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Spatially explicit population dynamic models have been successfully used to explore management scenarios in terms of pest suppression across a wide range of systems. However, the economic implications of pest management, particularly in the case of biological control and non-crop management strategies, have not been well considered. A bioeconomic spatially explicit simulation model was developed, that integrates models of pest population dynamics, pest movement and economics of management. The utility of the model is demonstrated here using Nysius vinitor, a pest of grain crops in Australia. The model estimates the short- and long-term economic benefits of three pest management strategies: (1) in-field pesticide spray; (2) pest suppression through weed management in non-crop habitat; and (3) bolstering biocontrol through revegetation with, or maintenance of, native vegetation. Across all management types, high yield and low relative management cost resulted in a greater chance of a gross profit. The impacts of the pests themselves were shown to be non-linear, with an intermediate level of pest pressure maximizing the economic gain from management. Pest dispersal capacity influenced the profitability of management of non-crop vegetation, with lower pest dispersal resulting in a greater likelihood of benefit, as benefits from non-crop management are localized (e.g., increased beneficial insect populations). In an intensively cropped landscape, pesticide management was most profitable over the short-term. Once a 10-year horizon was reached, then the profitability of revegetation was greater and continued to increase. While weeding requirements are low, it is likely to always be profitable in the long-term to maintain or restore native vegetation in good condition to control this pest in an intensively cropped landscape. Using pesticide alongside revegetation gave some short-term gain, but the negative impact of pesticide on beneficials outweighed the benefit and in the long-term it is less profitable. These results do not hold in a low production landscape, due to increased pest pressure and costs of managing non-crop habitat. In summary, when quantified over a 10–20 year time horizon, revegetation or conserving native remnants in good (i.e., non-weedy) condition could be economically more beneficial to control an insect pest than ongoing pesticide use, in intensively cropped landscapes.
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Introduction

Conservation biocontrol is a “soft” approach to insect pest control, that aims to enhance abundance or activity of the existing natural enemies in the landscape through local farm management practices (Chaplin-Kramer et al., 2019). In broadacre agriculture there remains a reluctance of growers to shift to such “soft options” for pest management or to practice more integrated approaches; in general this is because growers are highly risk adverse and have become reliant on pesticides, with an average of 6% of total on-farm costs Australia-wide are attributed to pesticide use (Adamson et al., 2014). In Australia, insecticides are cheap and readily available, however, they are facing increasing regulation and issues of resistance which is providing some motivation for industry to consider how best to integrate conservation biocontrol into practice, and to support more judicious use of pesticides (Hunt et al., 2021). Economic studies conducted in Europe to consider the impacts of national policies for reduced pesticide use have mostly not considered possible changes in production techniques (such as conservation biological control) to compensate for a reduction in pesticide; this has led to potentially erroneous conclusions that regulation of pesticide use will have dramatic negative consequences for farm economies and supply of products (Jacquet et al., 2011). For growers and landholders to invest in the development of alternate practices like conservation biological control they require a clearer picture of the economic costs and benefits over longer time frames.

Multiple ecological studies in the past have shown that non-crop habitat may suppress pests and boost beneficial insects in crops if well managed (see reviews by Bianchi et al., 2006; Chaplin-Kramer et al., 2011; Veres et al., 2013). Beneficials are “bolstered” by the continuous resources available (Schellhorn et al., 2015a) and many will move into the crop to provide ecosystem services (Macfadyen et al., 2015). Simulation models for multiple species have also been developed to show the benefits of biological control in terms of pest suppression under varying climatic or landscape conditions (e.g., Li et al., 2019; Barton et al., 2021). It has been recognized for some time that such models could form the basis of valuable decision tools for pest management incorporating biological control (Waage and Barlow, 1993). However, scientific studies rarely go so far as to estimate the economic implications (e.g., prevention of yield loss) of conservation biological control, instead stopping short with a focus on the process of pest suppression rather than profit outcomes (Kleijn et al., 2019). In contrast, several economic studies have sought to quantify economic thresholds for control (e.g., Wise and Lamb, 1998), where economic threshold is defined as “the density at which control measures should be determined to prevent an increasing pest population from reaching…the lowest population density that will cause economic damage” (Stern et al., 1959). These studies relate almost exclusively to insecticide application, and do not incorporate functions for biological control (Naranjo et al., 2015). Economic threshold estimates for insecticide spray exist for a number of pest species and crops (e.g., Miles, 1997), and there is significant research into IPM that is applied for some crops like cotton in Australia that incorporates a detailed consideration of beneficials (Wilson et al., 2018). However, for many broadacre grains crops in Australia, these thresholds are usually a “static” single value and largely based on expert opinion, which is also likely to be biased in favor of chemical applications given the risk-adverse nature of pest control. Such thresholds take a narrow view of management options available for pest suppression to growers, and do not consider how such thresholds will be influenced by factors such as the surrounding landscape, potential crop yield and the efficacy of the management itself, nor explore options for conservation biological control as part of integrated pest management (IPM). They also do not assess management costs and benefits over the long term.

