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Abstract

Background Climate change is reshaping Bering Sea crab distributions and recent population declines have
elevated the urgency in understanding spatial dynamics in relation to management boundaries. While pop-up
satellite archival tags (PSATs) can provide fishery-independent movement information, a high level of spatial resolu-
tion is needed to evaluate small-scale (i.e., 10 s of k) movements of crabs. Because PSATs drift at the surface prior
to acquisition of a satellite-estimated location (via Argos), the accuracy of pop-up location (i.e,, animal terminal
position) estimates depends on the ability to accurately estimate drift error. We deployed PSATs (n=36) on fixed-
position moorings in Bristol Bay and Marmot Bay, Alaska to validate a new method to estimate tag pop-up location
and an associated error ellipse that uses in situ drift data from surfaced tags to estimate drift error. Estimated pop-up
location was compared to the location of tag surfacing (i.e., the tag's fixed position) and to an alternative estimate
(i.e., an early satellite-estimated location). Additional tags were deployed on mature male red king crab (Paralithodes
camtschaticus) in Bristol Bay during 2020 (n=84) and 2021 (n=90) to compare estimates of tag drift error and crab
displacement derived using the method.

Results For red king crab tags with pop-up location estimates in 2020 (n=79) and 2021 (n=46), mean drift error
was 9% and 44% of mean crab displacement, respectively. For fixed-position PSATs with pop-up location estimates
(n=27), mean distance between the estimated pop-up location and the tag's fixed position was 2.0 km, represent-
ing a mean improvement in accuracy of 51% over alternative estimates. Corresponding error ellipse estimates
either encompassed the tag’s fixed position (n=11) or their boundaries were a mean distance of 1.3 km (n=16)
from the fixed position.

Conclusions Our method improves pop-up location estimates for PSAT-tagged animals and is particularly well suited
for crabs and other slow-moving benthic marine species. The improved estimates enhance PSAT utility for addressing
management and ecological questions that require a fine spatial resolution, such as movement near management
boundaries or defining essential habitat for important life history events.
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provide temporal snapshots of spatial distribution, tags
can provide information on movement and distribution
outside of surveyed periods. Pop-up satellite archival tags
(PSATs) are advantageous over other tags because they
do not require recapture, are not limited by the spatial
extent of monitoring equipment, and thus provide a less
constrained estimate of animal movement. PSATs have
been traditionally limited to use on large pelagic fishes
[1-3], but advances in technology (e.g., tag miniaturiza-
tion) allow deployment on smaller animals such as ben-
thic crustaceans, including American lobster Homarus
americanus (R. Rochette, University of New Brunswick,
personal communication), red king crab (RKC) Para-
lithodes camtschaticus (W. C. Long, National Marine
Fisheries Service, personal communication), and porcu-
pine crab Neolithodes grimaldii [4]. Yet, because crusta-
ceans tend to move less than pelagic fishes (i.e., 10 s of
km vs. 100 s—1000 s of km), error in tag pop-up location
(i.e., animal terminal position) estimation is of greater
concern.

Delayed satellite reception can affect the accuracy of
pop-up location estimates. PSATs release from animals
on a pre-set date or after an elapsed interval and transmit
messages encoding tag number, transmission frequency,
repetition rate (typically 60-90 s), and sensor data to the
Argos satellite system. The Argos system measures the
Doppler shift in transmission frequency between the
tag and satellite and uses either a least squares analysis
or a multiple-model Kalman filter algorithm to estimate
tag location and associated positional error (error circle
and ellipse) [5]. If at least 4 messages are received dur-
ing an approximately 10-min satellite pass, initial loca-
tion and error estimates are calculated. Accordingly,
PSATs drift on the surface for some amount of time
prior to the initial location estimate and typically longer
before a user-defined, high-quality Argos location esti-
mate (determined via Argos calculated error) is provided.
This delay may span from several hours to several days,
resulting in estimated tag drift error (distance between
the tag’s pop-up location and first high-quality Argos
location estimate) of 10 s of km [6]. Drift error is a con-
cern because it can exceed animal displacement [4, 6],
and if uncorrected, limits PSAT utility for species which
move on the scale of 10 s of km, such as crabs, because
the needed spatial resolution of many ecological ques-
tions (e.g., seasonal migration relative to management
boundaries) is on the scale of kilometers.

Recent declines of eastern Bering Sea (EBS) crab
populations have elevated the urgency in understand-
ing spatial dynamics including population-level redis-
tribution in response to a changing environment. The
North Pacific Fishery Management Council (NPFMC)
gives a comprehensive review of research priorities on

Page 2 of 13

a triennial cycle and identified “Spatial distribution
and movement of crabs relative to life history events
and fishing” as highest priority in 2018 and 2021. In
response, the application of PSATs as a research tool
for EBS crabs has expanded. PSATs were used to inves-
tigate seasonal movement of Tanner crab Chionoecetes
bairdi near management boundaries [6], to estimate
spawning locations and reevaluate the effectiveness of
existing trawl closure areas for Bristol Bay RKC (L. S.
Zacher, National Marine Fisheries Service, personal
communication), and to investigate snow crab C. opilio
movement near the EBS slope and across the U.S./
Russia border (C. A. Melovidov, University of Alaska
Fairbanks, personal communication), which demon-
strated that PSATs can be deployed on medium and
large-bodied crabs with a high number of tag reports
(i.e.,>80% of tags uplinked with satellites). However,
data transmission rate, location quality, and premature
tag release rate varied, and the relative impact of drift
error was substantial (mean drift error>50% of mean
crab displacement [6]).

