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Executive Summary

From 2018 to 2024, a coordinated acoustic monitoring program was conducted
along the outer coast of Washington State to quantify the spatial and seasonal
occurrence of Southern Resident killer whales (SRKW) and acoustically tagged Chinook
salmon in areas overlapping U.S. Navy training and testing activities. Monitoring was
carried out through complementary efforts led by NOAA Fisheries’ Marine Mammal
Ecology Team (MMET), the Salmon Ocean Behavior and Distribution (SOBAD) project,
and Oregon State University (OSU). The monitoring network consisted of passive
acoustic moorings deployed from the mouth of the Columbia River to Cape Flattery,
with additional offshore coverage west of the Strait of Juan de Fuca. Hydrophones were
used to detect SRKW vocalizations, while 69 kHz acoustic receivers recorded
detections of tagged Chinook salmon. Array design and sampling intensity varied
across years in response to evolving research objectives, but near continuous coverage
of the Washington coast was maintained throughout the study period.

Between 2019 and 2024, the Chinook salmon telemetry program collected
101,026 receiver-days of effort. A total of 498 Chinook salmon were acoustically tagged
in Alaska and along the U.S. West Coast, of which 238 individuals were detected on the
Washington coast array, resulting in 4,269 daily detection events. Tagged salmon
represented multiple genetic stock aggregates, with Interior Ocean-type Chinook
comprising the largest proportion of detections. The highest detection rates of Chinook
salmon generally occurred during spring and summer. Chinook exhibited elevated use
of the north-central Washington coast, the Strait of Juan de Fuca, and, in some years,
the southern coast near the Columbia River. Spatiotemporal models revealed
substantial interannual variability in Chinook occurrence patterns, likely reflecting
differences in stock composition of tagged individuals and oceanographic conditions.

From 2018 to 2024, MMET hydrophones recorded 8,305 days of acoustic effort
across five core sites and detected SRKW on 900 recording-days. In 2023 and 2024,
SOBAD and OSU hydrophones added 5,016 days of effort across 15 sites, with SRKW
detected on 378 recording-days. SRKW were detected most frequently at northern sites
near the Strait of Juan de Fuca and Swiftsure Bank, where mean detection rates during
summer reached approximately 2—5 days per week. Across all years, SRKW
occurrence peaked consistently from July through November in the northern portion of
the study area. On the southern Washington coast near the Columbia River mouth,
SRKW detections were infrequent and occurred primarily during early spring.
Spatiotemporal modeling showed a stable seasonal pattern across years, with highest
occurrence in the far north during summer and early fall and lower, but persistent, winter
presence.
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1. Background & History of Monitoring Effort

The U.S. Navy conducts military training and testing in Pacific Northwest waters to
ensure its forces are combat-ready, while NOAA Fisheries oversees the protection of
threatened and endangered marine species and issues permits to the Navy under the
Endangered Species Act (ESA) and the Marine Mammal Protection Act (MMPA). The
Navy's Marine Species Monitoring Program, linked to these permits, seeks to
understand how Southern Resident killer whales (Orcinus orca ater; SRKW) and certain
Evolutionarily Significant Units (ESUs) of Chinook salmon (Oncorhynchus tshawytscha),
both ESA-listed, share habitats. Since 2014, the Navy has supported the NOAA
Northwest Fisheries Science Center (NWFSC) Marine Mammal Ecology Team’s
(MMET) research to map the SRKW's offshore distribution and identify essential
habitats. Beginning in 2018, the Navy also sponsored the NWFSC’s Salmon Ocean
Behavior and Distribution (SOBAD) project to track the offshore distribution of Chinook
salmon. Beginning in 2024, the Navy sponsored Oregon State University (OSU) to
maintain an array of acoustic moorings to track the occurrence of SRKW and detections
of fish tagged with acoustic transmitters, including Chinook salmon, on the outer coast
of Washington. This report summarizes the work of these three projects during 2018-
2024, when monitoring efforts for both SRKW and tagged Chinook salmon were
ongoing.

The SRKW population has declined by ~25% since 1995, and the current size of
the population (as of July 2025) is 74 individuals (Center for Whale Research 2026).
Research to support SRKW recovery includes investigating the impacts of noise and
disturbance (Holt et al. 2021, Tennessen et al. 2024), pollution and contaminants
(Krahn et al. 2009), food availability, and recently, genetic inbreeding (Kardos et al.,
2023, National Marine Fisheries Service 2008). SRKW preferentially select Chinook
salmon as prey (Ford et al. 2006, Krahn et al. 2007, Hanson et al. 2010, Wasser et al.
2017, Hanson et al., 2021, Van Cise et al. 2024), and widespread declines in Chinook
salmon abundance may constrain SRKW recovery via reduced birthrates and increased
mortality (Ward et al. 2009, Ford et al. 2010, Stewart et al. 2021). Chinook salmon
populations utilize the west coast of Vancouver Island and Washington State coastal
habitats during their migration and marine habitat occupancy. Efforts to minimize
harvest impacts on depleted populations are complicated by differences among
populations in when and how they use these habitats (e.g., shelf resident vs. highly
migratory life history strategies). Furthermore, ecosystem-based management in the
region requires accounting for variability in the spatiotemporal availability of Chinook
salmon as prey for SRKW. Yet, our understanding of predator-prey interactions in
marine shelf habitats is limited. Thus, management actions to recover at-risk Chinook
salmon populations and provide adequate prey for resident-type killer whales will benefit
from understanding when and where salmon and killer whales are distributed.
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The movement patterns of the three SRKW pods (J, K and L) are complex and
seasonally driven. K and L pods engage in more extensive travel along the North
American west coast, with movements extending from central California to the northern
waters of British Columbia, while J pod’s coastal distribution remains comparatively
closer to, and within, the Salish Sea, Puget Sound, and inland waters of Washington
and British Columbia (Hanson et al. 2017). All three SRKW pods have historically spent
the majority of the summer months in the Salish Sea, targeting Chinook salmon
returning to the Fraser River and Puget Sound tributaries (Olson et al. 2018). In recent
years, SRKW occupancy of these inland water habitats have declined during the
summer, possibly in response to declining prey availability (Ettinger et al. 2022; Stewart
et al. 2023). Use of the outer coast habitat along Washington state and Vancouver
Island is therefore most likely increasing, but distribution, occupancy, and prey
availability in these regions is relatively limited (see Olesen and Hildebrand 2012,
Hanson et al. 2013, Riera et al. 2019) not well studied. Passive acoustic monitoring has
been pivotal in providing insights into the SRKWSs' distribution and behavior, particularly
along the broader west coast of North America (Hanson et al. 2013). This acoustic data,
collected through an array of hydrophones, is valuable for understanding the SRKWs'
use of the Northwest Testing and Training (NWTT) range site, an important training
area for the U.S. Navy, and surrounding areas (Hanson et al. 2017). This study seeks to
provide a more comprehensive understanding of SRKW seasonal movements and
occupancy patterns along the outer coast of Washington state, and the seasonal
distribution and availability of Chinook salmon prey, assisting with the development of
effective conservation strategies.