At present, on-farm pest management decision-making in Australia rarely considers the wider landscape effect on pest and beneficial populations, and how non-crop habitats might be managed to give greater economic returns. This is perhaps due to the limited amount of research conducted, and thus limited evidence of, the effect of non-crop habitats on pest control within Australian crop fields, changes in insecticide use, crop damage and yield (Gagic et al., 2018). It is also a complex question, with many factors that can influence the economic outcome (Naranjo et al., 2015). As an “ecosystem service,” Boerema et al. (2017) found only six measures of economic value for biological control in an international literature review. In addition, the ecological benefit of the service is often quantified separately to the socio-economic benefit (Boerema et al., 2017). For example, a review of the benefits of flower strips for farmers found that only around 6% of studies explicitly considered benefits to the farmer, only one study was carried out over a time horizon beyond 4 years, and many papers focused on ecological process, not profit outcomes (Uyttenbroeck et al., 2016). For decision support to be more practical and encompassing of biocontrol, it should integrate ecological and economic information in relation to economic threshold decisions (Chaplin-Kramer et al., 2019). To date, a means to move beyond nominal, rule-of-thumb approaches to determine more dynamic thresholds (or “multi-dimensional thresholds,” see Waage and Barlow, 1993) has not been presented. There is also a lack of understanding of what key ecological and economic data are required in order to calculate dynamic thresholds, and how best to efficiently obtain this data, but see Macfadyen et al. (2014) for an attempt to do so in Australia. The ecosystem services accounting literature is taking some steps to address this, including some of the complexities around accounting for stocks of natural capital and the flow of the ecosystem service (Vira and Adams, 2009). Overall, in order to take a softer management approach (such as so-called “ecological intensification” or to implement so-called “dynamic economic thresholds”) “more knowledge is needed, particularly on the quantification of the costs and benefits … using variables that are relevant to farmers (e.g., crop yield [loss] and profits at the farm level), and the effectiveness of different ecological intensification practices, alone and in combination with other practices, over longer periods of time” (Kleijn et al., 2019, pp. 10). Reconciling temporal and spatial scales is complex, but quantifying the interplay between in-field decision-making and the landscape context is critical (e.g., Furlong et al., 2018).

A means to achieve this quantification is through a bioeconomic simulation modeling approach, based on knowledge gained empirically from multiple ecological and economic studies. As pest management decisions are primarily made at the farm level, it is necessary that the model focuses on private costs and benefits (Waterfield and Zilberman, 2012). Bioeconomic model have their origins, and have been mostly applied, in fisheries research where this term refers to particular models and approaches (e.g., Seijo et al., 1998), but for a recent relevant example where a spatially explicit bioeconomic model was developed for weed management in cereals see González-Díaz et al. (2015). There are limited examples of such an approach applied to insect pest management besides the “natural enemy-adjusted economic threshold” study of Zhang and Swinton (2009). Although their model is not spatially explicit and does not incorporate management practices other than pesticide, it does address some of the important economic trade-offs between pest density, pesticide spray, natural enemy densities, yield and returns. They further developed this model into a tool that assists with the assessment of pesticide application thresholds depending on the number of natural enemies per plant, as well as derived a value for ecosystem services of soybean aphid biocontrol for some US States (Zhang and Swinton, 2012). Other studies have quantified a marginal value of natural enemies at the farm scale, for example in cotton in China (Huang et al., 2018).

Overall, the gap in the scientific literature and lack of tools available to determine the economic value of natural enemies has contributed to little up-take by the agricultural sector of ecologically intensive farming practices (Huang et al., 2018; Kleijn et al., 2019). As Zhang and Swinton (2012) concluded, “future research should move beyond pesticide use thresholds to develop landscape-scale guidelines for explicit management of habitat for the natural enemies of agricultural pests” (pp. 15). Here, a bioeconomic simulation model was developed to explore the complex system of insect pest and beneficial dynamics in relation to non-crop vegetation management across a landscape and in-crop insecticide application at the farm landscape scale. The model was then applied to estimate under what conditions growers may expect a profitable return from managing non-crop habitat either by weed management or with revegetation, compared to conventional use of insecticides.



Materials and methods


Purpose

The purpose of the model is to estimate, on a per field and landscape-level basis, the economic return expected from three different pest management action scenarios over time. This includes both pesticide applications and non-crop vegetation management, across multiple insect species. The estimation of the economic return considers many aspects of the complex agro-ecological system of broadacre grain growing in Australia.

At present, the model focuses on the management of a single pest, Rutherglen bug (Nysius vinitor). Rutherglen bug is a pest of increasing importance in a range of grain and horticulture crops, as well as cotton. Here, we focus on the management of the pest in canola. It can be highly mobile and is known to be supported by multiple hosts in the Australian landscape, so habitat management is important (see Parry et al., 2019). Many other pests may also be impacted by similar non-crop management practices in Australia (see Parry et al., 2015; Downes et al., 2017), so although the focus here is on a single species the findings have broader relevance.

The model is object-oriented and coded in Java. The code makes use of the Repast Simphony 2.4 toolkit for agent-based modeling for its spatial visualization, input/output handling and batch run capabilities, and treats agricultural fields as “agents” (objects). Thus the model is described below following the “ODD” (Overview, Design concepts, and Details) protocol for describing agent-based models (Grimm et al., 2006, 2010).



Entities, state variables and scales

The model has several drivers that ultimately influence the estimated economic return from a given pest management scenario (Figure 1). In terms of management scenarios, the economic benefits (gross profit) can be realized in three ways: (i) pesticide spray reduces pest populations, reducing crop yield loss; (ii) weeding of non-crop habitat reduces pest populations, also reducing crop yield loss; and (iii) revegetation of remnants with native plant species increases beneficials that reduce pest populations, reducing crop yield loss. The model is also able to account for negative feedbacks attributed to pesticide use with negative effects on beneficials. There are several agronomic parameters including the value of the crop and yield, and ecological parameters relating to pest population pressure and impact.
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FIGURE 1
Bioeconomic framework indicating the key factors included in the model and how they relate to one another: (–) negative impact (+) positive impact.


