, minimizing the risk of harming beneficial insects [17]. The presence of this predator is especially relevant in olive groves in which it is known to prey upon the olive moth (Prays oleae) [22] and the olive psyllid (Euphyllura olivina) [23]. However, due to their generalist condition, effective biocontrol by this agent can be counteracted by other habitats as they can prefer to thrive in other habitats different from the target crop [12,13], especially in the olive landscape in which olive groves share a substantial number of organisms with the other habitats that compound it [24,25]. Therefore, it is essential to understand the temporal and spatial dynamics of Chrysoperla carnea s.l. in the landscape to be able to understand which are the most suitable landscape compositions that might affect optimal biocontrol in a target crop.



Hence, we conducted research that centers on the role of Chrysoperla carnea s.l. within olive groves, considering a comprehensive landscape perspective. The present study builds upon a previous one in which the potential capacity of C. carnea s.l. to exert biological control over Prays olea was analyzed, focusing on the effect of the landscape on the prey but not on the predator [22]. On this occasion but with the knowledge gained in the previous study, we aim to explore the dynamics of C. carnea s.l. within the various habitats that constitute a typical olive landscape in Portugal. Our research seeks to address the following inquiries: (1) What is the abundance of C. carnea s.l. in different habitats, including olive groves? (2) What temporal patterns characterize the dynamics of C. carnea s.l. in these habitats? (3) How do different habitats at the landscape level influence the abundance of C. carnea s.l. within olive groves?




2. Materials and Methods


2.1. Study Locations and Insect Sampling


To achieve our research goals, we selected a total of 79 sampling locations distributed across various predominant habitats identified in the Beira Interior region of Portugal, encompassing the municipalities of Castelo Branco and Idanha-a-Nova (Figure 1). The area of study was a square of 10 kms by 10 kms. The habitats observed in this region included shrublands, eucalyptus forests, pine forests, “montado” (Iberian oak savannahs), grasslands, vineyards, and olive groves. Given that olive groves are a crop of major importance in the study area and the relevance that Chrysoperla carnea s.l. has in this crop as a biological control agent, 25 out of the total 79 sampling points were specifically situated within olive groves. In total, 25 olive groves were chosen because this is the typical number of sampling points in these types of studies in olive groves [3,26]. For the rest of the habitats, we deployed nine sampling points per habitat. We distributed these points aiming at covering the whole square of 10 by 10 km. We considered that this number is high enough to give enough representation of the results obtained.



The majority of these olive groves were centennial and consisted mainly of the Galega variety. They were not irrigated and had limited ground cover vegetation due to the presence of livestock. These olive groves were actively cultivated at the time of sampling and each sampling point was located in a single field owned by a single farmer. Notably, no pesticides were applied, and no land-ploughing methods were employed by olive growers during the study. The remaining sampling points were evenly distributed among the other habitat categories, with nine points allocated to each habitat (Figure 1). The minimum distance between points was 588.1 m, while the maximum distance was 10,331.8 m (Figure 1). This minimum distance was chosen because the normal dispersal range of C. carnea s.l. is 500 m per day, although it can reach mora than 10 km in the first stages of its adulthood [21].



To assess the abundance of Chrysoperla carnea s.l., we deployed McPhail traps at each of the selected points in February 2019 (Figure 1). Each trap was baited with a liquid mixture containing 5% diammonium phosphate and 2% borax dissolved in 250 mL of water, a highly effective attractant for C. carnea s.l. adults [27]. At every sampling point, monthly collections were conducted over one year, commencing in February 2019 and concluding in January 2020, specifically on the: 13 February, 17 March, 15 April, 23 May, 20 June, 25 July, 23 August, 20 September, 17 October, 15 November, 12 December, and 26 January. Following field collection, the samples were transported to the laboratory for counting C. carnea s.l. individuals. Chrysoperla carnea s.l. correspond to a set of sibling species that are very difficult to recognize visually on an individual basis. Even molecular methods result in difficult determination. In the olive groves landscape, several species are the most representative of this complex, namely Chrysoperla carnea s.str., Chrysoperla agilis (Henry, Brooks, Duelli & Johnson, 2003), Chrysoperla lucasina (Lacroix, 1912), and Chrysoperla affinis (Henry, Brooks, Duelli & Johnson, 2003) [28]. It is widely recognized that the identification of the species of this complex is very difficult and involves methods that go beyond the scope of this study. In addition, these species share the same functional role [28]. Therefore, throughout the document, we refer to this complex as C.carnea s.l. as this is the convection in these types of studies [29,30].