1.1 MMET Monitoring 2018 — 2024

The MMET SRKW monitoring program has focused on the long-term occurrence of
SRKW at several focal sites along the Washington coast (Figure 1). Passive acoustic
monitoring (PAM) devices were deployed at Swiftsure Bank and the western end of the
Strait of Juan de Fuca, an area that is a known SRKW feeding hotspot (DFO 2025)
during the summer months. In addition, PAM moorings were placed at three locations
along the outer coast of Washington State (La Push, Westport, and the Columbia River
mouth). Moorings were serviced once per year in the summer and therefore had duty-
cycled recording intervals to allow sufficient battery life and storage space for year-
round recording. Additional passive acoustic receivers were deployed in Oregon and
California but are not included in this report given its focus on the Washington Coast.
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1.2 SOBAD Monitoring 2019 — 2024

The SOBAD program was initially focused on the distribution of Chinook salmon on
the outer coast of Washington State. Chinook salmon were captured in Southeast
Alaska and along the coast of Washington and implanted with acoustic tags that
produce individually coded pings that stationary 69 kHz acoustic receivers can identify
and record. Tagged fish were then released. Acoustic receiver moorings were deployed
along the coast of Washington State in high densities from 2019 to 2022 to capture
high-resolution movements of Chinook salmon along the coast and across the
continental shelf. The array layout changed substantially across years to address
different ecological monitoring objectives; those layouts are presented in maps in the
Results section. In 2023, the SOBAD project began deploying PAM recorders on
moorings, enabling each mooring station to detect SRKW vocalizations and Chinook
acoustic tags simultaneously. The array design changed during this period to
emphasize full spatial coverage along the Washington coast, but at a lower spatial
resolution than 2019 to 2022. A single latitudinal line of moorings was deployed along
the coast from the mouth of the Columbia River to Cape Flattery, focused on the 50m
isobath. In addition, a longitudinal line of moorings was deployed from Cape Flattery to
~ 50km offshore. PAM recorders were programmed to record continuously rather than
duty-cycled, and as a result, moorings were recovered and redeployed three times per
year in spring, summer, and fall.

1.3 OSU Monitoring 2024

Beginning in 2024, OSU took over management of the 69 kHz acoustic receiver and
PAM mooring array along the Washington coast, while continuing to co-lead the
research program with the SOBAD project. The array design implemented by the
SOBAD project in 2023 (a latitudinal line from the Columbia River to Cape Flattery on
the 50m isobath, and a longitudinal array offshore of Cape Flattery) was maintained for
2024.
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Figure 1. Acoustic mooring stations along the coast of Washington State in 2024, in relation to the
Northwest Testing and Training (NWTT) Range and the Olympic Coast National Marine Sanctuary
(OCNMS). SOBAD mooring stations are shown in Red; MMET stations are shown in Green. Note that the
location of acoustic moorings, including many additional 69 kHz moorings, has changed each year from
2018 to 2024. Annual mooring configurations for SoundTraps and 69 kHz receivers are shown in Figures
3 and 5.
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2. Methods

2.1 Chinook Salmon Acoustic Tag Deployments

From 2019 through 2024, Chinook salmon detected on the Washington Coast
acoustic receiver array originated from multiple tagging efforts conducted by NOAA
Fisheries, Oregon State University, and collaborating programs operating across a
broad geographic range. These efforts included fish captured and explicitly tagged for
this project, as well as fish tagged in prior years and under other studies whose
detections were recorded opportunistically as they transited the array and for which
complete tag metadata were available. Tagging locations varied among years and
included coastal marine waters off Washington State and offshore regions of the Gulf of
Alaska (Figure 2). Genetic stock identification was used to assign tagged individuals to
stock aggregates with similar life-history characteristics, ocean entry timing, and
geographic origin; stock aggregation and assignment procedures are described below.

Across all tagging efforts summarized here, Chinook salmon were captured using
hook-and-line in marine waters. They were surgically implanted with InnovaSea 69 kHz
acoustic transmitter tags programmed to random ping rates between 1 ping every 60
and 120 seconds. Captured fish primarily represented juvenile and sub-adult Chinook
salmon; life stage was inferred post-capture based on fork length rather than used as a
capture criterion. Fish were immediately placed into an anesthetic bath (25 mg/L AQUI-
S® 20E) until reaching stage Ill anesthesia, defined as total loss of equilibrium and no
response to tactile stimuli (typically ~4 minutes). The use of AQUI-S® 20E was
conducted under INAD permit #11-47. Once anesthetized, fork length (nearest cm) was
measured, scales were collected from the preferred standardized area posterior to the
dorsal fin and above the lateral line for age determination, and an anal-fin clip was taken
for genetic analysis.

Transmitters were implanted via a 10-15 mm ventral incision made with a sterile
scalpel. The acoustic transmitter and a passive integrated transponder (PIT) tag, used
for detection at freshwater monitoring locations such as dams, were inserted into the
body cavity. The incision was closed with two or three simple interrupted surgeon’s
knots using Ethicon Y513 4-0 Monocryl suture and a 19 mm reverse-cutting needle,
following established tagging guidelines (Smith et al. 2024). No explicit minimum size
threshold was imposed; fish were selected based on suitability for surgical implantation
of acoustic and PIT tags. Following surgery, fish were placed in a recovery tank
supplied with fresh, aerated seawater until normal orientation and vigorous swimming
were observed (generally 5—-10 minutes), after which they were released near the
capture location. The latitude, longitude, date, and time of release were recorded for
each individual and are summarized by tagging location in Figure 2.

