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The United States Fish and Wildlife Service is currently evaluating the monarch butterfly (Danaus plexippus) for listing under the Endangered Species Act and using the Species Status Assessment (SSA) framework to estimate and forecast drivers that impact the species' risk of extinction. To evaluate eastern and western monarch populations the monarch SSA built on a foundation of published population models and other literature to identify current growth rates and information on threats and conservation efforts. Here we present the resulting methodology, which aimed to explore the magnitude of monarch population responses to the aggregation of multiple drivers under various scenarios. Our methodology differs from previous research by developing a series of functional cause and effect relationships that link monarch population-specific responses to threats or conservation actions. We incorporated these population-specific responses into stochastic geometric growth models for both eastern and western populations to estimate the probability of quasi-extinction in 50 years. Our models were parameterized using previously estimated population-specific trend data (growth rates and environmental variability) and expert elicited estimates of population responses to multiple drivers (i.e., amount of available breeding and overwintering habitat, insecticide use, migration resource availability, and climate change). We explored plausible future scenarios with realistic place-holder data to evaluate how changes in these drivers influenced monarch quasi-extinction risk for each population. In addition, we captured uncertainty in quasi-extinction risk by calculating cumulative quasi-extinction risk over a full range of quasi-extinction threshold values which were sampled from a uniform distribution bounded by expert-elicited estimates. In both populations, our baseline for comparison was the “current” condition defined by population-specific growth rate and environmental stochasticity from previous research. The result of the methodology presented here is a novel and comprehensive tool that incorporates the impact of future stressors into projections of population numbers over time. The approach provides a tractable and updatable tool that includes multiple types of information and the associated uncertainty of drivers, population impacts, and risk of extinction. For monarchs, this tool will be critical for incorporating the best scientific and commercial information available in the upcoming listing decision.
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INTRODUCTION

Migratory monarch (Danaus plexippus) populations in North America are in decline and several population viability analyses (hereafter PVAs) predict the likelihood of monarch extinction or quasi-extinction in the near future (Flockhart et al., 2015; Semmens et al., 2016; Oberhauser et al., 2017; Schultz et al., 2017). Given the decreasing population trend of North American monarchs and subsequent extinction concern, monarchs are being evaluated for listing under the Endangered Species Act by the U.S. Fish and Wildlife Service (The Service). As part of this effort The Service conducts a species status assessment (SSA)–a scientifically rigorous framework designed to evaluate a species' status using the best available science to aid decision makers (U.S. Fish Wildlife Service, 2016). Within the SSA, analyses define a species' viability (the ability to sustain populations into the future given existing and future threats and conservation efforts) while also tracking key uncertainties and assumptions. For monarchs, most information available for evaluating population-level persistence exists for the North American eastern and western migratory populations through a suite of PVAs. Flockhart et al. (2015) focused solely on the eastern migratory population and used matrix modeling to address scenarios for changes in climate change and habitat and their effects on demographic rates into the future. Also using a matrix model, Oberhauser et al. (2017) focused on vital rate differences within geographic sub-regions of the breeding range of the eastern migratory population and future conservation scenarios that would increase population growth above the replacement rate. In a third matrix model for the eastern population, Hunt and Tongen (2017) explored the range in possible growth rates for monarchs under varying hypothetical seasonal and habitat effects (in both breeding areas and overwintering grounds). Semmens et al. (2016) and Schultz et al. (2017) explore quasi-extinction risk in the eastern and western populations, respectively, using threats implicit in the estimated population growth rate. These PVAs partially fill SSA requirements and are the foundation of the framework presented in this manuscript to assess both populations' resiliency (ability to sustain plausible expected changes in their environment and threats into the future).

The SSA must evaluate and incorporate information on current and future threats to accurately estimate future monarch population resiliency. Existing information on the threats to monarchs is mostly based in the eastern monarch population and reconstructs the patterns that lead to current declines (Flockhart et al., 2015; Oberhauser et al., 2017; Thogmartin et al., 2017b). These primary drivers of monarch population decline include the loss of breeding habitat (land conversion and adoption of glyphosate tolerant genetically-modified crops; Thogmartin et al., 2017b), the loss and degradation of overwintering habitat (Sáenz-Romero et al., 2012; Vidal et al., 2014; Honey-Rosés et al., 2018), climate change (Brower et al., 2012; Lemoine et al., 2015), insecticides (Belsky and Joshi, 2018), and threats faced during the annual migration (Inamine et al., 2016). The western population faces additional threats such as loss of overwintering or breeding habitat from climate-related fire and drought (Griffiths and Villablanca, 2015; Pelton et al., 2016). Furthermore, both populations face the threats of road kill mortality (Kantola et al., 2019; Mora Alvarez et al., 2019), diseases, parasitism, and predation (Altizer and de Roode, 2015; Oberhauser et al., 2015). Each of these threats contributes to the current and future resiliency of eastern and western monarch populations through population-specific responses that the SSA endeavors to make explicit.

In addition to threats, population projections of North American migratory monarchs should incorporate future conservation efforts, which may slow or potentially reverse declining population trends. Increasing the number of milkweed stems, for example, may overcome current monarch population declines (Nail et al., 2015; Thogmartin et al., 2017a). Furthermore, improving breeding habitat within specific sub-regions of migratory monarchs may increase population growth rates above the level of replacement (Oberhauser et al., 2017). In this manuscript, we seek to further define the degree to which conservation actions impact monarch populations by combining conservation efforts with a full suite of current and future threats.