The model is spatially explicit, and simulates management across a landscape, with the key entities the habitat patches in that landscape: crop (divided into crop types) and non-crop (pasture and remnant vegetation). Each crop patch may contain a pest population and the dynamics of this population are modeled at the patch scale, along with the impacts of management on that population. The model runs on a monthly basis, reflecting the data availability for crops and pest populations in the non-crop habitat in the study region. The model simulates the agronomic management of the grain growing study region and can be run across multiple years (necessary in order to estimate effects of long-term management benefits of non-crop habitat). The model currently runs on 12 months of digitized landscape data for NSW, Australia [−34.714, 147.726 (lat, lon) Supplementary Figure 1], but could easily be applied in other similar locations at different scales, if spatial data are available. An intensively cropped landscape (Supplementary Figure 1) is compared with that of a landscape containing a high proportion of semi-natural vegetation in the same region [−34.383, 148.434 (lat, lon)], that contains a much higher proportion of native vegetation remnant and pasture (see Supplementary Figure 2). Multiple years are simulated in the model in this study by simply repeating the spatial data for each month. It is assumed that the landscape structure in terms of crop vs. non-crop remains constant, i.e., it is assumed that no productive land is revegetated, or that there is no opportunity available to convert native remnants into production land. It is assumed that the other grain crops in the landscape (Supplementary Figure 1) are such poor hosts that they can be modeled as “non-hosts” (see Parry et al., 2019 for data to support). The landscape is modeled as a “closed” landscape, i.e., with reflective boundaries, as opposed to a torus: this is due to the irregular shape. This has some minor implications for population densities at the edge (in general somewhat lower due to reduced connectivity to other patches). Immigration from further afield is not included in this model, although this can be an important but irregular driver of pest pressure for this pest (McDonald and Farrow, 1988).


Management

Three types of management with pest-suppression benefits in the model were implemented:


1.Pesticide spray application (varies by month applied and number of sprays)

2.Weeding of non-crop habitat (remnant vegetation or pasture)

3.Revegetation of remnant habitat with native vegetation – incorporates weeding effect and cost of weeding in year 1.



The model was also used to explore the combined effects of management scenarios, and the economic benefits gained by preserving existing native vegetation in good (i.e., non-weedy) condition. When combining management, a function is added to the model to account for the negative feedback of pesticide application on top of revegetation, as this is likely to negate the predation function that is a benefit of native vegetation.

The way in which management actions are implemented in space and time is central to the functionality of the model. There are several assumptions that underlie the management models. For the management of non-crop habitat:


1.Management takes place equally across non-crop habitat in the whole landscape.

2.The cost of the non-crop vegetation management is shared equally amongst all crop fields that may benefit (i.e., crop in which the pest is known to be an issue) in the landscape.



For the management of the crop (pesticide spray):


1.Management takes place equally across crops of the same type in the whole landscape, regardless of pest density.

2.The cost per field is a function of the extent of the crop field multiplied by the spray cost per ha (including labor costs).






Process overview and scheduling

Each management scenario requires a different set of processes and scheduling in a monthly timestep (Figure 2). In all cases, pest and beneficial populations are simulated in the non-crop and then transfer to the crop (see sub-models below), based on findings from previous (field) studies (Macfadyen et al., 2015; Parry et al., 2015). In all simulations the “null” model is run: pest impact on the crop is simulated and then the yield under no management is recorded in order to calculate management benefits (below). Management scenarios are parameterized (as below) and run independently. Pesticide management is applied equally to the crop fields at a user-defined rate and date, and the pest population reduced according to the key parameters of number of sprays, timing of spray and effectiveness of the spray (below).


[image: image]

FIGURE 2
Flow diagram showing, for each monthly timestep during the year, how non-crop weed management simulation processes and scheduling differ from pesticide management and no management. Revegetation management [remnant vegetation (NV) only] effects are calculated in a similar manner to non-crop weed management.


Non-crop weed management is applied in the non-crop habitat, both remnant vegetation and pasture [with the costs transferred to the area of crop that benefits, in this case, canola; note that the cost of weed management given in Table 1 is per month; it is assumed that this applies over 6 months of the year to give the annual total cost (Butts and Lamb, 1991)]. The population of pests in the non-crop habitat is reduced by 90% (based on findings in Parry et al., 2015, 2019) to represent the effect of weeding. The simulation then proceeds as per the null model, but the immigration into crops is reduced and thus so is the impact of the pest on yield.


TABLE 1    Parameter input value ranges (user input) for model sensitivity analysis for N. vinitor and canola based on data/literature as indicated at 2012–2013 prices.

[image: Table 1]

The revegetation of non-crop remnant habitat incorporates the effects of weeding, but has an additional function that represents an immediate increase in beneficial insects (predators) that then move into the crop. This “predation effect” (natural regulation of pests by predators) is based on similar principles to Jonsson et al. (2014) and is set as a fixed factor that reduces crop pest populations (the predation rate) on a monthly basis (see Table 1), but is applied only within a distance of 1,500 m of remnant vegetation. Thus, for each crop field, this function is only applied if the proximity of remnant vegetation to the crop field is within this range under the revegetation scenario. This distance is fairly arbitrary, with disagreement in the literature on the scale of response to non-crop structures of predators and parasitoids in canola (Zaller et al., 2009).

When modeling pesticide application in addition to revegetation, negative feedback between pesticide spray and the benefit of revegetation is taken into account by reducing the “predation effect” by a factor equivalent to the impact of pesticide spray on the pest, see Table 1 (the reduction in pest populations in remnant vegetation due to “weeding,” or the absence of weeds, is still effective).