10
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Tagged Chinook salmon with known origin tributaries based on genetic stock
identification were grouped into stock aggregates to allow for sufficient sample sizes to
model annual patterns of occurrence for stock aggregates with similar ocean entry
timing and geographic origins. These stock aggregates were assigned based on life-
history type, major geographic basin, and ocean-entry window (Table 1). The stock
identification of some tagged individuals could not be determined, and the genetic stock
identification results for individuals tagged in 2024 remain pending.
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Figure 2. Deployment locations of 69 kHz acoustic tags in adult and sub-adult Chinook salmon. Pie
charts indicate the proportion of tags deployed at each site that were detected at any point within the
Washington coast acoustic array. The numbers in parentheses indicate (number detected / total number
deployed) at each site.
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Table 1. Chinook salmon stock aggregation table. Stock assignment of tagged salmon was based on

genetic stock identification.

Stock Aggregate Number of Stocks included Rationale
tags
deployed
Upper Columbia Subyearling (early) ocean entry
Summer/Fall, from interior Columbia systems;
Deschutes Fall, rapid transition to coastal and
Columbia (general), offshore habitats; strong shelf
Interior Ocean-type 147 | Columbia Spring migration northward into BC/AK.
Late ocean entry (yearlings),
West Cascades Spring, | stream-type freshwater rearing;
Willamette Spring, strongest northward and Gulf of
South Thompson, Alaska migration patterns with
Interior Stream-type 62 | Snake Spring extensive offshore movement.
Coastal Oregon fall populations;
early ocean entry; prolonged
California Current shelf use
between Cape Mendocino and
Mid- to North Coastal Washington; limited Alaska
Oregon Coast 21 | Oregon penetration.

Mixed but fall-dominated coastal
stocks; early ocean entry;
primary CCS residence south of

Southern OR/ Cape Bluff with occasional
Northern CA 2 | Klamath, Rogue central CCS expansion.

Ocean-type fall outmigrants from
Central Valley; southern CCS
residency (Monterey — Cape
Mendocino); minimal northern

California Central migration relative to OR/WA
Valley 7 | CA Central Valley stocks.

Ocean-type fall origin; heavy
inner Sound and WA-coastal
utilization; moderate northward

Southern Puget Sound, | movement but notably less
Puget Sound / WA Washington Coast, offshore and less Alaska-directed
Coast 3 | Strait of Juan de Fuca than interior river stocks.
Ocean-type fall stocks from BC
West Vancouver and AK outer/inner systems;
Island, East Vancouver | early ocean entry; strong
Island, Northern British northern residency and sustained
Columbia, Southeast use of BC/AK shelf and Gulf of
Northern BC / Alaska 148 | Alaska Alaska waters.
Undetermined 108 Genetic ID failed or is pending

12
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2.2 Acoustic Telemetry Receivers

Innovasea 69 kHz acoustic receivers (model VR2AR) were deployed along the
Washington Coast to detect tagged Chinook salmon. The density, locations, and
orientation of the receiver array varied between years as research questions evolved.
Annual receiver placements are detailed in Figure 3. While the design of the acoustic
array changed year to year, coverage along the entire Washington Coast was
maintained throughout the six-year study period. The SOBAD project maintained the
majority of acoustic receivers. However, tag detections recorded on a small number of
additional receivers were made available through the Ocean Tracking Network. Annual
receiver deployment effort (i.e., periods with active receiver coverage) and standardized
tag detections are shown by 0.1 degree latitude bins in Figure 4.
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47°N A

46.5°N

Any Tags Detected

46°N
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Yes
48.5°N 4

48°N -
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Figure 3. Map of 69 kHz acoustic receiver deployments by year, 2019-2024. Receivers include both
SOBAD moorings and receivers with data posted to the Ocean Tracking Network. Mooring locations in
blue did not detect any 69 kHz tags implanted in Chinook salmon during the indicated calendar year,
whereas locations in yellow had one or more detections of tagged Chinook salmon during that calendar
year. See Figure 4 for annual summaries of Chinook salmon tag detections by latitude.

13



Submitted in Support of the U.S. Navy’s 2025 Annual Marine Species Monitoring Report for the Pacific

Month

Jalm APr J=J|
2019

48.5
48.0
47.5

47.0 Chinook detections

per station

per tag

per week

(Sqrt transformed)
0.5

0.4
0.3
0.2
0.1
0.0

s
o9
3

o

Latitude Bin (0.1 degrees)
B
o]
-U'I [ 25

S
&
o

IS
b
tn

47.0

46.5

10 20 30 40 50 0
Week

Figure 4. Standardized detection days of 69 kHz acoustic tags implanted in Chinook salmon, 2019-2024.
Detections are standardized for effort by combining all active 69 kHz receivers into 0.1 degree latitudinal
bins, and dividing the number of days with tag detections for each receiver within a latitudinal bin by the
number of active receivers in that bin and the number of active tags for each calendar week. The resulting
number of standardized detection days is then square-root transformed to improve the visibility of the
detection gradient at lower values.

2.3 Chinook Data Processing & Statistical Model

Chinook tag data were modeled as daily presence or absence of individual tags at
each receiver station to adequately account for both tagging effort and receiver
coverage, both of which varied substantially across years. To prepare the tag detection
database for this analysis, tag detections were first transformed into daily presence (1)
or absence (0) on every acoustic receiver. A presence was any day with one or more
detections of a given tag. Periods of absence were limited to dates between a tag’s
deployment date and the maximum tag duration for each tag type. Five tag types were
deployed between 2019 and 2024: Innovasea V6, V7, V8, V9, and V16, each with a
different expected maximum battery life. In addition, some tags had temperature and/or
pressure sensors, which reduces expected battery life. We grouped tag deployments by
tag model and sensors (e.g., V6, V9 Temperature, V9 Temperature+Pressure, V16) and
determined the maximum duration between tag deployment and final tag detection for
each category. We then added 30 days to this maximum value to avoid early truncation
of the detection database. Using this maximum deployment duration, we populated the
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detection database with absences (0s) for each tag between the deployment date and
the maximum duration for that tag type. These absences were applied to each acoustic
receiver for each tag during the period when the receiver was deployed and active. This
provided a final analysis database that included all recorded daily presences (1s) and all
inferred absences (0s) for each tag on each receiver when both the tag and the receiver
were active. Tags that were never detected on the Washington Coast array were
excluded from this analysis.