Finally, the SSA endeavors to track key uncertainties when estimating extinction risk. Quasi-extension thresholds—the level at which a population is no longer viable—are one source of uncertainty for North American migratory monarchs. Quasi-extinction threshold estimates for the western migratory monarch population vary from as low as 20,000 butterflies (Schultz et al., 2017) to as high as 50,000 butterflies (Wells et al., 1990). Quasi-extinction thresholds for the eastern migratory monarch population range from 1,000 butterflies (Flockhart et al., 2015) to 0.25 hectares of occupied overwintering habitat (without reporting a density estimate for the number of butterflies per hectare; Semmens et al., 2016; Oberhauser et al., 2017). Because of this uncertainty, future monarch population projections should compare against a range of quasi-extinction thresholds.

Here, we describe a geometric growth model for eastern and western migratory monarch populations that incorporates population responses to future threats and conservation actions and addresses the uncertainty around quasi-extinction thresholds. We used formal expert elicitation to obtain a list of population-specific threats and quantify how changes in threats or conservation actions influenced monarch populations. We used additional expert elicitation to derive a range of quasi-extinction thresholds (highest, lowest, and most likely) that define a distribution of quasi-extinction thresholds. Relying on expert judgment is a common and necessary step to parameterize models (e.g., Canessa et al., 2018; Gerber et al., 2018). We believe this model fulfills the goals of the monarch SSA and provides unique insights into plausible future scenarios of monarch population trends over the next 50 years. This model also allows for the rapid and transparent integration of new information on population threats, growth, or quasi-extinction thresholds for future SSA analyses. We hope the inclusion of this model in peer-reviewed literature will invite feedback and additional testing that improves our SSA analyses and contributes to The Service's commitment to transparent and scientifically rigorous species evaluations.



MATERIALS AND METHODS


Biology

The biology and migratory behavior of eastern and western monarch populations are comparable enough to allow for a similar modeling approach to project population growth. Adult monarchs in the eastern North American population migrate annually and in the spring move northward from Mexico to breed in the United States and Canada over several successive generations. At the end of the breeding season, the final generation of adults migrate back to Mexico to overwinter before starting the cycle again the next year (Malcolm et al., 1993; Solensky, 2004). The western North American monarch population disperses annually from overwintering sites along the California and northern Mexican coast to breeding grounds that expand as far east as the Rocky Mountains and northward to Canada. Similar to the eastern population, western monarchs have several successive generations before returning to overwinter in California (Solensky, 2004; Stevens and Frey, 2010).



Model Development

The base population growth model for both the eastern and western monarch populations is based on the log-scale geometric growth model developed by Semmens et al. (2016) for t in 1, …, T discrete time steps:
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In this model let Nt+1 be the log monarch population size in their wintering grounds at time t + 1, which is assumed to be a lognormal random variable such that the mean, μt, is composed of the log monarch population size in the current time-step, Nt, and their log population growth rate (λ):
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The variance term in Equation (1), ε, is process noise (i.e., environmental stochasticity) which is assumed to be a gamma random variable with shape k and scale θ:
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The gamma distribution is a continuous probability distribution that generates positive real numbers such as standard deviations for a random normal variable. The gamma distribution has an expected mean of k * θ and variance k * θ2.

To incorporate future threats and conservation actions into monarch population projections we modified Equation (2) by adding an additional term, δ, which represents a net change in population size (N) due to the both positive and negative drivers (i.e., δ is the summed effect of αi in 1, …, I influences on the monarch population):
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Values for Nt, λ, k, and θ were derived from previous monarch research (Table 1), while the calculation of δ was derived through expert elicitation (Figure 1, described in more detail below).


Table 1. Model parameters used to project monarch populations with the log-scale geometric growth model.
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FIGURE 1. An overview of the monarch modeling framework. Biologist-informed scenarios (A) represent percent change in a given influence over the next 50 years and include best, worst, and intermediate scenarios for each. Expert-elicited population response curves (B) specific to each influence provide the proportional change in monarch response given a proportional change in the influence (including most likely, reasonable best, and reasonable worse case responses from experts). Population response curves differ by influence and region (Eastern and Western population). Population demographic data (C) were sourced from existing literature and used to initialize the model (D), which also received inputs from (B). Simulation outputs from the population viability analysis were compared against a range of quasi-extinction values (E) to estimate the cumulative probability of extinction in 50 years.




Incorporating Threats and Conservation Actions Into the Future, δ

To incorporate future threats and conservation actions, δ, we first updated monarch population data (λ and ε, Table 1) from 2015 to 2019 for both the eastern and western populations to represent the “current” state of growth (λ) of the populations (Equation 2). Given this “current” state of growth, we characterized monarch population responses to expected future threats or conservation actions by two factors: (A) the magnitude of change in a threat or conservation action that happens over time and (B) the specific population responses, α (Equation 5), to that change in a threat or conservation action (Figures 1A,B).

Factor A was determined by developing a range of plausible future scenarios (see Future Scenarios below) with varying magnitudes of change in a threat or conservation action. These future scenarios represent the future state conditions and were derived by the SSA Team and based on published data, expert knowledge, and professional judgment (see Supplemental Material 1, Tables S2, S8). The data sources for each driver represent different time horizons that were converted to a per-year effect. For example, if η is the expected proportion of monarchs lost to a certain threat over 80 years the annual proportion that remained was calculated as (1 – η)1/80. To balance variations in the different time horizons associated with different drivers we modeled a 50-year time window into the future.