2.2. Landscape Analysis


Landscape analysis was performed for the 25 sampling points located within olive groves. A geospatial analysis was conducted on the surrounding buffer area within a 500 m radius using QGIS software [31], a Geographic Information Systems (GIS) platform. Aerial photographs were utilized to delineate polygons representing different habitat patches within the study area, as previously mentioned. To validate the accuracy of landscape elements and complement aerial photographs, visual field validation was performed to confirm the habitat at each selected point. All geospatial data were converted into raster images and analyzed using Fragstats software (University of Massachusetts, Amherst, MA, USA). From this spatial pattern analysis, we derived class-level landscape metrics, quantifying the total area of each habitat within the landscape buffer zones as a percentage. These values were used to calculate Shannon’s diversity index (SHDI) as an indicator of landscape diversity. Landscape simplification was estimated by assessing the proportion of olive habitat surrounding each sampling point.




2.3. Statistical Modelling


We simplified and standardized the data by consolidating individual counts for C. carnea s.l. across all sampling dates, resulting in a singular value per sampling point. This approach facilitated the application of statistical models to comprehend the patterns and relationships observed in the study. Statistically significant differences between pairs of habitats were determined using a nonparametric Wilcoxon rank sum test, with p-values adjusted using Benjamini and Hochberg’s method [32]. To enhance representation in a boxplot, the data used for this test were log-transformed.



To examine the dynamics of Chrysoperla carnea s.l. in various habitats over a year, we employed Generalized Additive Mixed Models (GAMMs). These models incorporated an interaction term between the Julian day of trap sampling and the specific habitat where the traps were situated. We used five knots to capture the population fluctuations within each habitat. To address the issue of pseudoreplication stemming from multiple samples taken at the same location at different times of the year, we introduced the trap location as a random factor. Initially, we applied a Poisson error distribution since the response variable involved counts. However, due to overdispersion, we opted for a negative binomial error distribution with a log link function to better account for this overdispersion. To ensure the stability of our models, we separately analyzed the population dynamics for each habitat, yielding consistent and statistically significant results (p-value < 0.05).



To understand the impact of different habitats on C. carnea s.l. abundance in olive groves, we utilized a combined dataset from the initial analysis, which included a single value for each of the 25 sampled olive groves. We employed a model selection approach based on the Akaike information criteria corrected for small sample size (AICc) to identify the most parsimonious model, that is, the one that better explains variance with the lower number of parameters. Models with the lowest AICc, as well as those with a difference of less than two AICc units from the lowest, were considered for further analysis [33]. Consequently, we created a series of generalized linear models (GLM), each incorporating a different habitat as a predictor, such as olive, shrublands, “montado,” grasslands, eucalyptus forest, pine forests, vineyards, and the Shannon diversity index. We complemented this set of models with a null model to account for non-effects. Similar to the population dynamic models, we initially considered a Poisson error distribution, but, after detecting overdispersion, we chose to model the data using a negative binomial error distribution with a log link function.



All analyses were carried out in R, utilizing various packages, including “mgcv” for GAMMs [34], “lme4” for GLMs [35], “DHARMa” for overdispersion analysis [36], and “ggplot2” for result visualization [37].