Daily presence-absence data for tagged Chinook salmon at each station were
used to estimate daily probability of occurrence along the Washington coast each year
from 2019 to 2024 in a spatiotemporal generalized additive model (GAM) framework
(Wood & Wood 2015). Daily presences were treated as 1’s and absences as 0’s; days
with no active acoustic receivers were not included as observations in the model. A
binomial response distribution was used to accommodate 0-1 data, with a logit link.
Both model formulations estimated the probability of Chinook occurrence by latitude and
day of the year (DOY; 1-365) each year, but the specific handling of these covariates
was different among candidate models. Both candidate models used a tensor product to
estimate a two-dimensional smoothed surface for latitude and DOY. In addition, both
model formulations included random effects for each station. To avoid including
hundreds of random effects for all unique acoustic receivers, receivers that were less
than 1 km apart were assigned a shared station identifier for estimating random effects
(but daily presence/absence detections from these receivers were not combined).
Longitude was not included as an effect, as receivers were deployed primarily along a
latitudinal gradient. We instead relied on station-level random effects to capture
longitudinal variation in Chinook detection probabilities. To account for mortality and
emigration from the study area, a smooth term was fit to the number of days since tag
deployment in all candidate models. The primary difference between the candidate
models was their handling of interannual variability. In the base model formulation (C1),
only a random effect of year was included, which would constrain the model to the same
overall two-dimensional latitude—DOY occurrence pattern, but with higher or lower
occurrence probabilities each year estimated by the random effect.

In the alternative model formulation (C2), annual tensor products were estimated,
meaning that the overall two-dimensional latitude — DOY occurrence patterns could be
entirely different between years (Pedersen et al. 2019). Candidate models were fit using
the mgcv package in R (Wood & Wood 2006, R Core Team 2024). Due to the large
volume of input data, Fast Restricted Maximum Likelihood (fREML) was used to fit the
models rather than the more common Restricted Maximum Likelihood (REML). Akaike
information criterion (AIC) was used to select the model with the highest predictive
performance. An overview of candidate model formulations used for Chinook tagging
data is presented in Table 2.
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To explore potential differences in ocean distribution by stock and life-history
type, the above models were also fit to a subset of the tag detection database that
included only tags from the Interior Ocean-type stock aggregate (models O1 & O2).
Other stock aggregates did not have sufficient sample sizes of detected tags to run
separate models.

Table 2. Description of candidate generalized additive models for Chinook tag spatiotemporal analysis
(all tags combined). tp = tensor product; re = random effect; s = smooth term. The top model based on
the AIC score is indicated with *.

Model Effects Included Deviance AIC
Explained
C1 tp(Latitude, DOY) + re(Year) + re(Station) + 20.4% 58301.6
s(Duration)
C2 tp(Latitude, DOY) + tp(Latitude, DOY, by = 21% 57858.9*
Year, independent wiggliness) + re(Year) +
re(Station) + s(Duration)

Table 3. Description of candidate generalized additive models for Interior Ocean-type Chinook tag
spatiotemporal analysis. tp = tensor product; re = random effect; s = smooth term. The top model based
on the AIC score is indicated with *.

Model Effects Included Deviance AIC
Explained
O tp(Latitude, DOY) + re(Year) + re(Station) + 21.6% 43864
s(Duration)
O2 tp(Latitude, DOY) + tp(Latitude, DQOY, by = 22% 43634.4*
Year) + re(Year) + re(Station) + s(Duration)
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Figure 5. Map of SoundTrap passive acoustic mooring locations by year, 2018-2024. See Figures 7 and
8 for annual summaries of SRKW detections by station.
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2.4 Passive Acoustic Monitoring for SRKW
2.4.1 MMET SoundTrap Programming & Manual SRKW Detection

Three types of autonomous passive acoustic recorders were deployed by MMET
from 2018-2024: ecological acoustic recorders (EARs), SoundTrap 500STDs (ST500s)
and SoundTrap 600STDs (ST600s). In summer 2018, the transition from EARs to
ST500s was initiated and both an EAR and ST500 were deployed simultaneously at
each location. The transition to ST600s began in summer 2022. EAR data were used
after summer 2018 for analysis only when the ST500 failed.

EARs were programmed to record at a sampling rate of 25 kHz which provided
12.5 kHz of bandwidth. SoundTraps (ST500s and ST600s) were programmed to record
at a sampling rate of 48 kHz providing 24 kHz of bandwidth. All recorder types were
duty-cycled to record for 90 seconds every 10 minutes.

For each deployment 90 second recordings were sorted by day. EAR files were
then concatenated and converted to wav files using a custom MATLAB (The
MathWorks) script. Daily wav files were reviewed visually and aurally in either TRITON
(Wiggins et al. 2010) for EAR data or Raven Pro for SoundTrap data, and the daily
occurrence of all species detected was summarized (Emmons et al 2021). Those files
containing killer whale sounds were further reviewed, and discrete calls were compared
to a catalog of pod- and population-specific pulsed calls to determine the killer whale
ecotype, population, clan (in the case of NRKW), and pod (if possible, in the case of
SRKW) (Ford 1989).

2.4.2 SOBAD SoundTrap Programming & Notes on Mooring Design

SOBAD SoundTraps (Ocean Instruments model ST600STD) were programmed
to record continuously, to maximize the detection probability of SRKW and other
vocalizing marine mammals. From March to October 2023, SoundTraps were
programmed to record with a sample rate of 192 kHz for an effective bandwidth
monitored of 0.01-98 kHz. However, it was later determined that such a high sampling
rate was not necessary to detect killer whale vocalizations. In addition, the extremely
high sample rate substantially decreased battery life and increased the required storage
capacity. Consequently, beginning in October 2023, SoundTraps were programmed to
record at a 48 kHz sample rate for an effective bandwidth monitored of 0.01 to 24 kHz.
Earlier audio recordings from March to October 2023 were decimated to the same 48
kHz sample rate to establish uniformity with later recordings for subsequent analysis.
From October 2023 to February 2024, SOBAD SoundTraps were duty-cycled to record
for 12 minutes every 20 minutes. All other SOBAD SoundTrap deployments had
continuous recording.
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In 2023 and 2024, moorings within the Olympic Coast National Marine Sanctuary
(OCNMS) boundaries used a recoverable anchor design, which included an Innovasea
Acoustic Release Canister (BARC model) with ~150 m of 3/8” dyneema line, and three
11” trawl floats, each providing ~8 kg of positive buoyancy. The Innovasea 69 kHz
VR2AR receiver was integrated into the mooring design and served as the acoustic
release, and the SoundTraps were affixed to the float package. In 2023, the BARC was
connected to 70-90 kg of anchor material using stainless steel chain, whereas in 2024,
the anchor tether was changed to 3/4" polypropylene line. Importantly, the collective
>20 kg of positive buoyancy kept the tether from the BARC to the anchor material taut.