Factor B was determined by constructing “population-response curves” derived through expert elicitation in a series of separate expert elicitation workshops for eastern and western monarch populations (Figure 1B). We followed widely-accepted best practices to plan, prepare, elicit, and synthesize expert judgments (Hemming et al., 2017; see Supplemental Material 2 for information specific to our elicitation meetings). Experts identified the influences they believed drive monarch population dynamics. Using the top drivers (Table 2), we elicited the expected population response of monarchs (in terms of proportional change in population size) due to the proportional changes of a driver (e.g., a 2-fold increase or decrease in milkweed availability). This was necessary because relationships between a driver and monarch response may not be linear. For example, a 1.25 proportional increase of a threat does not necessarily represent a reduction of 1.25 in monarch populations as (B) may not have a 1:1 relationship with (A).


Table 2. Primary drivers of population responses (threats and conservation actions).
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We elicited population responses to a full range of potential changes in the drivers. For example, experts described the expected proportional change in population size given a 1.10, 1.25, 1.50, 1.75, or 2.00-fold increase or decrease in nectar resources. Each expert was asked to provide a highest, lowest, and most likely response for each proportional change in the drivers, thereby producing three response curves per driver (these curves are denoted as the “most likely” track, “reasonable best” track, and “reasonable worst” track).

The relationship between factor A and B was often non-linear. To account for varying degrees of non-linearity, a smoothed loess curve (R Core Team, 2013) was applied to the median expert scores for each proportional change in threat or conservation action to generate a population-response-curve (See Supplemental Material 3 for the fitted loess curves to expert elicited population responses). This method allowed population response curves to be as linear or non-linear as necessary. For some drivers (insecticides and climate) population response curves were developed differently by inferring population response from historical information (Supplemental Material 1). Collectively, the monarch population response captures biological variability (the expert predicted possible outcomes in numbers of individuals) as well as variability in future state conditions (the scenarios developed by the monarch SSA Core team).



Specific Model Modifications for the Eastern Population

In our eastern model our expert elicitation yielded an additional nuance—that monarchs respond differently to milkweed and breeding range nectar for r in 1, …, 3 sub-regions, which differ in their relative contribution of individuals to the overall population (sub-regions were based on those used in Oberhauser et al., 2017). We incorporated these region-specific population growth responses in an approach similar to that of the region-specific matrix model projections in Oberhauser et al. (2017). To incorporate sub-regional effects, we introduce a proportional term to the model, ρr, which splits the population into the r sub-regions according to their expert elicited importance such that ∑ ρ = 1. While this sub-regional splitting does not explicitly account for the fact that the eastern monarch population breeds multiple times in each region, it accounts for the cumulative contribution of each region to the monarch population across the entire breeding season. Therefore, for the three sub-regions the population that arrives in Mexico is:
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Ultimately, the drivers used in the eastern population model were similar to those of the west, the drivers or α values were related to habitat availability (milkweed and nectar), exposure to insecticides, climate variability, and overwintering conditions in Mexico where monarchs face threats due to deforestation and climate change. However, unlike the western model, the climate impacts in the eastern population only acted by impacting habitat (milkweed and nectar). Additionally, the eastern model included an additional driver (and response curve) for nectar along the migration route which represented changes in available nectar resources during the late summer and fall for migrating adult monarchs. Experts felt nectar availability for fall migrants was a limiting resource for the eastern population because migratory route and breeding range do not completely overlap (as it does in the Western population) and monarchs funnel through a smaller geographic area where spatially available nectar resources need to be distinguished.



Quasi-Extinction Threshold and Carrying Capacity

Our methodology for calculating quasi-extinction deviates from other published monarch models in that the quasi-extinction threshold varies along a range of expert-elicited values. For the eastern population, we elicited estimates of the lowest, highest, and most likely threshold values for quasi-extinction. We defined the minimum value of our quasi-extinction threshold as the median “lowest” estimate across all experts (1 million butterflies; 0.05 ha given 21.1 million density). The maximum value of our quasi-extinction threshold was similarly created using the median “highest” quasi-extinction values (12.8 million butterflies; 0.61 ha given 21.1 million density). For the western population, we used quasi-extinction thresholds reported in the literature with the lowest quasi-extinction threshold of 20,000 individuals (Schultz et al., 2017) and highest value of 50,000 (Wells et al., 1990). Using these ranges in quasi-extinction, we calculated the cumulative probability of extinction in three steps. First, we ran the population model for 100,000 simulations. Next, to capture the range of uncertainty around the expert-elicited quasi-extinction thresholds, we approximated a uniform distribution of quasi-extinction values by generating an evenly spaced sequence of 500 numbers between the minimum and maximum values for each population. Following this, we compared the 100,000 simulations per population to each of the 500 quasi-extinction threshold values. Simulated populations went extinct if they fell below the selected quasi-extinction threshold (Figure 1). Once a population hit the quasi-extinction threshold it could not recover throughout our simulations (i.e., remained at zero for the rest of the simulation). The resulting 50 million values (100,000 sims * 500 qE values) were then used to calculate the cumulative probability of extinction per year (proportion that were quasi-extinct).