The model can be run via a graphical user interface, Supplementary Figure 3, or in batch-mode (for exploring a parameter space, as presented in the sensitivity analysis).


Initialization

The model is initialized with a monthly spatial dataset of cropping for the region of interest and the pest population (in this case Rutherglen bug, Nysius vinitor) is calculated for the remnant vegetation and pasture from the statistical population dynamic model (see sub-models). The spatial data for each field/habitat patch is stored as an object in memory, including the land use for each month and the area of the field as well as the initial pest population.



Input data

In addition to the monthly spatial data, input as an ArcGIS shapefile, the model has multiple parameter inputs that apply to the simulation, depending on the scenario (Table 1). A screenshot of the model Graphical User Interface (GUI) is shown in Supplementary Figure 3.




Output data

The output of the model, like the input, is spatially explicit. Output occurs at the end of the year (mid-summer). The efficacy of management may vary in space, due to the limitations of dispersal of both the pest and the predation function in relation to the non-crop habitat. An example of the output to the Graphical User Interface (GUI) that monitors whether there is an economic gain or loss for a particular year is shown in Figure 3.
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FIGURE 3
Example Graphical User Interface (GUI) output illustrating the spatial variation in $ gain or loss per canola crop field.


The model outputs to file at the end of each year (i.e., after 12 time steps) for each crop field, capturing the parameterization for the scenario modeled, the crop pest population, annual yield, profit (benefit), cost and revenue over time.



Submodels


Statistical model of the density of pests in non-crop habitat

A statistical model of the population dynamic of N. vinitor was fit to the data collected in NSW in 2010 for both pasture (Eq. 1) and grasses/weeds (Eq. 2). This model was fit using GLM in R using a quasi-poisson distribution with a sinusoidal function (see Parry et al., 2019 for details). The equations were then applied in the model to deterministically represent the non-crop population dynamics, and the sensitivity of this dynamic explored by multiplying by a factor between 0.1 and 2.0.
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Where Np = the density of N. vinitor adults per m2 pasture; Nw = the density of N. vinitor adults per m2 weeds/grasses in remnant vegetation; m = month converted to radians: [image: image].

Although a single pest case study is presented here for simplicity, other key pests (Armyworm and European Earwig populations) in non-crop habitat can be modeled statistically from the available data in future, and these pests could be simulated by the model either individually or in combination with Rutherglen bug.



Connectivity of patches and movement of the pest from the native vegetation or pasture habitat into the crop

A simple measure of connectivity is the distance of a patch to the nearest neighbor. However, this doesn’t account for the number of neighbors or patch size. An alternate metric is that which accounts for the size and proximity of neighboring patches within a local neighborhood: Whitcomb et al. (1981) “isolation index” and Gustafson and Parker (1992) “proximity index.”

In this model, patches are assumed to connect to one another if they are within the (user-specified) maximum local dispersal range of the pest (Table 1).

The probability of leaving a non-crop patch, Pleave, is fixed at 0.5. In reality this would vary depending on habitat and environmental conditions, and this could be refined if functions derived from available data were incorporated into the model (Moradi-Vajargah and Parry, 2017).

A transfer probability (the likelihood of moving from a focal patch to another patch) for each non-crop patch is calculated, that is inversely proportional to the number of “connected patches” (n) within the movement range of a focal patch, with a maximum of the leaving probability (above) when there is connection to only one other patch (Eq. 3).
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A connectivity probability for each non-crop patch is calculated as the sum of all transfer probabilities for the connected non-crop patches (i). If the result is > 1 this becomes 1 (Eq. 4).

[image: image]

An isolation weighting is then applied to the focal non-crop patch, calculated by multiplying the connectivity probability with the mean density from the statistical population model (as above). The result is that more isolated and smaller patches will have a lower density (Supplementary Figure 4).

To calculate movement of the pest from non-crop habitat into crop habitat (Supplementary Figure 5), and subsequent movement from crop patch to crop patch (or back to non-crop), the above metrics are applied to each patch in the landscape. The transfer probability is used to directly estimate the transfer of pests between habitat patches. The transfer probability is multiplied by the focal patch population to calculate the population to transfer to the connected patch(es) from the focal patch. When more than one patch is connected to a focal patch, the transferring population is divided between the connected patches.



Benefits and costs of management actions

In the following some standard economic assumptions are made. Firstly, that canola prices are a constant as given or determined by the market (the sensitivity of pricing is explored). Second, that pest impacts are small and don’t affect the supply curve of the industry (i.e., feedbacks from pest impacts are not taken into account). The farmer is assumed to be a profit-maximizer and revenue should be positive. So when costs associated with pest injury (as calculated by the model) exceed benefit this is no longer optimal and results in economic loss.

Table 2 summarizes the key attributes of each management actions in terms of their spatio-temporal scale, both at which they are implemented and at which their cost per ha crop is calculated.


TABLE 2    Spatio-temporal scales at which costs and benefits of management actions are measured in the model.

[image: Table 2]

The benefit ($/ha crop) of a management action (i.e., the marginal revenue gained by the action) is evaluated as follows (Eq. 5):

[image: image]

Where Y = yield; P = price per unit of yield; s = level of pest injury; a = control action; [s(a)] = level of injury as modified by the control action (Southwood and Norton, 1973; cited by Pedigo et al., 1986).

