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Wildlife monitoring programs designed to inform forest management and conservation decisions in the face of climate change benefit from long-term datasets with consistent methodology. Nevertheless, many monitoring programs may seek to transition to alternative methods because emerging technologies can improve trend tracking and expand the number of target populations, increase spatial scale, and reduce long-term costs. Integrated models strengthen the capacity to adapt long-term monitoring programs to next generation methods. Here we present a case study of northern spotted owl (Strix occidentalis caurina) population monitoring that is under transition. The first monitoring phase focused on territory occupancy and mark-resighting individual owls. Owing to rapidly declining populations and increasing costs, traditional methods are less viable for long-term monitoring. A non-invasive approach, passive acoustic monitoring, is effective for detecting spotted owl presence, estimating occupancy rates, distinguishing sex, detecting trends in populations, and monitoring many additional species. A key component to support transition to passive acoustic monitoring was the development of machine learning models to automate species detections that enable rapid and effective data processing and analysis workflows. Coupling passive acoustic monitoring networks with Forest Inventory and Analysis (FIA) and gradient nearest neighbor (GNN) datasets provide powerful tools for predicting forest change impacts on wildlife populations and identify winners and losers in dynamic landscapes. The second monitoring phase will leverage new technologies, expand the scope of inference, link forest inventory and remote sensing datasets, and transition the program to broad biodiversity monitoring that assists managers as they face myriad challenges in dynamic landscapes.
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Introduction

To adapt and mitigate negative effects of climate change, modern adaptive forest management is increasingly reliant on forest monitoring tools that generate larger data than traditional methods (Torresan et al., 2021). Monitoring biological diversity in forest ecosystems is important to assess long-term population trends, disturbance effects, identity trigger points for conservation action, and evaluate effectiveness of management actions. The most impactful monitoring programs are long-term, geographically broad, and adaptable to changing conditions (Busch and Trexler, 2003; Lindenmayer and Likens, 2009; Tinkham et al., 2018). Hence, rigorous wildlife monitoring programs are increasingly expanding in scope and scale (e.g., Lesmeister and Nielsen, 2011; Steenweg et al., 2017; Cove et al., 2021). Large wildlife monitoring databases offer opportunities for biodiversity monitoring and ecological modeling over large spatial and temporal scales (e.g., Kays et al., 2020), which can rarely be achieved by small-scale programs.

Wildlife monitoring is in the midst of a renaissance with rapid technological advances in survey methods due to widely available non-invasive electronic sensor networks such as camera traps, autonomous recording units, and satellite remote sensing (Tosa et al., 2021). These tools can facilitate large-scale multi-species wildlife monitoring. The large quantities of data generated by next generation methods present both opportunity and challenges, necessitating equally important advancements in computational methods and statistics for processing and analyzing big data (Tosa et al., 2021; Nathan et al., 2022). Next generation methods also enable the ability to utilize USDA Forest Service Forest Inventory and Analysis (FIA) data and gradient nearest neighbor (GNN) models as predictors of wildlife distribution and impacts of long-term changes in forest conditions on wildlife populations (Tinkham et al., 2018; Bell et al., 2021). FIA data can be useful for evaluating environmental conditions in wildlife habitat suitability assessments, observing ecosystem change, and drivers of species diversity (Chojnacky and Dick, 2000; Manley et al., 2006; Zielinski et al., 2006). Previous efforts relied primarily on wildlife location/survey data collected by direct human observation, live capture, or were species specific, all of which limit how large an area can be surveyed and the number of species detected. There are clear advantages to leveraging non-invasive next generation methods for rapid assessment of wildlife populations and better link with FIA data at multiple spatial and temporal scales. However, historical wildlife monitoring programs must maintain long-term data integrity and are thus challenged with transitioning without affecting the utility of historical datasets and core objectives (Lindenmayer and Likens, 2009). Here we present a case study of a large-scale, long-term, and well-known single species monitoring program that is under transition to a biodiversity monitoring program with stronger direct and indirect connections to FIA data.