Our initial model lacked an upper bound for population size (i.e., carrying capacity), and consequently, our initial simulations occasionally resulted in unrealistically high population sizes (e.g., >800 million or 38 ha). To address this, we capped yearly population sizes to approximately twice the largest observed population size for eastern (36 hectares) and western (2.4 million individuals) populations. When a population trajectory crossed its carrying capacity the estimate for that year was replaced with the carrying capacity value. The growth rate for the following year was still drawn from the distribution of growth rates defined by lambda (λ) and process noise (ε).



Future Projections

Future projections of monarch populations included a baseline scenario (the “current” state of growth based only on updated λ and, Equation 2) and a number of future scenarios. A complete future scenario was a composite of various states of each threat or conservation action. For example, the most optimistic states for each threat or conservation action were combined to create a composite “Best-case” scenario. For the eastern monarch population, we defined five scenarios: Best-case, Worst-case, and three Intermediate scenarios. We defined four scenarios for the western monarch population: Best-case, Worst-case, and two Intermediate scenarios. For a complete list of all scenarios see Supplemental Material 1. The baseline comparison for all future scenarios is the population projections under the “current” state of growth. The “current” state of growth is the eastern and western PVAs projected into the future with only the impacts of λ and environmental stochasticity (ε; Table 1). This resulted in a total of eleven scenarios across the eastern and western monarch populations (Figure 1). For each scenario, we ran a set of simulations (100, 000 simulations) for each of the three separate response curves generated (i.e., most likely, reasonable best, and reasonable worst). Both the uncertainty in monarch response (through the expert-elicited “highest” to “lowest” response) and in the future state of the drivers (through SSA team's range of “best-case” to “worst-case” future scenarios) was captured in the analysis.




RESULTS


Population Growth Under Future Scenarios


Western Population


Current

Under the “current” condition, the western population had a λ = 0.839 (0.47–1.51). This estimate served as the “baseline,” or zero-change value, for comparisons of future scenario results (Figure 2).


[image: Figure 2]
FIGURE 2. The impacts from future drivers in the western monarch population as predicted by our model. The impact is represented by a magnitude change above or below baseline lambda estimates and grouped by scenario along they x-axis. The colors represent the specific impacts and shapes represent the three expert elicited tracks created for each scenario (see legend).




Best-case

The Best-case scenario for the western monarch population included the best plausible estimates for reductions in threats and increases in conservation efforts to combat the current declines in monarch numbers. These scenario inputs resulted in changes to λ that, once aggregated, ranged from a −0.003 decrease from the baseline λ estimate to a −0.193 decrease in λ after 50 years (Table 3). The range represents the multiple “tracks” of possible population response curves according to experts: most likely, reasonable best, and reasonable worst. The most likely track yielded a λ of 0.8283 (0.46–1.49; Table 3) or a decrease of 0.0107 from baseline λ. The individual drivers of milkweed and nectar caused positive proportional changes in population (α values) under the reasonable best tracks (proportional increases of 0.109 and 0.044, respectively, Figure 2) and even a small positive change under the most likely track for milkweed (proportional increase of 0.003, Figure 2). Alternatively, the reasonable worst tracks for milkweed and nectar estimated negative α values of −0.108 and −0.079, respectively (Figure 2). The largest α values were negative and were driven by overwintering habitat loss which predicted a most likely track value of −0.213 and a reasonable worst track value of −0.336 (Figure 2).


Table 3. Western population scenario specific λ values with 95% confidence intervals after incorporating scenario specific drivers.
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Intermediate A

Intermediate A for the western population represented a moderate reduction in the impact of threats and achieved only partial implementation of conservation efforts over the next 50 years. Intermediate A is less optimistic than the Best-case scenario but more optimistic than Intermediate B. Specifically, Intermediate A had lower rates of habitat loss in breeding and overwintering areas than Intermediate B as well as smaller population loss due to insecticides (Figure 2). These scenario inputs resulted in decreases ranging from −0.005 to −0.029 from the baseline λ estimate over 50 years (Table 3). The most likely track yielded a λ of 0.8231 (0.45–1.48; Table 3) or a −0.016 decrease from baseline λ. The reasonable best track for milkweed and nectar predicted α values of 0.097 and 0.040, respectively (Figure 2). However, all other tracks and drivers yielded zero changes in α or negative α values (Figure 2). Overwintering habitat loss drove the largest and most negative α values, predicting changes of −0.386 under the most likely track and −0.626 under the reasonable worst track (Figure 2).



Intermediate B

Intermediate B for the western population represented a moderate reduction in the impact of threats and partial implementation of conservation over the next 50 years. Intermediate B is more pessimistic than Intermediate A in estimates of habitat loss and in population loss due to insecticides (Figure 2). These scenario inputs for Intermediate B resulted in decreases from the baseline estimate of λ ranging from −0.0073 to −0.0334 over 50 years (Table 3). The most likely track yielded a λ of 0.8211 (0.45–1.48; Table 3) or a −0.0179 decrease from baseline λ. The reasonable best track for milkweed and nectar predicted positive α values of 0.068 and 0.030, respectively (Figure 2). However, all other tracks and drivers yielded negative α values (Figure 2). Overwintering habitat loss drove the largest α values in population size predicting changes of −0.379 under the most likely track and −0.617 under the reasonable worst track (Figure 2).