3. Results


3.1. Abundance of C. carnea s.l. in Different Habitats


Throughout the entire sampling period, a total of 2052 Chrysoperla carnea s.l. individuals were collected. These insects were found across all the habitats examined in the study, as depicted in Figure 2. The highest mean abundance per habitat was found in olive groves (40.97 ± 27.28 individuals per plot) followed very closely by the mean abundance in montado (39.22 ± 33.38 individuals per plot). Except for montado, olive groves displayed significant differences from most of the other habitats as shown by the Wilconson test (Table 1). In the case of montado, it displayed significant differences with shrublands, grasslands and pine forests. The rest of the habitats only showed significant differences with the formerly mentioned habitats, but no differences were found among them (Table 1). Eucalyptus forest displayed a mean abundance of C. carnea s.l. of 15.11 ± 11.01 individuals per plot followed by vineyards (12.00 ± 9.21 individuals per plot), pine forest (9.33 ± 9.15 individuals per plot) and shrubs (8.11 ± 5.93 individuals per plot). The lowest abundance was found in grasslands (7.67 ± 9.29 individuals per plot). These variations are visually represented in Figure 2 and correspond with the results from the Wilcoxon test, as detailed in Table 1.




3.2. Temporal Dynamics of C. carnea s.l. in Different Habitats


During the study, we observed significant natural enemy dynamics in all seven habitats investigated (Figure 3). In olive groves, the C. carnea s.l. population peaked sooner than in the rest of the habitats, around mid-May. At this moment, the abundance reached 5.21 individuals/plot, the highest of all analysed habitats (Figure 3). The second habitat in which C. carnea s.l. population peaked was in montado, around mid-June (Figure 3). The peak abundance in montado habitat was 3.52 individuals per plot. These two habitats were in which abundance was higher when the year was analysed as a hold (Figure 2) but have a notable difference in their peaks denoting that montado habitats held a steady abundance of C. carnea s.l. for a longer time than in olive groves, as can be seen in Figure 3. The habitat in which C. carnea s.l. peaked after was the eucalyptus forest, around the beginning of July (Figure 3). Peak abundance in this habitat was 4.32 individuals per plot. Critically, this is the habitat that held the third higher abundance when compared to others, but the shape of the curve is narrower than for montado. For the rest of habitats, C. carnea s.l. populations peaked later, around August; however, it can be noted in Figure 3 that the abundance of this natural enemy reached its maximum a little bit sooner in grasslands. In this habitat, the peak abundance was the lowest of all with 1.91 individuals per plot. In vineyards and pine forests, the peak abundance was very similar to this in montado with 3.54 and 3.28 individuals per plot, respectively (Figure 3). Finally, the peak abundance in shrublands was 2.09 individuals per plot (Figure 3). All combined, the abundance of C. carnea s.l. peaks in mid-June for the entire landscape, reaching a maximum of 3.56 individuals per plot. It is important to note the overall temporal dynamics and how the curve is wider than in the other habitats.




3.3. Land Use Effect on C. carnea s.l. Abundance in Olive Groves


The most parsimonious model explaining the abundance of C. carnea s.l. in olive groves was the one containing the predictor habitat diversity in the landscape (AICc = 233.35; Table 2). There was a notable effect of habitat diversity on Chrysoperla carnea s.l. abundance increasing more than twofold from plots with the lowest habitat diversity to plots with higher habitat diversity (Figure 4). In the model, the habitat diversity showed a significant effect (p-value = 0.022).





4. Discussion


The adoption of landscape-scale habitat diversification strategies to enhance biocontrol services is increasingly viewed as an eco-friendly alternative to the use of chemical products for agricultural management [3,38]. Nevertheless, it is imperative to thoroughly understand the temporal and spatial dynamics of the key contributors to this service. The case of Chrysoperla carnea s.l. is of particular significance. This is because it involves a generalist predator with the capacity to manage a wide array of pests within a crop that has co-evolved with the Mediterranean agricultural landscape for centuries. This presents a significant challenge when formulating landscape-scale habitat diversification strategies [39]. The habitat preferences of this predator may lead it to select habitats other than the target crop, thereby reducing its ability to effectively control olive pests [14].