From March to June 2023, a mooring design with a non-recoverable anchor was
used for the southern mooring stations outside of the OCNMS boundaries. This mooring
design featured two 6” trawl floats, each providing ~2 kg of positive buoyancy. The 69
kHz VR2AR receiver served as the acoustic release, and the SoundTraps were affixed
to it. The VR2AR receiver was tethered to ~100 Ibs of anchor material using stainless
steel chain. Due to insufficient positive buoyancy from the two 6” trawl floats, the
recordings using this mooring design had excessive chain noise created by movement
of the mooring as a result of wave action and currents. This chain noise precluded the
use of automated SRKW detectors (described in the next section) on these data, as
extensive mooring noise created an excessively high false positive detection rate in
testing and validation exercises. We therefore used manual analysis of Long-Term
Spectral Averages (LTSAs) in MATLAB’s TRITON software package (Wiggins et al.
2010) to incorporate these data.

To eliminate chain noise interference, beginning in October 2023, moorings with
non-recoverable anchors outside the OCNMS boundaries were converted to
polypropylene line with a single 11” trawl float, with the 69 kHz VR2AR receiver serving
as the acoustic release and the SoundTrap affixed to the polypropylene line
approximately 8” above the VR2AR. A polypropylene line was used to connect the
VR2AR to ~100 Ibs of anchor material. This design largely eliminated mooring noise
and was used for all deployments outside the OCNMS boundaries from October 2023
onwards.

2.4.3 Development, Testing, and Implementation of Automated SRKW Detection &
Classification Pipeline

We developed a series of custom models to detect and classify SRKW and other
marine mammals in the Washington Coast study area. First, we used a neural network
to detect and classify seven classes of sounds present in the acoustic dataset:
background noise, fish-eating killer whales (including both SRKW and Northern
Resident killer whales [NRKW]), mammal-eating killer whales (Orcinus orca
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rectipinnus), humpback whales (Megaptera novaeangliae), Pacific white-sided dolphins
(Aethalodelphis obliquidens), mooring noise, and vessel noise. Second, we used a
logistic regression to predict the probability that an acoustic encounter of fish-eating
killer whales was a true positive. Third, we developed a population-level neural network
to classify high-probability fish-eating killer whale encounters as Southern Resident or
Northern Resident. Each of these steps is described below.

Southern Resident

Background killer whales

Population-level neural

) B NS network classifier
iCa Acoustic encounter Northern Resident

killer whales probability model killer whales
False positives

Mammal-eating
killer whales

. Neural network
Acoustic data = Humpback whales
classifier

Pacific white-
sided dophins

Mooring noise

Vessel

Figure 6. Acoustic detection and classification workflow, with steps to identify Southern Resident killer
whales highlighted. Each node indicates a possible classification outcome of one of three models in the
pipeline.

We utilized the open-source platform BirdNET (version 1.5.0; Kahl et al. 2021) to
develop neural network classifiers for both the general acoustic data and fish-eating
killer whale populations. The feature embeddings present in BirdNET enable few-shot
transfer learning to other species, particularly those that vocalize in a similar frequency
range (Ghani et al. 2023). BirdNET models are trained on three-second audio clips that
include signals for each class. When the model is implemented to detect and classify
sounds in an acoustic recording, BirdNET provides a confidence score’ that indicates a
trained model prediction of whether each three-second slice of the spectrogram
contains a signal of a given class.

To develop training and testing datasets for the BirdNET model, we first
searched LTSAs of acoustic data from all stations in the SOBAD array from May to
October 2023 for marine mammal vocalizations. We then manually annotated the center
points of signals in each class using Raven Pro (version 1.6.4; K. Lisa Yang Center for
Conservation Bioacoustics 2023). A random value between -1 and 1 seconds was then

" Note that a confidence score is not equivalent to a probability score, and the relationship between
confidence and probability is not strictly defined.
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added to the center point, and a three-second clip was extracted centered on that point
using the tuneR package (Ligges et al. 2023) in R (version 4.0.5; R Core Team 2024).
This ensured that, when implemented on a recording, BirdNET would recognize signals
that were not precisely centered within the three-second window. Clips were then
randomly split into training and test datasets, with 80% of clips in each class used for
training and 20% for model testing (Table 4). Models were trained using default
parameters and the autotune setting in BirdNET, then evaluated on the test dataset.
The model achieved 95 - 100% accuracy on all classes.

Table 4. Number of clips in training and test datasets for BirdNET neural network classifiers and model
precision (true positives / (true positives + false positives) on the test dataset for each class.

Model Class Training Test data Precision
data
All acoustic data Background 220 56 0.980
Fish-eating killer 1,350 428 0.977
whales
Mammal-eating 167 42 0.950
killer whales
Humpback 2,141 536 0.996
whales
Pacific white- 228 361 0.989
sided dolphins
Mooring noise 1,440 58 1.000
Vessel 496 124 0.975
Population-level  Southern 6,080 1,521 1.000
resident killer
whales
Northern 755 180 0.950
resident killer
whales

We implemented the custom BirdNET model for general acoustic detection and
classification across all recordings from SOBAD hydrophone deployments from 2023 to
2024, except moorings at Stations 1-5 from March to June 2023, which suffered from
excessive mooring chain noise as described in Section 2.4.2. We excluded all
classifications with a confidence score less than 0.90. We grouped marine mammal
classifications into “acoustic encounters,” defined as periods with at least three 3-
second windows classified as the same species with a break of no more than five
minutes between classifications. For each acoustic encounter, we calculated the mean
and median confidence scores, number of detections, encounter duration, detections
per minute, and the proportion of detections with a confidence score greater than 0.99.
For lower-priority marine mammal classes (mammal-eating killer whales, humpback
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whales, and Pacific white-sided dolphins), we reduced the probability of including false-

positive encounters for each class by including only those with a mean confidence score
in the 90™ percentile or higher. We then summed the number of detection hours per day
at each station.

For fish-eating killer whales, we developed a logistic regression model using
encounter-level metrics to predict the probability that an acoustic encounter was a true
positive. First, an experienced analyst manually reviewed 667 acoustic encounters
classified as fish-eating killer whale vocalizations. A majority (68%) of encounters were
false positives; however, false positive encounters were significantly shorter in duration
than true fish-eating killer whale encounters (ANOVA, p = < 2e-16). On average, true
positive fish-eating killer whale encounters lasted 36.93 min (s = 52.75, with encounters
defined as above, with a break of no more than 5 min between detections). In contrast,
the mean duration of false positive encounters was 11.87 min (s = 15.36). Logistic
regression models were then built using all possible combinations of potential
explanatory variables described above, excluding redundant variables (e.g., number of
detections and detections per minute). Models were compared using AlC scores. The
best model included mean confidence score, number of detections, encounter duration,
and the proportion of detections with a confidence score greater than 0.99 (Table 5).