Worst-case

The Worst-case scenario for the western monarch population included the plausible but reasonably pessimistic expectations for threats with minimal help from conservation efforts (Figure 2). These reasonably pessimistic expectations included a larger impact on monarch population decline from insecticides and climate (Figure 2). These scenario inputs for the Worst Case resulted in decreases from the baseline estimate of λ ranging from −0.0164 to −0.0551 over 50 years (Table 3). The most likely track yielded a λ of 0.8089 (0.45–1.46; Table 3) or a −0.0301 decrease from baseline λ. The reasonable best track for milkweed and nectar predicted α values of 0.067 and 0.029, respectively (Figure 2). However, all other tracks and drivers yielded negative α values (Figure 2). Overwintering habitat loss drove the largest α values predicting changes of −0.646 under the most likely track and −0.871 under the reasonable worst track (Figure 2).



Influence of quasi-extinction threshold

Our quasi-extinction threshold collected from the literature ranged between 20,000 and 50,000 butterflies. Across this range, the probability of quasi-extinction for the western monarch population reached 99.99% (99.98–100.0) by 50 years in both the “current” or baseline model and all future scenarios tested (Figure 3). The differences between future scenario results are primarily in the times it took to reach 100% quasi-extinction. Relative to the “current” model, all future scenarios took shorter amounts of time to reach 100% probability of quasi-extinction. The baseline or “current” model took 33 years to reach 99.9% (99.58–99.94) while the Worst-case scenario under the reasonable worst track reached 99.9% (99.47–99.95) quasi-extinction within 20 years (Figures 3A,E). Our Best-case scenario under the reasonable best track reached 99.9% (99.51–99.94) quasi-extinction in 31 years while the most likely track reached 99.9% (99.49–99.94) quasi-extinction in 29 years (Figure 3B). Our Intermediate A and B scenarios both take 28 years to reach 99.9% (99.54–99.94) and 99.9% (99.59–99.95) probability of quasi-extinction, respectively, under their own most likely tracks (Figures 3C,D).


[image: Figure 3]
FIGURE 3. Western monarch population future risk of quasi-extinction. Sub-figure (A) represents the “current” projected probability of quasi-extinction with only the effects of lambda and environmental stochasticity and no threats where the solid line is mean estimate and the gray ribbon is the associated 95% confidence interval. The remaining sub-figures (B–E) represent the projected probability of quasi-extinction under varying future scenarios that include population responses to threats. Sub-figures (B–E) contain three tracks for each scenario, which are represented by different line types and colors (see legend). Lines represent mean estimates and shaded ribbons are 95% confidence intervals. For all sub-figures the 95% confidence intervals cover the full range of quasi-extinction thresholds (20,000–50,000 monarchs).





Eastern Population


Current

Under the “current” condition, growth rates varied slightly across the sub-regions North Central λ = 0.976 (0.24–4.02), North East λ = 0.975 (0.24–4.02), and South λ = 0.976 (0.24–4.02). These estimates served as the “baseline,” or zero-change value, for comparisons of future scenario results (Figures 4A–C).


[image: Figure 4]
FIGURE 4. The impacts from future drivers in the eastern monarch population as predicted by our model. Impacts are split across the three sub-regions for this population (A–C). The impact is represented by a magnitude change above or below baseline lambda estimates and grouped by scenario along they x-axis. The colors represent the specific impacts and shapes represent the three expert elicited tracks created for each scenario (see legend).




Best-case

The Best-case scenario for the eastern monarch population included the best plausible estimates for reductions in threats and maximum expected increases in conservation efforts to combat current monarch declines. These scenario inputs resulted in increases to λ in each sub-region, ranging from a 0.002 increase over baseline λ (reasonable worst, North East, Table 4) to the largest increase of 0.026 over baseline (reasonable best, North Central, Table 4). The range of changes in λ values represented the multiple “tracks” of possible population responses according to experts. The most likely tracks in all sub-regions yielded increases in λ of 0.9913 (0.24–4.09) in the North Central, 0.9827 (0.24–4.05) in the North East, and 0.9839 (0.24–4.06) in the South (Table 4). Under the Best case scenario, milkweed and nectar were predicted to yield positive α values of 0.93 and 0.54, respectively, in the North Central region over the next 50 years under the reasonable best tracks (Figure 4A) and also under the most likely tracks (0.54 for milkweed and 0.29 for nectar). However, plausible negative α values were still expected under the Best-case scenario for overwintering habitat (−0.018 to −0.036, most likely and reasonable worst tracks) and insecticides (−0.050 to −0.063, most likely and reasonable worst tracks; Figures 4A–C).


Table 4. Eastern population scenario specific λ values, per sub-region, with 95% confidence intervals after incorporating scenario specific drivers.
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Intermediate A

Intermediate A for the eastern population moderately reduced the impact of threats and achieved only partial implementation of conservation efforts over the next 50 years. Intermediate A is less reasonably optimistic than the Best-case scenario but more reasonably optimistic than Intermediate B. Notably, Intermediate A assumed no net change in habitat due to climate and balanced gains in habitat due to conservation with losses due to land-use changes (Figures 4A–C). Other drivers of insecticides and overwintering habitat continued at the same rate as historical estimates (Figures 4A–C). These scenario inputs resulted in either no changes in λ or very small declines from the baseline λ. The largest decline below baseline λ was a drop of 0.007 in the reasonable worst track in the South (Table 4). The most likely tracks in all regions yielded declines of only −0.005 to −0.006 in λ from baseline with 0.9706 (0.24–4.00) in the North Central, 0.9700 (0.24–4.00) in the North East, and 0.9709 (0.24–4.00) in the South (Table 4). Under the Intermediate A scenario, milkweed and nectar each were predicted to produce positive α values of 0.034 and 0.025, respectively, in the North Central over the next 50 years under the reasonable best track (Figure 4A). Across the reasonable best and worst tracks overwintering habitat changes yielded negative α values ranging from −0.070 to −0.182 and insecticides yielded negative α values of −0.01 to −0.09 (Figures 4A–C).