The findings of this study indicate that C. carnea s.l. is present in all the habitats examined. However, data analysis suggests that it moves through various habitats throughout the year. The peak abundance is initially observed in olive groves, precisely when its preferred prey, Prays oleae [22], is present in the crop. It is worth noting that previous research in the same area demonstrated a significant attraction of C. carnea s.l. to plots with high P. oleae abundance [22]. This study confirms these findings and highlights C. carnea s.l. as an effective biocontrol agent against P. oleae, as its population peaks when the pest is most abundant. Following this, the population starts to decline but peaks sequentially in other habitats, indicating movement patterns. Therefore, from olive groves, C. carnea s.l. moves to montados, then to eucalyptus forests, where its population peaks around the beginning of July. It subsequently spreads to different habitats such as grasslands, shrublands, and pine forests, with a noticeable decrease in peak abundance. The final peak of abundance is observed in vineyards, where C. carnea s.l. may be preying on pests such as Lobesia botrana (Denis & Schiffermüller, 1775) (Lepidoptera: Totricidae) [40,41].



Movements of Chrysoperla carnea s.l. in the landscape are complex. When adults emerge, there is preovipository migration process of around two days in which they disperse in a long-range, downwind, reaching distances that depending on the authors can reach from 10 to an impressive 40 km [21,42]. Therefore, it is difficult to estimate the distance that lacewing adults can fly during this preoviposition period. In contrast, during the oviposition period, Chrysoperla carnea s.l. adults disperse at sunset, by flying approximately 500 m downwind, with the distance also influenced by wind speed but more related to seeking food sources [21,42]. Consequently, the concentration of lacewings in a certain habitat must be ruled by the number of potential food sources that C. carnea can find in that particular habitat [21,42]. Our results show that this is especially clear for olive groves in which there is a high concentration of C. carnea s.l. adults at the beginning of the season, matching with the moment in which the eggs of the carpophagous generation of Prays oleae are laid [43]. The important thing here is to know how we can increase this population in the olive grove during that moment in which that pest is present to achieve optimal control over it. From our results, increasing habitat diversification at the landscape scale seems to be the optimal action to achieve this objective.



Habitat diversity has been seen as a good strategy to increase C. carnea s.l. populations in olive groves [22,44,45]. The reason relies on the fact that diversified landscapes provide more resources for the development of natural enemies [10,11,46], especially pollen [47]. Diverse agricultural landscapes that incorporate a mix of wooded areas and meadows, ensure that there is a varied timing of flowering resources to support insect species that offer C. carnea s.l. the resources it needs across the season [48,49]. Because of this, the abundance of this insect peaks in several habitats at different times, therefore ensuring a substantial amount of resources. This fact aligns with the natural enemy hypothesis that poses that resources at the landscape scale are crucial for optimal natural enemy performance [8,9].



Management implications of these findings prove challenging, particularly due to the complexities associated with conducting landscape planning over an extended period. This highlights the need for policymakers and stakeholders to refine their strategies to boost Chrysoperla carnea s.l. abundance in olive groves. On an individual level, farmers can contribute by integrating indigenous vegetation within and around their farms to enhance C. carnea s.l. abundance. Also, when planning new olive plantations, new policies could make farmers allocate a specific portion of the new crop to other crops or semi-natural habitats, thus increasing habitat diversity. Yet, achieving a more widespread increase in habitat diversity at the landscape scale requires collaboration among neighbouring farmer groups. While this may involve certain expenses, structured compensation programs can be employed to encourage farmers’ cooperation in enhancing landscape complexity [50]. This would help steer clear of monoculture, consequently promoting habitat diversification. This collaborative, landscape-informed approach to pest management represents a significant advancement crucial for realizing tangible benefits in sustainable olive production, farmland conservation, and human well-being. Looking ahead, future efforts should be directed towards elevating habitat diversity at the landscape scale, emphasizing the importance of this strategy for stakeholders aiming to augment Chrysoperla carnea abundance in olive groves and mitigate significant pest issues in this crop and, consequently, pesticide applications [3].