Case study


Northern spotted owl monitoring under transition: Challenges and opportunities

The northern spotted owl (Strix occidentalis caurina) was listed as threatened in 1990 under the US Endangered Species Act due to steeply declining populations driven by rapid loss of old-growth forests that the species relies on for nesting, roosting, and foraging. The 1994 Northwest Forest Plan (NWFP) covers 10 million ha of federally managed forest lands and is intended to protect and restore large contiguous blocks of late-successional forest in support of northern spotted owl population recovery. The NWFP shifted federal management prioritization of timber production to ecological processes and biodiversity conservation with an old-forest reserve design (Spies et al., 2019). The NWFP has made substantial progress toward meeting goals for old forest and reduced threats to biodiversity from clear-cut logging on federal lands, but several objectives have not yet been achieved, including recovery of northern spotted owls and other avian species associated with old forest (Spies et al., 2018; Phalan et al., 2019; Davis et al., 2022). Although old forests were largely protected on federal lands, intensive forest management persisted on non-federal lands and northern spotted owl populations have continued to decline and warrant reclassification to endangered status (USFWS, 2020; Franklin et al., 2021; Davis et al., 2022). Additional threats such as increasing wildfires, an invasive competitor, and rodenticide poisoning have emerged that were beyond control of federal forest managers (Lesmeister et al., 2018; Mangan et al., 2019; Spies et al., 2019; Wiens et al., 2019; Davis et al., 2022). Furthermore, large-scale commercial thinning and post-fire logging can have adverse impacts on northern spotted owls and their prey (Clark et al., 2013; Wilson and Forsman, 2013; Comfort et al., 2016; Forsman et al., 2016; Linnell and Lesmeister, 2019; Hanson et al., 2021).

Northern spotted owl population monitoring was mandated under the NWFP to evaluate the plan’s effectiveness, and to inform management and conservation decisions (Spies et al., 2019). Two phases were envisioned in the establishment of the monitoring program (Lint et al., 1999). The first phase relied on demographic data in a mark-resight framework on historical spotted owl territories in eight study areas comprised largely of federal lands. The monitoring design was established to use broadcasted conspecific calls to elicit responses from territorial owls, then capturing, marking, and resighting those birds to estimate vital rates and population change (Franklin et al., 1996; Lint et al., 1999). Broadcasting spotted owl calls can increase detection probability because territorial owls respond to the mimicked threat during surveys (Reid et al., 1999), but there are potential drawbacks to broadcast calling in long-term monitoring of northern spotted owls. Location estimates can be biased toward surveyor because owls often move to the perceived threat (Zuberogoitia et al., 2011, 2020). Further, broadcast calling is not effective for multiple species because owls respond differently to broadcast calls of other species and spotted owls are less detectable in the presence barred owls (Strix varia) (Bailey et al., 2009; Kissling et al., 2010; Dugger et al., 2011; Wiens et al., 2011).

Detection/non-detection survey data from territories in the eight historical study areas have been used to identify drivers of spotted owl occupancy dynamics, competitive impacts of barred owls, and predict effects of potential management actions (Yackulic et al., 2019; Franklin et al., 2021). Historical territories were defined as the landscape area used by territorial owls and delineated to define occupancy survey sites and spatial units for habitat covariates (Dugger et al., 2016). Thiessen polygons for each territory were created based on cumulated annual activity center locations and extended outward to a maximum of half of the median nearest-neighbor distance or midway between the annual territory center locations of owls occupying adjacent territories (Dugger et al., 2016). Each territory was unique in size and shape and were larger in northern regions of the range where spotted owls have larger home ranges. GNN models are mapped predictions of forest structure and composition across broad landscapes based on FIA plot data and Landsat imagery (Bell et al., 2021). The spotted owl monitoring program has a long history of using GNN data as territory-scale habitat covariates for modeling the effects of forest disturbance, structure, and tree species composition on spotted owl dispersal, distribution, and population trends within the eight historical study areas (Jenkins et al., 2019a,2021; Franklin et al., 2021; Davis et al., 2022; Rockweit et al., 2022). By integrating next generation survey methods throughout the entire spotted owl range, the monitoring program could further leverage the potential of range-wide FIA-derived models as spatially explicit predictors of spotted owl distribution and population change.