In order to evaluate future benefits and costs in today’s terms, a simple assumption of nominal prices and costs of management P (price per unit of yield) and C(a) (cost of management action) over the modeled 20-year time horizon is applied. In order to convert future benefit inflows into present values, discounting is applied to the future benefit inflows across all future years i (where current year = 0) to a maximum projected time horizon T, so that the benefit for year i is calculated as follows (Eq. 6):

[image: image]

Where r is the discount rate. Results are presented showing the variation due to the discount rate applied: a minimum of 2%, mean of 4% and maximum of 7%, which approximate the interest rate in Australia (nominal interest rate minus inflation). This produces BPV, the present value ($/ha crop) a management action in year i up to time T will generate. The future cost outflows CPV(a) are converted into present values using the same discounting method.

Gross profit G(a) ($/ha crop) of the management action is calculated (Eq. 7):

[image: image]

Cost C(a) $/ha crop (or crop equivalent if non-crop management – see Table 2) of a management action is within an estimated range as given in Table 1.

Yield Y[s(a)], dependent on the level of injury as modified by the control action is calculated (Eq. 8):

[image: image]

Where Y = potential yield, %loss = Proportion of yield loss due to pests (see below), %control = the proportion of reduction in pest injury due to the control action.

Yield without control, Ys, is simply the potential yield minus the yield accounting for loss due to total pests with no control (Eq. 9):

[image: image]

Price per unit of yield, P[s(a)], dependent on the level of injury as modified by the control action, is calculated (Eq. 10):

[image: image]

Where MV is the market value of the crop.

Price without control, Ps, is simply the potential market value minus the market value accounting for quality loss due to total pests with no control (Eq. 11):

[image: image]

The above is quite straightforward to evaluate for pesticide control, as the management action occurs within the same spatial context as the effect in the crop and assumed to remain in effect for just a single timestep of the model (1 month). Effectiveness of the spray varies, as per Table 1 (impact of pesticide spray on the pest). However, for non-crop vegetation management, there is a spatial off-set between the spatial context of the management action (i.e., non-crop habitat) and the spatial context of the effect (i.e., crop fields), and the effect of non-crop management is realized over multiple months. This is addressed using a simulation approach, where a null model is run alongside the non-crop management scenario model, and the area under the curve (AUC) for crop pest population is recorded for the year in both cases. The proportion of pest control in the crop (NV% control) due to the non-crop management is calculated (Eq. 12):

[image: image]

The benefit flow due to the non-crop management, B(a), is then calculated as above per ha crop, per annum. The differences between the calculations and the simulation approach is shown graphically in Figure 2.

The expected yield loss proportion (%loss) due to pest density is calculated as a function based on Zhang and Swinton (2009), which in turn was based on Cousens (1985) model for yield loss as a function of weed density (Eq. 13):

[image: image]

The proportion of yield loss is a function of:


1.The pest population density in that month (St)

2.The proportion of yield lost per unit of pest density in month t (μt)

3.The maximum proportion yield loss to pest damage (0 ≤ θ ≤ 1) in month t (θt)



The above is calculated for both the scenario under management and the null model on a monthly basis. The proportion loss for the year, %lossy, is calculated (Eq. 14):

[image: image]

Where n ∈ [1, 12].

Early tests with the parameters in this equation show it to be highly sensitive to both the maximum impact per individual pest (μt) and the maximum proportion of yield loss due to pest damage (θt). Due to the high level of uncertainty and sensitivity in these key parameters (Supplementary Figure 6), the model sensitivity was tested by fixing μ and varying θ, and two scenarios of maximum yield loss were tested: θ = 0.06 and θ = 0.4. This range is supported by a study of Lygus bugs on canola in Canada (Butts and Lamb, 1991), which found 6% of canola seed in some regions was destroyed by Lygus bugs, on average, and that in some fields > 20% of the seed was destroyed. When Lygus bugs were controlled with insecticide at the early pod stage, yield increased by 11–35% in five tests (Butts and Lamb, 1991).

This equation appears to represent well the function of the impact of the pest population on yield when modeled with the higher parameter values of θ = 0.4, μ = 0.03, when compared to an empirical (field cage) study of a Lygus spp. in canola in Canada (Wise and Lamb, 1998), and so the value of θ = 0.4 is used throughout the study. The sensitivity analysis (Supplementary Figures 7A–C) indicates that if θ is reduced to a much lower value (0.06) then control is nearly always uneconomic; thus the economic threshold for control is likely to be much higher than a 6% pest impact on yield, but it will also depend on other factors.





Results


Key factors driving gross profit for each management scenario

The mean pest population dynamic in the crop vs. the non-crop habitat across the year for the different pest control scenarios (in comparison with the null model of no control) is shown in Supplementary Figures 8A–D. The sensitivity analysis (Supplementary Figures 7A–C) and analysis of the mean parameters that resulted in profitable outcomes after 4 years (Table 3) indicated the key factors driving profitability for each management type. Across all management types, crop yield and the cost of management were drivers: high yield (> ∼1.2 t/ha) and low relative cost of management would result in a greater chance of a gross profit (it is assumed there is not a correlation between variables).


TABLE 3    Mean values (and standard deviation) of each variable for scenarios that achieved a gross cumulative profit at year 4.

[image: Table 3]

Across the landscape, pest pressure in crops varied spatially according to the landscape configuration and pest model. Therefore field-scale benefits varied spatially and there are likely differences between the overall benefit (as reported here) and individual field scale benefits (with some likely negative even if the overall benefit is positive), see Figure 3.

The impacts of the pest per se was not a big factor in determining a gross profit (Eq. 7), either the individual pest impact on yield or the pest population itself. However, pest dispersal was important when the scenario was focused on the management of remnant vegetation. This is because the effects of the management of remnant vegetation (reduced pest populations in the case of weeding and also increased predation in the case of revegetation) have a scale of effect relative to the location of the native vegetation (i.e., how far the pests disperse, and the limited range of the predation function). Thus, when pest dispersal is relatively low there is more likely to be success of remnant vegetation management practices in the model.