Table 5. Summary of model coefficients for the best logistic regression model predicting the probability
that an acoustic encounter classified as fish-eating killer whales was a true positive.

Term Estimate Standard P
error

Intercept -32.34 10.76 0.0027
Encounter duration -0.03 0.01 0.0119
Mean confidence 31.74 11.29 0.0049
Number of 0.02 0.01 0.0006
detections

Proportion of 3.11 0.74 < 0.0001

detections with
confidence > 0.99

We then applied this model to predict the probability that each acoustic
encounter classified as fish-eating killer whales was a true positive. We filtered fish-
eating killer whale encounters to include only those with a predicted true-positive
probability greater than 0.90 and proceeded with the analysis. Including only encounters
with a predicted true probability greater than 0.90 limits the predicted false-positive rate
to less than 0.10.

Finally, we developed a second neural network in BirdNET to classify fish-eating killer
whales into the Southern Resident and Northern Resident populations. As with the
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general BirdNET model, clips were manually annotated and extracted from our outer
Washington coast dataset, as well as supplemented with manually annotated clips from
a separately collected dataset in the northern Strait of Georgia (Pilkington et al. 2023)
and the Northern Resident killer whale catalogue (Ford 1989). All clips were then
randomly sorted into 80% training and 20% test datasets. The model achieved 95—
100% precision on the test dataset (Table 4). We implemented this model across all
SOBAD fish-eating killer whale encounters from 2023 to 2024 with a probability of at
least 0.90 of being a true-positive encounter.

2.5 SRKW Data Processing & Statistical Model

SRKW detections from MMET and SOBAD moorings were independently binned
into daily presences. Any days that had passive acoustic recording effort and no
detections of SRKW were considered absences, although we note that it is possible in
these cases that SRKW were within the detection range of the hydrophone but not
vocalizing or missed by the automated detector-classifier when applied to the SOBAD
mooring data. Raw weekly detections of SRKW (and graphical representations of
recording effort) by MMET and SOBAD moorings from 2018 - 2024 are presented in
Figure 7. Combined weekly detections of SRKW are presented in Figure 8.
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Figure 7. Number of days per week with SRKW present for each hydrophone mooring along the
Washington Coast, 2018-2024. The top panels represent MMET moorings, and the bottom panels
represent SOBAD moorings. Gray periods indicate no recording effort. MMET mooring stations are
indicated by letters (e.g., JF, SS, LP), and numbers indicate SOBAD mooring stations; see Figure 1 for a
map of mooring locations. MMET and SOBAD stations within 10km of each other are listed on the same
row (e.g., CR_1, WP_5). SOBAD stations 1 and 5 in 2023 (March — June) were manually reviewed for
killer whale vocalizations, whereas all other SOBAD stations and recording periods were analyzed using
automated SRKW detectors (see methods).
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Figure 8. Number of days per week with SRKW present for each mooring along the Washington
Coast, 2018-2024. Gray periods indicate no recording effort. MMET and SOBAD stations within
10km of each other were combined to represent weekly detection rates (e.g., CR_1, WP_5).
MMET mooring stations are indicated by letters (e.g. JF, SS), and numbers indicate SOBAD
mooring stations; see Figure 1 for a map of mooring locations.
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Daily presence-absence data for SRKW at each station were used to estimate
the daily probability of occurrence along the Washington coast each year from 2018 to
2024 in a spatiotemporal GAM framework, comparable to the Chinook tag analysis
described above. Daily presences were treated as 1’s and absences as 0’s; days with
no recording effort were not included as observations in the model. A binomial response
distribution was used to accommodate 0-1 data, with a logit link. Both model
formulations estimated the probability of SRKW occurrence by latitude and day of the
year (DOY; 1-365) each year, but the specific handling of these covariates was different
among candidate models. Both candidate models used a tensor product to estimate a
two-dimensional smoothed surface for latitude and DOY. In addition, both model
formulations included random effects for each station and fixed effects for each data
source (MMET, SOBAD-Automated, SOBAD-Manual). The data source fixed effect
allowed the model to account for potential differences between SoundTrap
programming (continuous versus duty cycled) and data processing pipeline (manual
versus automated), and their potential effects on the detection probability of SRKW.
Longitude was not included as an effect, as the majority of SRKW monitoring occurred
along a latitudinal gradient, except for SOBAD stations 12-15 and MMET stations JF
and SS, all of which were positioned across a longitudinal gradient extending west from
Cape Flattery and the Strait of Juan de Fuca. We therefore relied on station-level
random effects to capture longitudinal variation in SRKW detection probabilities at these
sites, all of which had very similar latitudes and would otherwise have been treated as
having similar latitude-based detection probabilities by the models. The primary
difference between candidate models was the handling of interannual variability. In the
base model formulation (K1), only a random effect of year was included, which would
constrain the model to the same overall two-dimensional latitude—DOY occurrence
pattern, but with higher or lower occurrence probabilities each year estimated by the
random effect.

In the alternative model formulation (K2) annual tensor products were estimated,
meaning that the overall two-dimensional latitude — DOY occurrence patterns could be
entirely different between years (Pedersen et al. 2019). Candidate models were fit using
the mgcv package in R (Wood & Wood 2015, R Core Team 2024). Due to the large
volume of input data, Fast Restricted Maximum Likelihood (fREML) was used to fit the
models rather than the more common Restricted Maximum Likelihood (REML). AIC was
used to select the model with the highest predictive performance. An overview of
candidate model formulations used for SRKW data are presented in Table 6.
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Table 6. Description of candidate generalized additive models for SRKW spatiotemporal analysis. tp =
tensor product; re = random effect; fe = fixed effect. The top model based on the AIC score is indicated in
bold and with *.