The spotted owl monitoring plan called for a transition to a second phase based on habitat monitoring if population change was found to follow trends in forests suitable for nesting and roosting (Lint et al., 1999). This was a reasonable possibility at the time of monitoring program development because northern spotted owls have consistently been found to be an obligate of older forests with large trees (Forsman et al., 1984; Wilk et al., 2018; Jenkins et al., 2019b; Sovern et al., 2019). However, competition with, and displacement by, invasive barred owls have disrupted spotted owl population and territorial dynamics including the strength of the relationship between old forest and demographic performance (Dugger et al., 2005; Jenkins et al., 2019a,2021; Yackulic et al., 2019). The habitat quality of old forest for northern spotted owls is degraded if barred owls are present (Lesmeister et al., 2018). Therefore, the second phase of monitoring requires, in addition to leveraging FIA data for habitat monitoring (e.g., Bell et al., 2021; Davis et al., 2022), an analytical framework including range-wide northern spotted owl and barred owl surveys to assess drivers of occupancy dynamics. Similar to annual maps of spotted owl habitat (Davis et al., 2022), range-wide occupancy models (with FIA-derived covariates) for spotted owls and barred owls (also co-occurrence models) could be updated annually with established workflows for rapid survey results.

The need for long-term monitoring of spotted owl populations coupled with FIA data to track forest conditions is further underscored by the possibility that harvesting old forest with large trees can have detrimental impacts on spotted owls that linger for decades (Jones et al., 2017). Large wildfires also potentially pose a significant risk to northern spotted owl populations (Comfort et al., 2016; Rockweit et al., 2017; Lesmeister et al., 2018; Jones et al., 2020) and have differential impact on other owl species (Duchac et al., 2021). Although northern spotted owl nesting forests tend to burn at lower severity compared to other surrounding forest types, habitat suitability is highly degraded after moderate and high severity fires (Lesmeister et al., 2019, 2021b). Further, wildfires are expected to increase in extent, frequency, and severity with climate change (Abatzoglou and Williams, 2016; Davis et al., 2017; Wan et al., 2019). Empirical data on the effects of wildfire on northern spotted owl populations and habitat is limited because only a few studies had long-term spotted owl data pre-fire (e.g., Clark et al., 2013; Rockweit et al., 2017; Lesmeister et al., 2019). Broadscale and long-term population monitoring throughout the geographic range rather than at select study areas, is more likely to provide pre-disturbance data on spotted owls within areas that will experience a wide range of future disturbances, including high-severity wildfire.

Passive acoustic monitoring is rapidly expanding in use to study and monitor forest wildlife and soundscapes (Shonfield and Bayne, 2017; Sugai et al., 2019). Compared to broadcast calling, extended-duration passive acoustic monitoring surveys decrease technician field effort while increasing, by orders of magnitude, the quantity of data collected at a survey point (Tegeler et al., 2012). Coupled with computationally intensive machine learning algorithms for automated data processing and species identification and rigorous statistical analyses, passive acoustic monitoring is a powerful tool for non-invasively monitoring wildlife populations and their environment (Ross et al., 2018; Shonfield et al., 2018; Ruff et al., 2021). Passive acoustic monitoring is effective for (1) detecting a wide range of species including spotted owls and barred owls (Duchac et al., 2020, 2021), (2) distinguishing sex of northern spotted owls (Dale et al., 2022), and (3) detecting trends in northern spotted owl populations (Lesmeister et al., 2021a). Machine learning models that automate species identification have proven effective for northern spotted owls and a wide range of other vocal wildlife species, which enables rapid and effective data processing and analysis workflows for biodiversity monitoring in the Pacific Northwest (Ruff et al., 2020, 2021). Additionally, spotted owl population trends can effectively be inferred from analyses in a dynamic multistate framework to estimate change in use and patterns of co-occurrence with barred owls (Bailey et al., 2014; Fidino et al., 2018; Lesmeister et al., 2021a). Based on the multiple lines of evidence that demonstrated the advantages and effectiveness of passive acoustic monitoring, the NWFP Regional Interagency Executive Committee made the decision in 2020 to transition northern spotted owl monitoring from phase one to phase two and directed that phase two to be fully implemented by 2023.