5. Conclusions


The study concludes that understanding the spatial and temporal dynamics of key contributors to biocontrol services, specifically Chrysoperla carnea s.l., is crucial. Despite being a significant generalist predator in managing pests in the Mediterranean agricultural landscape, its habitat preferences present challenges in devising effective landscape-scale habitat diversification strategies. The research uncovers the intricate movements of C. carnea s.l. across various habitats throughout the year, with peaks in olive groves corresponding to the presence of its preferred prey. The results underscore the importance of increasing habitat diversification at the landscape scale for optimal natural enemy performance, aligning with the natural enemy hypothesis [8,9]. Implementing such strategies requires collaboration among farmers, policymakers, and stakeholders, emphasizing the need for structured compensation programs and collective efforts to enhance landscape complexity. Overall, these findings advocate for a holistic approach to pest management, recognizing the pivotal role of habitat diversity in sustaining Chrysoperla carnea s.l. populations and promoting sustainable olive production.
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Figure 1. The left panel shows the study area’s position in Portugal, while the right panel illustrates the arrangement of sampling locations throughout the various land types within the study area. 
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Figure 2. Boxplot illustrating the logarithmic values of Chrysoperla carnea s.l. (common green lacewing) abundance across various habitats investigated in this study. Within each box, the top and bottom lines represent the first quartile (Q1) and third quartile (Q3), respectively, while the middle line indicates the median (Q2). The whiskers extending from the boxes denote values up to 1.5 times the interquartile range, calculated as the difference between Q3 and Q2 for the upper and lower quartiles. Additionally, individual points on the plot correspond to the logarithmic abundance recorded at each sampling location. 
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Figure 3. Temporal dynamics of Chrysoperla carnea s.l. within the various habitats that make up the study, as well as an overview of all these dynamics combined. The light green line represents olive groves, dark green represents “montados”, the orange line represents eucalyptus forests, the light blue line represents shrublands, the violent line represents vineyards, the light-yellow line represents grasslands, the dark blue line represents pine forests, and the cyan line represents the dynamics of C. carnea s.l. in all habitats combined without any distinction. Also, in the bottom right plot, bars correspond in the x-axis with the moment in which maximum abundance was reached. That abundance corresponds with the height of the bar. Bar colors are the same as for the habitats represented in this figure. Shadowed areas represent the confidence intervals at 95%. 
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Figure 4. Estimated effects of the gradient of habitat diversity, calculated with the Shannon diversity index, on the abundance of Chrysoperla carnea s.l. Shadowed areas represent the confidence intervals at 95% (N = 25). 
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Table 1. Statistically significant differences between pairs of habitats. These differences were determined through a nonparametric Wilcoxon rank-sum test, and the associated p-values were adjusted using Benjamini and Hochberg’s method.
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	Eucalyptus Forests
	Shrublands
	Montado
	Olive groves
	Grasslands
	Pine Forests





	Shrublands
	0.465
	
	
	
	
	



	Montado
	0.178
	0.031
	
	
	
	



	Olive groves
	0.011
	<0.001
	0.816
	
	
	



	Grasslands
	0.297
	0.557
	0.014
	<0.001
	
	



	Pine forests
	0.557
	1.000
	0.031
	<0.001
	0.557
	



	Vineyards
	0.625
	0.557
	0.071
	0.004
	0.465
	0.625







Note: Statistical significant values in bold.













 





Table 2. Akaike information criteria corrected for small sample size for the generalized linear model account for the effect of the proportion of surrounding habitats on the population of Chrysoperla carnea s.l. in olive groves. The lowest value is in bold.
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	Habitat
	AICc





	Null
	236.00



	Montado
	238.56



	Eucalyptus forests
	237.29



	Grasslands
	236.54



	Pine forests
	237.44



	Shrublands
	237.41



	Vineyards
	238.29



	Olive groves
	238.59



	Habitat diversity (Shannon index)
	233.35
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