Model Effects Included Deviance AIC
Explained
K1 tp(Latitude, DOY) + re(Year) + re(Station) + 30.3% -2993.02
fe(Source)
K2* tp(Latitude, DOY) + tp(Latitude, DOY, by = 31.8% -3099.00*
Year) + re(Year) + re(Station) + fe(Source)

3. Results
3.1 Chinook Tagging Stock Composition

From 2019-2024, a total of 498 tags were deployed on Chinook salmon in Alaska
(n =293) and Washington (n = 205). Tag deployment locations and the number of
deployed tags at each location subsequently detected on the Washington Coast array
are shown in Figure 2. A total of 108 tags were deployed on Interior Ocean-type
Chinook and subsequently detected on the Washington Coast array; 37 on Interior
Stream-type Chinook; 6 on Oregon Coast Chinook; 1 on Southern OR / Northern CA
Chinook; 6 on California Central Valley Chinook; 2 on Puget Sound / WA Coast
Chinook; 7 on Northern British Columbia / SE Alaska Chinook; and 71 on Chinook from
undetermined genetic origins (annual summaries in Tables 7 & 8).
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Table 7. Summary of acoustic tags deployed on Chinook salmon from each stock aggregate in each
year, 2019-2024. Note that cells indicate the number of tags deployed that were subsequently detected at
least once in the Washington Coast array from 2019 to 2024. Tags that were never detected are not
included here. Tagged salmon with undetermined stock aggregates in 2024 are currently pending results

of genetic stock origin assignment.

Stock Aggregate 2019 2020 2021 2022 2023 2024
Interior Ocean-type 89 2 2 15 0 0
Interior Stream-type 30 1 2 4 0 0
Oregon Coast 2 0 0 4 0 0
Southern OR / Northern

CA 1 0 0 0 0 0
California Central

Valley 6 0 0 0 0 0
Puget Sound / WA

Coast 2 0 0 0 0 0
Northern BC / Alaska 0 0 3 4 0 0
Undetermined 0 0 0 8 1 62

Table 8. Summary of tagged Chinook salmon detected from each stock aggregate in each year, 2019-
2024. Cells indicate the number of tags from each stock aggregate that were detected at least once in the
Washington Coast array in each year. Tagged salmon with undetermined stock aggregates in 2024 are

currently pending results of genetic stock origin assignment.

Stock Aggregate 2019 2020 2021 2022 2023 2024
Interior Ocean-type 89 87 89 19 19 19
Interior Stream-type 30 26 28 7 7 7
Oregon Coast 2 2 2 4 4 4
Southern OR / Northern

CA 1 1 1 0 0 0
California Central

Valley 6 6 6 0 0 0
Puget Sound / WA

Coast 2 2 2 0 0 0
Northern BC / Alaska 0 0 3 7 7 7
Undetermined 0 0 0 8 9 71

3.2 Chinook Detection Overview

A total of 101,026 receiver-days of effort were captured between 2019 and 2024
(i.e., the total number of days of active recording effort per receiver, summed across all
receivers). 238 tagged Chinook salmon were detected a total of 4,269 times during this
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period, with each detection representing a unique day on which a tagged individual was
recorded on one receiver. Standardized detection patterns of all tagged Chinook
combined are presented in Figure 4; detection patterns for the Interior Ocean-type stock
aggregate are shown in Figure 9. Across all tagged Chinook, the highest number of
detections was recorded along the central to northern coast of Washington during the
summer months, particularly in 2019 (Figure 4). In 2022, detection rates were highest
near the Strait of Juan de Fuca and the Columbia River during summer months. In
2024, detections were highest along the southern Washington coast. Tagged Interior
Ocean-type Chinook showed very similar detection patterns to those of the overall
dataset, as they comprised the largest stock aggregate (Figure 9). However, the genetic
stock identification of salmon tagged in 2024 remains pending, and these fish largely
drove the detection patterns across tagged Chinook in 2024 (Figures 4).
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Figure 9. Standardized detection days of 69 kHz acoustic tags implanted in Chinook salmon from the
Interior Ocean-type genetic stock aggregate, 2019-2024. Detections are standardized for effort by
combining all active 69 kHz receivers into 0.1 degree latitudinal bins and dividing the number of days with
tag detections for each receiver within a latitudinal bin by the number of active receivers and the number
of active tags (from the Ocean Type stock aggregate only) for each calendar week. The resulting number
of standardized detection days is then square-root transformed to improve the visibility of the detection
gradient at lower values.
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3.2 Chinook Spatial Modeling Results

The GAM including annual tensor products (model C2/O2) was the best supported
model for both Chinook analyses (all tags, and Interior Ocean-type tags only) based on
AIC scores (Tables 2 and 3). The mean tensor product of latitude and DOY can be
interpreted as the average distribution of Chinook, integrating data across all years
(Figures 10 and 11). In the combined tag model, Chinook had the highest probability of
presence in the northern central coast (~47.5° latitude), with two peaks in early spring
and early summer. An additional, lower peak occurred in the Strait of Juan de Fuca in
the winter, and another on the southern central Washington coast in mid-summer
(Figures 10 and 11).
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Figure 10. Model-estimated daily probability of tagged Chinook salmon presence (all tags combined) by
latitude (y-axis) and day of the year (x-axis). Values are predicted using the overall mean tensor product
from model C2, with no annual tensor products applied, and random effects of station and year withheld.
Geographic locations of interest are indicated with arrows on the right side of the plot: CR = Columbia
River; WP = Westport; LP = La Push; CF = Cape Flattery.
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Figure 11. Model-estimated daily probability of tagged Chinook salmon presence (all tags combined;
square root transformed) by latitude (y-axis) and day of the year (x-axis). Estimates are identical to those
presented in Figure 10, but are square root transformed for improved visibility of the probability gradient
across lower values. Values are predicted using the overall mean tensor product from model C2, with no
annual tensor products applied, and random effects of station and year withheld. Geographic locations of
interest are indicated with arrows on the right side of the plot: CR = Columbia River; WP = Westport; LP =
La Push; CF = Cape Flattery.

Annual estimated patterns of occurrence varied substantially and may represent
differences in the stock composition of tagged Chinook each year (Figure 12). 2019 and
2023 had similar patterns to the overall estimated distribution. In 2020, detection
probability was concentrated in the southern-central coast in late spring. In 2021 and
2024, detection probabilities were high near the Columbia River mouth in late summer
and along the southern coast from summer to mid/late fall. In 2021 and 2022, detection
probabilities were high along the central and north-central coasts in early spring.
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Figure 12. Model-estimated daily probability of tagged Chinook salmon presence (all tags combined;
square root transformed) by latitude (y-axis) and day of the year (x-axis), for each year 2019-2024.
Estimates are square-root transformed to improve visibility of the probability gradient at lower values
(untransformed values are not shown). Values are predicted using the overall mean tensor product, plus
annual tensor products and annual random effects from model C2, with station random effects withheld.
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Figure 13. Model-estimated daily probability of tagged Interior Ocean-type Chinook salmon presence
(square root transformed) by latitude (y-axis) and day of the year (x-axis). Estimates are square-root
transformed to improve visibility of the probability gradient at lower values (untransformed values are not
shown). Values are predicted using the overall mean tensor product from model O2, with no annual
tensor products applied, and random effects of station and year withheld. Geographic locations of interest
are indicated with arrows on the right side of the plot: CR = Columbia River; WP = Westport; LP = La
Push; CF = Cape Flattery.