The impact of the spray application itself (management impact) when varied across the parameter range of uncertainty (Table 1, impact of pesticide spray on pest) was not important for pesticide management profit, but when and how many sprays were applied was important, as they multiply the management impact: only 2 sprays and early spray (in June) were the most common parameters in spray management scenarios that returned a gross profit (Supplementary Figures 7A–C).



Effects of management and pest pressure on yield

When comparing the yield under management (a scenario of a single application of pesticide early season) against the null model (no control), the efficacy of management in terms of benefit in dollars varies in a logical manner (Figure 4A). Under low pest pressure the economics of control may result in only a relatively low economic benefit, but as pest pressure increases the benefit of control reaches an optimum, after which it declines again as pest pressure becomes greater than the benefit from increasing control (Figure 4B).
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FIGURE 4
Comparison of yield between pesticide management and non-management scenarios (A) and the marginal profit from management (B) under increasing pest pressure. Gray shading indicates the zone of optimal profit gain.




Gross profits for management scenarios over time

Under conditions where mean values were used for all parameters (Table 1), the annual gross profit, measured in today’s values, is modified by a discount rate of 4% on the benefit [costs are assumed to remain at present (nominal) value]. Considering benefits alone (without costs), the greatest benefit in comparison to the null model, i.e., without management, is to weed pasture (Figure 5). This means that the greatest reduction in pest effects on yield is achieved by controlling the largest population source in the landscape (pasture) before pest outbreaks occur. Weeding of native vegetation remnants (NV) is of much less benefit as this is a less significant source (smaller area in the landscape). Revegetation, which bolsters beneficial populations in NV remnants, is more beneficial in comparison to weeding NV, and only marginally less beneficial than spraying with pesticide. Variance is higher between fields when assessing the benefits of non-crop management options compared to pesticide management (Figure 5), as the benefits may vary spatially depending on the location of the crop in relation to the non-crop habitat.
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FIGURE 5
Mean annual benefit ($) in present value across the landscape for mean parameter values of each management scenario over time in comparison to the null (no management) model, including an annual discount rate of 4% on the benefit [error bars indicate standard error of benefit ($) between canola fields in the landscape].


The model estimated that the gross profit for pesticide application in the first year is $7.6 per ha; for weeding (remnant NV) it is a loss of $18.2 per ha; for weeding (pasture) it is a loss of $109.1 per ha; and for revegetation it is a loss of $429.7 per ha due to the large up-front cost. The benefits of revegetation occur over a long timeframe, but all costs are at the beginning (assuming weeding costs are negligible except in the first year). Whereas, although pesticide management has a low cost, it is ongoing. However, by discounting future benefits with an assumption that costs will remain at present (nominal) values for the next 20 years, then the cumulative benefit of pesticide becomes finite over time in this scenario (Figure 6). On the other hand, at this point the cumulative profit of revegetation is continuing to increase with no future costs and, even with a discounted future benefit value, after 10 years it becomes profitable. Therefore, in the medium- to long- term, revegetation is likely more profitable than ongoing pesticide use even when uncertainty due to discount rates is applied (Figure 6).
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FIGURE 6
Mean cumulative gross profit for canola across the landscape for mean parameter values of each management scenario over time, including a discount rate of 4% on the benefit and cost (error bars indicate a discount rate of 2 and 7%).




Native vegetation management benefits

Of course, if there is no cost to revegetate (i.e., there is existing native vegetation in good condition), then there will be 100% profit in maintaining good native vegetation, and this can be quantified as pest control benefits in comparison to a situation where such vegetation is not present, realizing a substantial cumulative gross profit (Figure 7). In reality, there is likely to be a need for some level of ongoing weed management of existing native vegetation to maintain condition, which will reduce the cumulative gross profit.
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FIGURE 7
Mean cumulative gross profit for canola achieved over time by independent management scenarios of pesticide and revegetation, compared to a scenario of revegetation with pesticide application where the pesticide has a negative impact on beneficials. Including a discount rate of 4% on the benefit and cost (error bars indicate a discount rate of 2 and 7%).


When modeling the combined effects of management practices, it is important to consider potential negative feedbacks. In the case of pesticides, it is known they can negatively impact on beneficial insects (Pullen et al., 1992; Thompson, 2001; Franzmann et al., 2008), and the management of Rutherglen bug is particularly reliant on broad spectrum chemicals. A comparison between the revegetation scenario and a scenario with the addition of pesticide (both with and without a negative impact on the beneficials) shows that pesticides may enhance benefits achieved by revegetation only in the short-term, and in the long-term, particularly with negative impacts on beneficials, the continued uneconomic use of pesticides undermines the benefits of revegetation (Figure 7).



Comparing landscape context: Low intensity vs. high intensity cropping landscape

In addition, the model was run under a landscape scenario of low cropping intensity (high native vegetation and pasture). Due to the much larger area of non-crop habitat to manage, there is a much higher cost of management across the landscape for revegetation and weeding. In all cases, management of the pest in this landscape scenario was not likely to be profitable, even with pesticide (as pest pressure is greater) (Supplementary Figure 9).