The monitoring program will be based on habitat monitoring (e.g., Davis et al., 2022) coupled with passive acoustic monitoring of randomly selected 5 km2 hexagons on federally managed forest lands throughout the approximate 10 million ha geographic range of northern spotted owls (Figure 1). The FIA grid design also consists of a systematic hexagonal grid, but the hexagon size (24.03 km2) was much larger than the average northern spotted owl territory core area and barred owl home range size which are both approximately 5 km2 (Glenn et al., 2004; Hamer et al., 2007; Singleton et al., 2010; Schilling et al., 2013; Wiens et al., 2014). Therefore, an independent sampling framework was developed with hexagon size that reflected ecologically relevant space use by both northern spotted owls and barred owls during the breeding season. The standardized hexagon survey sampling protocol maximizes detection probabilities of northern spotted owls and enables broad inference within the selected federal sample (base design) while retaining the flexibility to facilitate local and site-specific questions (Lesmeister et al., 2022). Each hexagon is sampled with an array of four autonomous recording units, established following a standardized rule set (Lesmeister et al., 2022). The base design is the 2 + 20% sampling scheme (Figure 1) that was one of several options tested by Lesmeister et al. (2021a) and found to be the most effective option for balancing cost with capability to detect change in northern spotted owl populations range-wide and at ecological province scales. The grid of 5 km2 hexagons covers the entire Pacific Northwest and is publicly available (USFWS, 2021), so other investigators can use the established protocols to survey hexagons beyond the base design to address project- or research-specific questions with confidence of high detection probabilities. Replicated designs could also be implemented outside the range of northern spotted owls and across different ecotypes to further expand these sensor networks. Under this framework, data could be pooled from different projects across the multiple regions for meta-analyses to better understand large-scale environmental processes and biodiversity response to climate change.
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FIGURE 1
Map of the Northwest Forest Plan area of the Pacific Northwest, USA. Green area is the pool of 5 km2 hexagons that are >50% forest cover and >25% under federal land management. Black outlines are historical study areas for northern spotted owl demographic and territory occupancy monitoring (Franklin et al., 2021). Black 5 km2 hexagons are randomly selected from pool of green hexagons and represent the base design of passive acoustic monitoring in the 2 + 20% survey design (Lesmeister et al., 2021a). Within historical study areas, 20% of hexagons were randomly selected, and outside those study areas 2% of hexagons were randomly selected for long-term passive acoustic monitoring.


Beyond spotted owls, the passive acoustic monitoring program has an opportunity to expand into forest biodiversity monitoring at a scale that was unachievable until recently (Tosa et al., 2021). Coupling these broad scale survey data with FIA plot data and GNN models will provide a powerful toolbox for predicting how long-term changes in forest conditions will affect spotted owls and many other wildlife species and identify winners and losers in dynamic landscapes (Tinkham et al., 2018; Bell et al., 2021). These outcomes are not possible with monitoring programs based in traditional field methods because those programs are typically single-species focused and not optimally designed for sampling many other species (Lesmeister and Nielsen, 2011). There are commonly tradeoffs in study design between the number of sampling occasions and sites surveyed (Sanderlin et al., 2014). Passive bioacoustic monitoring has potential to resolve these tradeoffs given the capability of long duration deployments designed with random site selection and multiscale clustered sampling, which can generate quality data for the widest range of species over large geographic regions. The NWFP passive acoustic monitoring program was designed to ensure effectiveness for spotted owls, but the random selection of forest-capable 5 km2 hexagons with multiple sampling stations offers a design suitable for many other forest-adapted wildlife species. The development of artificial intelligence tools to automate data processing and a standardized workflow enables the extension of the program to many other species by rapidly generating robust datasets for ecological analyses that link directly to FIA-derived models for habitat assessment and distribution (Figure 2). For example, the most recent version of the PNW-Cnet model1 identifies 37 species with new species being added with each retraining of the model (Lesmeister et al., 2022; Ruff et al., In Review). Still unresolved is understanding which additional species or communities are most suitable to integrate into the monitoring program. Options will be limited to the taxa appropriate to the spatial and temporal sampling design and to the pool of species that can be included in automated systems. Some choices may be driven by conservation or management needs. Marbled murrelets (Brachyramphus marmoratus), for example, may be considered because they are endangered (IUCN, 2021), population monitoring is mandated under the NWFP, and detections are automated in PNW-Cnet (Lesmeister et al., 2022).
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FIGURE 2
Steps in the workflow of long-term passive acoustic monitoring and the transition from territory occupancy monitoring. Step 1: Deploy autonomous recording units in randomly selected 5 km2 hexagons. Step 2: Retrieve acoustic data, organize and manage sound files, and conduct initial data processing. Step 3: Process data with PNW-Cnet to generate predictions for target class detections (Ruff et al., 2021). Step 4: Validate output from PNW-Cnet by confirming species identification predicted by the model. This step is necessary to ensure no false positives are included in ecological analyses, to evaluate performance of the PNW-Cnet, and create new training data that can be used to train future versions of PNW-Cnet. Step 5: Generate multistate detection histories for northern spotted owls and any other species to be included in occupancy analyses. Step 6: Use integrated dynamic multistate occupancy models for the transition from demographic and territory occupancy monitoring to passive bioacoustics. Step 7: Long-term analyses to quantify Northern spotted owl population trends in a dynamic multistate occupancy framework. FIA plot data and derived landscape models are used for developing environmental covariates for steps 6 and 7. Step 8: Based on output from previous step, evaluate trends in populations and determine if trigger points for management action are met. Step 9: Report findings by way of agency reports, presentations, and peer-reviewed publications. Step 10: Adjust monitoring design as necessary based on changes in population (step 8) and environmental conditions as informed by FIA-derived models. Repeat steps 1–9.