Intermediate B

Intermediate B for the eastern population represented moderate changes in threats and conservation expectations over the next 50 years. Specifically, Intermediate B assumed two changes: (1) conservation efforts overcame continued losses of breeding habitat due to land-use changes and (2) climate change impacts could moderately decrease available habitat. Furthermore, insecticide use increased at a low rate of 5.0–10% per year. These scenario inputs resulted in zero change or very small increases or decreases from the baseline λ. The largest increase above baseline λ was a 0.002 increase in the reasonable best track of the North Central region (Table 4). The largest decline below baseline λ was −0.007 in the reasonable worst track of the South region (Table 4). The most likely tracks in all regions yielded −0.004 declines in λ from baseline with 0.9718 (0.24–4.00) in the North Central, 0.9718 (0.24–4.00) in the North East, and 0.9711 (0.24–4.00) in the South (Table 4). Under the Intermediate B scenario, milkweed and nectar each contributed positive α values of 0.003–0.062 for milkweed and 0.017–0.053 for nectar in the North Central over the next 50 years (Figure 4A). Plausible negative α values for the Intermediate B scenario under the reasonable best and worst tracks resulted from the drivers of overwintering habitat, a values of −0.07 to −0.182, and insecticides, α values of −0.01 to −0.093 (Figures 4A–C).



Intermediate C

Intermediate C for the eastern population represented a combination of plausible but reasonably optimistic habitat gains and more moderate increases in threats over the next 50 years. Specifically, Intermediate C combined the assumptions of the Best-case scenario for habitat specific drivers (milkweed, nectar, and migration nectar) and the moderate changes in threats from Intermediates A and B for insecticides and overwintering (Figures 4A–C). These scenario inputs caused increases in λ across all regions except for track 3 in the North East where there was no change from baseline. Increases ranged from 0.004 to 0.024 over the baseline λ estimate over 50 years (Table 4). The most likely tracks in all regions yielded increases of 0.002–0.012 in λ from baseline with 0.9880 (0.24–4.07) in the North Central, 0.9786 (0.24–4.04) in the North East, and 0.9811 (0.24–4.04) in the South (Table 4). For the Intermediate C scenario under the most likely or reasonable best tracks, milkweed, and nectar yielded the same positive alpha values as the Best case scenario, with α values of 0.54 and 0.93 for milkweed and 0.29 and 0.54 for nectar (Figure 4C). Plausible negative α values under the Intermediate C scenario mirror the α values of Intermediate B for overwintering, ranging from of −0.07 to −0.182 (reasonable best to worst), and the α values for Intermediate A for insecticides, ranging from −0.01 to −0.09 (Figures 4A–C).



Worst-case

The Worst-case scenario for the eastern monarch population included reasonable pessimistic expectations for threats with minimal help from conservation efforts. These reasonable pessimistic expectations included monarch population losses from all drivers (no net gains from conservation actions) and a larger impact on monarch population decline from insecticides and overwintering habitat loss (Figures 4A–C). These scenario inputs resulted in declines across all regions ranging from −0.061 to −0.0171 below the baseline λ estimate over 50 years (Table 4). The most likely tracks in all regions yielded declines of −0.0318 to −0.0472 in λ from baseline with 0.9389 (0.23–3.86) in the North Central, 0.9442 (0.23–3.89) in the North East, and 0.9288 (0.23–3.82) in the South (Table 4). Under the Worst-case scenario, the driver of milkweed predicted larger negative α values than the drivers of nectar, migration nectar, and insecticides when comparing across all regions. The smallest α value from changes in milkweed was −0.181 under the reasonable best track in the North Central region (Figure 4A). The largest α value from change in milkweed was −0.686 under the reasonable worst track in the South region (Figure 4C). Nectar and migration nectar related α values were smaller than those of milkweed, but still negative, and ranged from −0.01 to −0.13 over all tracks and regions (Figures 4A–C). The loss of overwintering habitat drove the overall largest α values under the Worst-case scenario, up to −0.89 under the reasonable worst track over 50 years (Figures 4A–C).



Influence of quasi-extinction threshold

Our expert elicited quasi-extinction threshold ranged between 0.05 and 0.61 hectares. The “current” or baseline probability of quasi-extinction for the eastern monarch population was 46.7% (17.0–62.2) in 50 years (Figure 5A). The inclusion of future scenarios would either increase or decrease this estimate over time depending on the scenario. The Best-case scenario reduced the probability of quasi-extinction estimate by 6.9–22.2% below the baseline for all three tracks of expert predicted responses (Figure 5B): the mostly likely track estimates the probability of quasi-extinction in 50 years as 40.8% (13.4–56.7), the reasonable best track estimates the probability of quasi-extinction as 36.3% (22.0–52.2), and reasonable worst track estimates the quasi-extinction probability as 43.5% (15.0–59.4). Our Worst-case scenario increased the baseline quasi-extinction estimate by a much greater magnitude than the reductions from Best-case, increasing the risk of quasi-extinction by 25.2–60.3% (Figure 5F). For the Worst-case scenario the probability of quasi-extinction in 50 years was, respectively, 66.7% (34.0–79.1), 58.5% (26.1–72.6), and 74.9% (44.2–85.2) for the most likely, reasonable best, and reasonable worst tracks (Figure 5F).