Discussion

A novel model for simulating pest population dynamics in time and space and exploring the economics of multiple management practices for pest control has been developed. The model incorporates the benefits of managing non-crop habitat for integrated pest management and biological control, in addition to pesticide. This presents a leap forward in quantifying the economics of biological control in agro-ecosystems alongside pesticides, something that has been acknowledged in terms of the economics of pest control: “Biological control is an underlying pillar of integrated pest management, yet little focus has been placed on assigning economic value to this key ecosystem service” (Naranjo et al., 2015, pp. 621).

Although management of non-crop systems have been a focus for conservation biological control research, this is very rarely valued as part of economic assessments. Rudimentary relationships between biodiversity in the landscape and crop yield loss have not been quantified, although there is much observational evidence of a relationship between the two (Zaller et al., 2008, 2009; Naranjo et al., 2015). The challenges to achieving this with the model were both spatial and temporal, and thus a spatially explicit simulation approach has proved valuable. This has allowed for comparisons between management of a limited spatial and temporal extent (pesticide), with management that may be actioned in one location but have a “benefit” in another (non-crop vegetation management) and where the economic benefit is not realized immediately but becomes evident over time. The quantitative modeling of the mechanisms by which “biodiversity” in the landscape can lead to crop pest suppression is important to the ability to model this relationship: The impact of non-crop vegetation management was simulated in terms of pest population suppression at source (weed removal) and increased predation in the crop due to a boost in beneficials (revegetation) based on field studies (Parry et al., 2015, 2019). Such relatively simple ecological management changes that target non-crop landscape features are thought to have a greater appeal to farmers than in-field solutions, according to a recent review (Kleijn et al., 2019). However, there are limited examples in the literature of the approach taken here, despite a clear need to align the spatial scale of economic analysis with the scale of ecological interactions (Adamson et al., 2014; Schellhorn et al., 2015b). A similar, spatially explicit, “bioeconomic” approach was taken to evaluate weed management strategies in cereals by González-Díaz et al. (2015), where a weed population dynamic model was combined with a weed-crop competition model and economic sub-model, however, in that case the weed management component was simpler in that it occurred only in-field (i.e., without a spatial separation between management actions outside the crop and in-field benefits, as modeled here).

A case study comparison of the management scenarios for Rutherglen bug under mean parameter conditions demonstrates some of the complexity that the model can explore in terms of spatial and temporal scales of management economics. The comparison of the cumulative gross profit over time (with discounted future costs and benefits) shows that for management practices with ongoing costs (pesticide and weed management) the margin is not favorable, and declines over time for pesticide. Although initially the gross margin for revegetation was very poor due to the upfront cost, this rapidly increased and a positive economic return on investment could be expected after 10 years with cumulative gross profits continuing to increase. The model estimates an annual return of $30/ha after 20 years of revegetation. Combining treatments of pesticide and revegetation doesn’t give an additive effect: the model estimates that the additional control benefit that might be expected by spraying is in effect halved, due to the impact of pesticide on the predation function associated with native vegetation. Recently, empirical evidence of this negative interaction has shown that semi-natural margins benefit pest control only in unsprayed fields (Gagic et al., 2019). Further exploration of the interactions between these two management practices could help optimize pesticide applications to minimize the negative effects on revegetation benefits (c.f. Yang et al., 2016). In all cases, revegetating with, or conserving, native vegetation in this landscape is likely to be economically beneficial in terms of pest control, if viewed as a long-term investment. Other relevant approaches to model combined methods of pest control are given in Barclay (1992).

The model is sensitive to several parameters, in particular crop yield, the management cost, the management impact (or timing/number of sprays in the case of pesticide), and pest dispersal if the management action is in remnant vegetation. Relevant data may not be available for other species; for example, here data from a Canadian study for a similar species in canola (Wise and Lamb, 1998) was used to calibrate the pest damage function, as this was not available for N. vinitor in Australia. If some key parameters change, like the pest pressure/damage function and yield (and thus value of the crop) increases, then a lot more might be gained from any management of the pest, but in particular modification to the general populations of the pest and natural enemies that is achieved by non-crop habitat manipulation (cf Stern et al., 1959). The finding that low maximum yield loss due to pest damage results in control not reaching an economic return (no matter what form of control) aligns with estimations of economic damage thresholds that are in the order of 20% yield loss: for sorghum this is attributed to 20 or more individuals per head at the flowering or soft dough stage (Miles, 2012). A similar recommendation is made for canola (10 adults or 20 nymphs per plant, Miles, 1997), however, the corresponding yield loss is not given. Importantly, the sensitivity analysis of the model presented here illustrates that pest damage is only one factor that determines whether control is likely to give an economic return; even when the maximum pest damage is relatively high other factors such as the yield itself, the cost of the management and the impact of the management are also important to the economic outcome. The model presented here shows that the effect of pest pressure on economic returns from control is likely to be non-linear, with optimal gain from implementing control at an intermediate level of pest pressure (cf. Mumford and Norton, 1984; Waterfield and Zilberman, 2012; Macfadyen et al., 2014). This will also vary spatially depending on dispersal of both the pest and natural enemies: here a simplistic estimate of movement range is applied in the model, as few studies have quantified the spillover of populations of both natural enemies and pests from non-crop habitat (but see Macfadyen et al., 2015; Samaranayake and Costamagna, 2018; Boetzl et al., 2019). These factors pose the question as to whether a single static “economic threshold” for pest management can ever suffice to quantify economic returns from management across multiple regions and management conditions and indicates the need for a more dynamic approach. This modeling tool can form the basis of such a dynamic approach.