In the long-term, passive acoustic monitoring has well-defined advantages for northern spotted owls, but an important challenge in the transition will be developing analytical methods capable of integrating data generated from long-term demographic studies with passive acoustic monitoring. Data integration techniques are increasingly used and in active development across a wide range of ecological disciplines to expand spatial and temporal scope of ecological inferences, precision of parameter estimates, and make inferences on multiscale processes (Zipkin et al., 2021). The biological state shared among the two detection/non-detection datasets for northern spotted owls is site-occupancy within historical study areas. However, phase one data is based on historical territory site (i.e., varying size and shape) surveys and passive acoustic monitoring (phase two data) occurs at randomly selected 5 km2 hexagons (Figure 1). Models are available to integrate data at multiple matching spatial scales and from multiple methods for inference about detections probabilities and occupancy dynamics (Nichols et al., 2008). Spatial or temporal mismatch in datasets presents a change of support problem and, in the case of spatial mismatch, will require solutions to solve the modifiable area unit problem (Gotway and Young, 2002). Models to integrate multimethod data, multistate data, and reconciling spatial mismatch of site-occupancy data for northern spotted owls is an area of active research and development (Figure 2; Weldy et al., In Review). These approaches can be expanded to longitudinal data to quantify occupancy dynamics and thus a framework applicable to many monitoring programs seeking to transition to modern methodologies without the loss or integrity of historical data.




Conclusion

New technologies are fundamentally altering our ability to monitor, in detail, entire forest ecosystems and the species and communities that inhabit those environments. Passive acoustic monitoring, coupled with FIA data and complementary advancements in data computation and statistics, is an effective method for monitoring northern spotted owls. The NWFP Regional Interagency Executive Committee used multiple lines of evidence to support the decision to transition northern spotted owl monitoring to these methods. The well-planned transition ensures the monitoring program will be relevant and cutting edge into the future, while maintaining linkage to historical data. Spotted owls require a range of ecological conditions that includes old forest, so have been proposed as an indicator of those forest conditions (Block et al., 2001), but the effectiveness has declined as fewer and fewer northern spotted owls persist in these forests. While this reality is devastating, there is now an opportunity to establish a biodiversity monitoring framework that results in a standardized flow of information and utilizes the power of FIA data to understand drivers of wildlife population change. The flexibility and scale of the biodiversity monitoring program is unprecedented and will likely provide insights in the future that are unimaginable today. For example, passive acoustic monitoring data can provide inference on COVID-19 pandemic effects on forest soundscapes. Some study areas in the NWFP area have been surveyed with passive acoustic monitoring since 2018, even during the pandemic (Marcot et al., 2020), affording the ability to measure differences in species-specific calling activity and acoustic indices pre-, early-, mid-, and late pandemic. Without consistent and well-designed monitoring, these options would be unattainable. The second phase of this iconic monitoring program will leverage new technologies that better address northern spotted owl conservation needs, expand the scope of inference from FIA-derived models, and transition the program to broad biodiversity monitoring that assists forest managers as they face myriad challenges related to climate change and other large-scale disturbances.
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