The Interior Ocean-type model showed the highest overall probability of
occurrence in the Strait of Juan de Fuca during the winter months and on the north-
central Washington coast in early spring (Figure 13). Annual patterns of occurrence
varied substantially (Figure 14), with tagged Chinook occurrence shifting from the Strait
of Juan de Fuca in winter to the north-central coast in spring in 2019, 2022, and to a
lesser extent in 2024. In 2020, tagged Chinook had high detection probabilities near the
mouth of the Columbia River in early spring. There were very low detection probabilities
centered on the southern coast in the summer months of 2021 and 2023, and similar
patterns with higher detection probabilities in 2024. In 2022, detection probabilities were
high in the Strait of Juan de Fuca in late summer.
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Figure 14. Model-estimated daily probability of tagged Interior Ocean-type Chinook salmon presence
(square root transformed) by latitude (y-axis) and day of the year (x-axis), for each year 2019-2024.
Estimates are square-root transformed to improve visibility of the probability gradient at lower values
(untransformed values are not shown). Values are predicted using the overall mean tensor product, plus
annual tensor products and annual random effects from model O2, with station random effects withheld.
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3.4 SRKW Detection Overview

From 2018 to 2024, MMET SoundTraps had recording effort on 8,305 days
across five mooring locations, and detected SRKW on 900 recording-days (i.e., one day
of recording effort at one mooring location). In 2023 and 2024, SOBAD SoundTraps had
recording effort on 5,016 days across 15 mooring locations, and detected SRKW on 378
recording-days. SRKW presence was highest during the summer and early fall months
at northern stations near the Strait of Juan de Fuca (Figures 7 & 8). The mean number
of SRKW presence days per week was highest at the MMET Swiftsure South (SS) and
Juan de Fuca (JF) stations (2.69 and 1.97 days per week, respectively), and at SOBAD
stations 14 and 15 (1.59 and 1.16 days per week, respectively). During the summer
months only (June through September), these same four stations had the highest
SRKW presence: 4.57 days per week (SS), 3.90 (JF), 2.61 (14), and 1.68 (15). The
stations with the lowest mean SRKW detection days per week were SOBAD stations 6
and 1 (0.05 and 0.08 days per week, respectively) and MMET stations LP and CR (0.11
and 0.14 days per week, respectively). Across all years and all SoundTrap stations, the
prevailing pattern of SRKW detections showed the highest probability of occurrence
near the Strait of Juan de Fuca and Swiftsure Bank during summer and early fall
months, and a much lower probability of occurrence from Westport south, peaking
during early spring (Figure 8).

3.5 SRKW Spatial Modeling Results

The GAM including annual tensor products with independent wiggliness (model
K2), was the best supported model for the SRKW analysis based on AIC scores (Table
6). The mean tensor product of latitude and DOY can be interpreted as the average
distribution of SRKW, integrating data across all years (Figures 15 & 16). SRKW had
the highest probability of presence in the far north of the study area, near Cape Flattery
and the Strait of Juan de Fuca (SJF), consistent with the raw detection data.
Occurrence in this area peaked in the summer and early fall months, from July to
November. In winter (December — early March), the occurrence probability in the SJF
area was the highest in the study area but was considerably lower than during the
summer months. From mid-March to early May, occurrence probability was highest for
SRKW at the southern extent of the study area, near the mouth of the Columbia River.
There were no significant differences (p>0.05) in detection probability by SoundTrap
source (MMET, SOBAD manual detections, or SOBAD automated detections).
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Figure 15. Model-estimated daily probability of SRKW presence by latitude (y-axis) and day of the year

(x-axis). Values are predicted using the overall mean tensor product from model K2, with no annual

tensor products applied, and random effects of station and year withheld. Geographic locations of interest
are indicated with arrows on the right side of the plot: CR = Columbia River; WP = Westport; LP = La

Push; CF = Cape Flattery.
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Figure 16. Model-estimated daily probability of SRKW presence (square root transformed) by latitude (y-
axis) and day of the year (x-axis). Estimates are identical to those presented in Figure 15, but are square-
root transformed to improve visibility of the probability gradient at lower values. Values are predicted
using the overall mean tensor product from model K2, with no annual tensor products applied, and
random effects of station and year withheld. Geographic locations of interest are indicated with arrows on
the right side of the plot: CR = Columbia River; WP = Westport; LP = La Push; CF = Cape Flattery.

Annual patterns of estimated SRKW occurrence along the Washington Coast
largely followed a similar pattern, with peak occurrence in the Strait of Juan de Fuca
area during summer months, and moderate probability of occurrence near the Columbia
River mouth during early spring. However, there was modest interannual variability in
this prevailing pattern. For example, in 2019 the peak occurrence of SRKW in the Strait
of Juan de Fuca area began later in the year, starting in October, and lasted longer into
the winter months (Figures 17 & 18). In 2024, SRKW occurrence probability in the Strait
of Juan de Fuca was lower during the early winter months compared with other years,
and there was a higher probability of SRKW occurrence from Cape Flattery to central
Washington during the summer. The timing of SRKW occurrence around the Columbia
River was largely consistent across years, but the probability of occurrence varied, with
the highest probability in 2023, moderate probabilities in 2018 and 2019, and lowest
probabilities in 2020-2022 and 2024.
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Figure 17. Model-estimated daily probability of SRKW presence by latitude (y-axis) and day of the year
(x-axis), for each year 2018-2024. Values are predicted using the overall mean tensor product, plus
annual tensor products and annual random effects from model K2, with station random effects withheld.
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Figure 18. Model-estimated daily probability of SRKW presence (square root transformed) by latitude (y-
axis) and day of the year (x-axis), for each year 2018-2024. Estimates are identical to those presented in
Figure 17, but are square-root transformed to improve visibility of the probability gradient at lower values.
Values are predicted using the overall mean tensor product, plus annual tensor products and annual
random effects from model K2, with station random effects withheld.
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