There are several assumptions and simplifications in the model (including the focus on a single pest). One assumption is that the provision of pest control services is immediate when revegetation occurs, however, it is likely that it might take some time to build these services and a time-lag may occur between the management action and the benefit (Kleijn et al., 2019). However, the model shows quite strongly that profit is likely from revegetation over the long term in the intensively cropped landscape; even with a lag in benefit that result is unlikely to change. The simulation model also provides a framework in which this lag effect, and the subsequent implications for incentives for non-crop management for pest control, could be tested. Likewise, the efficacy of pesticide may decline over time (particularly if used at low dosage but high frequency) as pests develop resistance to the chemicals, or secondary pest problems develop due to the impacts of pesticides on natural enemies (Hill et al., 2017): this would have a negative impact on the economic gains that can be achieved with ongoing pesticide use. Combined with increasingly stringent regulation of pesticides and the external costs of pesticide use that accrue to society such as water pollution, human health impacts and reduced biodiversity (not included in the present model), the alternative non-crop management scenarios presented here are likely to be even more appealing (Griffiths et al., 2008), particularly if they were incentivized through subsidies (or if pesticides were highly taxed) (Jacquet et al., 2011). At the same time, there are some simplifications made in this study to the economics that may influence the results, in particular the use of “nominal prices” and ignoring inflation may not give a clear picture of the dynamics of the economic return over time. By considering only the direct effects, the gross margin approach fails to account for feedbacks (e.g., market adjustments and dynamic supply and demand trends, which are central in economic evaluations). For example, the study may overestimate long-term economic impacts of a pest that impacts canola yield when there exists a suitable substitute commodity (e.g., winter wheat) – however, taking such complex feedbacks into account was beyond the scope of this study.

Currently, the population dynamic of the pest in the non-crop habitat is modeled deterministically, based on data at a particular location. The “predation function” is even more simplified as a fixed factor that doesn’t consider predator population dynamics. Both could be altered to a mechanistic, process-based population dynamic model driven by climatic conditions, which would allow for the model to translate more easily to other regions but would also introduce significant complexity. This would likely necessitate a finer scale timestep in the model (currently monthly), to better reflect pest generation times. The model can also implement multiple pest species and consider all crops in the landscape; this would help us consider whether management of non-crop habitat will provide multiple economic benefits, and thus provide an “ecological intensification” that will be more attractive to farmers (Kleijn et al., 2019). This could be overlaid with a model of the social interactions in the landscape, perhaps similar to that of Cong et al. (2014), to allow for a consideration of incentives in coordinated area-wide management that may be necessary for non-crop management for pest control to function in practice. In order to apply this model in another context, such as Europe, it would be necessary to consider the evidence for how the role of non-crop habitat may differ in relation to pests and beneficials in canola (Zaller et al., 2008, 2009).

Importantly, the landscape itself impacts the results. For example, in a landscape with a much higher proportion of non-crop habitat (either native vegetation remnants or pasture) there is a greater potential source of pests in the non-crop area requiring control if the vegetation is not well managed. The results here show that, although not economical, the best outcome in terms of pest suppression and prevention of yield loss would be to weed pastures, as they are the largest area that provides a source of pests (see also Nagy et al., 2020). This means that the economics of management of non-crop areas may not be favorable, and the value of the native vegetation remnants for pest management may be low (cf. Polyakov et al., 2015, “native vegetation exhibits diminishing marginal benefits as its proportion of a property increases.” See also Griffiths et al., 2008). However, although the area of non-crop habitat might be larger, it may not be necessary to manage the whole area to achieve a benefit: there may be some trade-off between management intensity and extent. Indeed, coordination of actions at the landscape scale between landholders are likely to be important, and area-wide management incentives may be necessary as the landscape as presented here would likely be divided into separate properties in reality. A consideration of what should be managed, where and when to gain the most benefit both for individual growers and across a region is a challenging question, that could be addressed by further explorations with this model. A comparable bioeconomic modeling approach was recently taken to explore trade-offs for ecosystem services of pollination when field sizes increase (Kirchweger et al., 2020). Ecosystem services such as pest control will be influenced by the landscape configuration and distance between the crops and natural habitats that provide these services (Kremen, 2005). Here, a framework is provided to quantify the benefits and costs of different pest management strategies that can be further refined to explore what solutions may be most economically viable (e.g., flower strips) that can still provide benefits in high native vegetation landscapes.

In summary, this novel model quantified and compared, within the bounds of uncertainty, farm landscape-scale economic benefits of both pesticide and softer management approaches to insect pest control in an intensively cropped agricultural landscape. Further incentive to shift to more ecological approaches may be provided by increasing cost of chemicals (and reduced availability), resistance, policy interventions and societal acceptance of the environmental costs of high-input farming (Waterfield and Zilberman, 2012; Kleijn et al., 2019). Accounting for external benefits to society of reduced pesticide usage is beyond the scope of this study, as well as costs (negative externalities) to others due to unintended consequences, e.g., pesticide use by one farmer may impose negative externality to other adjunct farms through pollination decline. Such accounting would further support the adoption of softer management approaches. However, even if the evidence provided by the model is accepted, this is no guarantee that there will be a change in practice. A range of landscape and local factors may influence the choices of farmers in insect pest management (as first identified by Mumford and Norton, 1984), and to-date decisions have been made largely based only on the evidence of short-term economic benefits, even for the adoption of novel biodiversity-enhancing practices. Agronomic decisions are unfortunately highly influenced by the conflicted interests of agricultural consultants who work for chemical companies (Kleijn et al., 2019). However, it is hoped that the quantification of the private benefit that can be gained from the management of non-crop vegetation to suppress pests and support beneficials, as presented here, may be of value to begin to shift farmers in intensively cropped farming landscapes to consider more ecological pest management practices as economically beneficial.
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