[image: Figure 5]
FIGURE 5. Eastern monarch population future risk of quasi-extinction. Sub-figure (A) represents the “current” projected probability of quasi-extinction with only the effects of lambda and environmental stochasticity and no threats where the solid line is mean estimate and the gray ribbon is the associated 95% confidence interval. The remaining sub-figures (B–F) represent the projected probability of quasi-extinction under varying future scenarios that include population responses to threats. Sub-figures (B–F) contain three tracks for each scenario, which are represented by different line types and colors (see legend). Lines represent mean estimates and shaded ribbons are 95% confidence intervals. For all sub-figures the 95% confidence intervals cover the full range of quasi-extinction thresholds (0.05–0.61 hectares).







DISCUSSION

The primary goal of this modeling effort was to create a rigorous, transparent, and re-usable tool that incorporates future threats and conservation actions and quantifies uncertainty around quasi-extinction thresholds for both the eastern and western migratory monarch populations. The challenges presented by the unique biology of migratory monarchs included: the need to represent multiple generations in the eastern migratory population, incorporating a mechanism for density dependence to better reflect population numbers, uncertainty around quasi-extinction levels, and a continuum of monarch responses to future state conditions of threats that could incorporate a range of scenarios for future projections. We believe incorporating expert elicitation in this framework allowed us to address many of these challenges through sub-regional growth responses in the eastern population, ranges in quasi-extinction thresholds that were used to test uncertainties around quasi-extinction risk, and population response curves that allowed multiple future state conditions to be tested under varying scenarios. We also addressed density dependence through introducing a carrying capacity to limit false resilience in population sizes. This modeling framework can be easily updated by the monarch SSA team as more information on threats and conservation actions become available. This tool also allows for seamless updates of population growth rates that vary each year with newly reported monarch overwintering numbers that will result in new population estimates and estimates of future quasi-extinction risk. Additionally, as more information becomes available on quasi-extinction thresholds for each population, the thresholds tested by this model can be modified to update future predictions.

These results provide novel insights into the relative magnitude of positive and negative drivers, based on the expert-elicited response curves. In our reasonable scenarios, the outcomes of the model yielded future state conditions where the effects of negative drivers outweighed the effects of positive drivers on population size. In the western population, each driver explored was associated with its own negative population response (Figure 2) which, when combined, resulted in growth rates that were anywhere from −0.003 to −0.0551 lower than current estimated growth rates (Table 3). Despite including conservation efforts for overwintering areas and breeding grounds, the plausible scenarios still resulted in continued monarch population declines and high risks of quasi-extinction into the future (Figure 3). The magnitude of change in driver-specific population responses between scenarios considered for the west were extremely similar (Figure 2) resulting in very little variation in population quasi-extinction risk under future scenarios (Figure 3).

In the eastern population there were more variable population growth rates and lower risks of quasi-extinction likely due to higher N, higher lambda, and a wider range of driver-specific population responses than in the west (Figures 4, 5). Drivers of milkweed, nectar, and overwintering habitat represented the largest sources of future changes in the eastern population (Figure 4A). The Best-case and Intermediates B and C scenarios in the eastern monarch population included large enough changes in habitat to result in larger monarch populations and lower probabilities of quasi-extinction. However, scenarios that did not include large conservation gains in habitat (Intermediate A and Worst-case) yielded probabilities of quasi-extinction equal to or higher than the baseline estimate (Figures 5C,D).

These results illustrate the sensitivity of the model to the inputs. Therefore, it is important to construct realistic projections of both threats and conservation actions. Furthermore, these results underscore the need for research to better understand how conservation efforts can be used to reduce or possibly counteract current monarch population declines. Because population drivers and responses are separated in our approach it is possible to consider the manipulation of drivers for the biggest benefit to the species. In the western population, further protecting overwintering grounds and nectar resources could cause a large and positive population response by the species. However, those changes would need to be greater in scope than what our analysis viewed as plausible. In the eastern population, gains in habitat drivers like milkweed and nectar may combat population losses from other drivers but only at high levels (Best-case scenario). Current large-scale, multi-state conservation efforts could be an excellent future test of this model prediction.

It is important to note that our model (similar to Flockhart et al., 2015; Semmens et al., 2016; Schultz et al., 2017) does not include parameters to address the uncertainty around a metapopulation-based link between eastern and western monarch populations. While there is evidence for exchange of individuals between the eastern and western populations (and the southern Florida non-migratory population), the specific rates and consistency of those exchange events are unknown (Brower and Pyle, 2004; Dingle et al., 2005; Knight and Brower, 2009; Morris et al., 2015). The inclusion of emigration and immigration, however, could possibly reduce our quasi-extinction estimates if immigration is large enough to allow a population to recover. Thus, further research is necessary to determine the magnitude of monarch immigration and emigration so that these rates may be included in future monarch PVAs.

There is also uncertainty around the accuracy of overwintering density estimates for the eastern monarch population. Because monarch overwintering population size in Mexico is measured in hectares, the density value determines the initial population size estimate, Nt, in our model. We chose one plausible density estimate—the median density of 21.1 million (Thogmartin et al., 2017c). Prior to Thogmartin et al. (2017c), published estimates of these densities range from 6.9 to 60.9 million monarchs per hectare (Calvert, 2004). In addition, experts who participated in the monarch expert elicitation reported density fluctuations within and among years. Our model did not include an underlying density function to allow for this possible fluctuation, but the effects of such uncertainty could be incorporated into future PVAs. Within the framework we developed, shifting density assumptions would alter the initial starting population size, Nt, thereby possibly affecting risk of quasi-extinction. Higher density values would equate to larger Nt, which would provide greater buffer against poor years and lower quasi-extinction risk over time. Lower density values would equate to opposite outcomes in Nt and quasi-extinction risk over time. Density estimates and assumptions could easily be updated in the future and tested with multiple values to better capture the developing knowledge on how density estimates translate hectare estimates to numbers of individuals.

We believe our model results build on previously published PVAs for the eastern and western migratory monarch populations. In the eastern monarch population, our “current” or baseline results are most equivalent to the future quasi-extinction estimates from models by Flockhart et al. (2015), Semmens et al. (2016), and Oberhauser et al. (2017). Our analysis updated the existing λ and ε for the eastern population from Semmens et al. (2016) (with overwintering data from 2017 to 2018 and 2018 to 2019) and forecasted monarch population trends into the future. In the western monarch population, our “current” or baseline analysis would be most equivalent to Schultz et al. (2017) with similar updates to the existing λ and ε. However, our future scenario results differ from these models as we incorporated population responses to changes in threats and conservation into the future. In addition, the use of a full range of quasi-extinction thresholds and a carrying capacity bring our modeling effort closer to the goals for assessing risk and uncertainty. Ultimately, these modifications build on published PVAs while also adding to the collective understanding of monarch risk into the future.

The PVA presented here is not the only factor included in The Service's process for evaluating the monarch for listing under the Endangered Species Act. There are additional influences and analyses for non-migratory monarchs and monarchs outside of North America considered within the SSA framework. Furthermore, this study does not explicitly test assumptions about population response to influences outside of those considered by our expert elicitation process, many of which require further study, nor does it take into account potential catastrophic events outside the scope of historical events (implicitly incorporated into λ). Future studies looking to incorporate threats for monarchs into the future may shed light into which drivers should or should not be included in this model or if the assumptions associated with a geometric growth model are valid. Our results show the potential of incorporating future threats and conservation actions into population projections for migratory monarchs, thereby making it easier to change which threats and conservation actions are included and to what degree they will change into the future. By doing so, we believe we have not only met the goals set by the SSA framework, but we have created a transparent and reproducible tool that will be repeatedly applied to exploring monarch population responses into the future.

The findings and conclusions in this article are those of the author(s) and do not necessarily represent the views of the U.S. Fish and Wildlife Service.
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Scenario Sub-region  Track Lambda value IS

(& 95%)
Bost-case NG Mostlikely ~ 0.9913 (0.24-4.09)

NC Best 1.002 (0.24-4.13)

NC Worst 0.9846 (0.24-4.05)

NE Mostlikely ~ 0.9827 (0.24-4.05)

NE Best 0.9885 (0.24-4.07)

NE Worst 0.9776 (0.24-4.03)

s Mostlikely  0.9839 (0.24-4.06)

s Best 0.9915 (0.24-4.08)

s Worst 0.9798 (0.24-4.03)
Intermediate A NC Most likely 0.9706 (0.24-4.00)

NG Best 0.9753 (0.24-4.02)

NC Worst 0.9688 (0.24-4.00)

NE Mostlikely ~ 0.9700 (0.24-4.00)

NE Best 09755 (0.24-4.02)

NE Worst 0.9696 (0.24-4.00)

s Mostlikely ~ 0.9709 (0.24-4.00)

s Best 09753 (0.24-4.02)

s Worst 0.9686 (0.24-4.00)
Intermediate B NC Mostlikely  0.9718 (0.24-4.00)

NG Best 0.9776 (0.24-4.03)

NC Worst 09710 (0.24-4.00)

NE Mostlikely ~ 0.9718 (0.24-4.00)

NE Best 09755 (0.24-4.01)

NE Worst 0.9699 (0.24-4.00)

s Mostlikely ~ 0.9711 (0.24-4.00)

s Best 0.9749 (0.24-4.02)

S Worst 0.9688 (0.24-3.99) -0.0072
Intermediate G NG Mostlkely ~ 0.9880(0.24-407) 0012

NG Best 100(024-442) 0024

NG Worst 09803(0.24-4.04)  0.0043

NE Mostikely — 0.9786(0.24-4.04  0.0026

NE Best 09874 (024-407) 00114

NE Worst 09746 (0.24-4.01)  —0.0014

S Most likely 0.9811 (0.24-4.04) 0.0051

s Best 09898 (0.24-4.08)  0.0138

S Worst 0.9764 (0.24-4.02) 0.0004
Worstcase NG Mostikely ~ 09389 (0.23-3.86) 00371

NG Best 09541(0.23-393)  ~0.0219

NG Worst 09220 (0.23-380)  —0.054

NE Most likely 0.9442 (0.23-3.89)  —0.0318

NE Best 09589 (0.23-395)  —0.0171

NE Worst 09276 (0.23-382)  —0.0484

s Mostlikely 09288 (0.23-382)  —0.0472

s Best 09465 (0.23-390)  ~0.0295

s Worst 0.9069 (0.23-3.74)  —0.0691

North Central, NC; North East, NE; South, S. The mean expected difference between the
“track” lambda from simulations and the “current” or baseline lambda taken from prior
research is represented by AX.