Attempts to account for tag drift error are limited
and use varied methodology [4, 6-18]. In some cases,
drift error and pop-up location were estimated for only
prematurely released tags using tag drift speed and
direction from Argos location estimates [11, 12, 14, 15],
while others estimated drift-based positional error for
the first high-quality Argos location estimate without
estimating pop-up location [4, 16, 17]. While Argos
location class (LC; a categorical measure of the esti-
mated positional error radius) is often considered [4,
7, 9-11, 16-18] the alternative and potentially more
informative Argos error ellipse [5, 19, 20] is largely
ignored. Few studies have systematically estimated pop-
up location, likely because the drift error (10 s of km)
is relatively minor compared to the scale of movement
exhibited by highly mobile fish species (100 s—1000 s
of km). Recently, time-reversed state-space model-
ling of tag drift trajectories was used to estimate tag
emergence location (i.e., estimated location of a pre-
dation event) and associated positional error [18], yet
the method had difficulty accurately estimating emer-
gence location with simulated transmission delays (e.g.,
removing the first 16—48 h of Argos location estimates).
Using PSATs deployed on fixed-position moorings in
Bristol Bay and near Kodiak, Alaska, and on RKC in
Bristol Bay, we developed a method for estimating tag
pop-up location and associated positional error that
makes use of spatiotemporally adjacent Argos loca-
tion data either from the tag (i.e., the “target tag”) or
from one or more nearby, previously surfaced tags (i.e.,
“proxy tags”) to estimate the target tag’s drift speed and
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Fig. 1 Locations of PSAT-tagged red king crab deployed during 2020 (orange circles) and 2021 (teal circles). Area-specific sample size is indicated

by the number enclosed in parentheses

direction prior to the first high-quality Argos location
estimate.

Methods

Bristol Bay is a large embayment in the southern portion
of the EBS with depths mostly less than 100 m, variable
annual sea ice extent, relatively large tidal amplitudes,
and cyclonic mean flows. Despite weak long-term flow
patterns, stronger short-term circulation occurs due to
tidal currents and wind effects [21]; thus, surface cur-
rents, winds, and short-period waves are likely the pri-
mary drivers of PSAT surface drift. Seasonal variability
in surface conditions (e.g., storms are more prevalent in
winter than summer) is likely to cause variability in PSAT
drift trajectories across pop-up periods.

PSATs were deployed on large male RKC (>135 mm
carapace length) during summer 2020 (n=284) and fall
2021 (n=90) in Bristol Bay (Fig. 1). Deployed tags were
a combination of mrPAT (n=66 in 2020, n=78 in 2021)
and MiniPAT (n=18 in 2020, n=12 in 2021) (Wildlife
Computers, Inc., Redmond, WA). Tags were attached
using a polyolefin tubing harness wrapped around the
carapace between the first and second walking legs and
between the second and third walking legs; the harness
was secured with two double overhand knots and two
tin-plated copper swaging sleeves. A monofilament
fishing line tether secured with stainless-steel swaging

sleeves connected each PSAT to a harness (Additional
file 1). Tags deployed in 2020 (50-60 m depth) were
scheduled to release from host crab in mid-October
after approximately 3 months at liberty and those
deployed in 2021 (45-80 m depth) were scheduled
for release in early January 2022 after approximately
2 months at liberty. In both deployments, tags were
scheduled to release across 3 consecutive days, with
MiniPATs releasing at 20:00 h on the first day and half
of the mrPATs on each of the second and third days at
00:00 h. MiniPAT tags were set to release first because
they have a faster burn period (time from initiation of
release to surfacing), higher rate of high-quality loca-
tion estimates, and longer transmission time than
mrPATs (authors’ unpublished data) which facilitates
their use as a source of in situ drift data to estimate
pop-up location of other tags. Transmission repeti-
tion rate was set to default values for tags deployed in
2020 (60 s for MiniPAT, 90 s for mrPAT) and all tags
deployed in 2021 were set to 60 s. Argos location and
error estimates were obtained by a combination of the
least squares analysis and Argos Auxiliary Location
Processing (provides a refined location estimate and
error ellipse for locations based on 2 or 3 messages).
Estimation of tag pop-up location was based on Argos-
estimated tag drift locations: either (1) two drift locations
P; (the first high-quality Argos location estimate) and P
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Fig. 2 Estimation of PSAT pop-up location using a tag’s drift path (target-tag method, a, b) or the drift path of a proxy tag (proxy-tag method,

¢, d). Yellow circles are the estimated pop-up location (Py), teal circles are the first high-quality Argos location estimate (P,), and red circles are

the next Argos drift location estimate that satisfies requisite time and quality criteria (P,). Orange and pink circles are a spatiotemporally adjacent set
of Argos drift location estimates from a proxy tag that satisfy requisite time and quality criteria (P,* and P,*). Dark-blue dots are Argos drift locations
and corresponding light-blue ellipses are Argos-estimated 63% error ellipses. Purple ellipses are composite 95% error ellipses based on all
Argos-estimated error ellipses associated with drift locations used to estimate pop-up location

(the next Argos drift location estimate that satisfies requi-
site time and quality criteria described below) of the target
tag; or (2) P; of the target tag and two drift locations P}
and P; of a proxy tag (Fig. 2). With Py denoting the pop-
up location of the target tag, let £; denote the drift time

between Py and P; (under either scenario), ¢, the drift time
between P; and P», and ¢ the drift time between P} and P;.
Pop-up location was estimated either by
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in case (2), where all vectors were calculated as great-cir-
cle paths. These computations use an appropriately
scaled version of one of the drift vectors p, p, or p*p* in
place of the unknown drift vector p p, to extrapolate
from P; to an estimate of tag pop-up location Py. Posi-
tional error associated with pop-up location was esti-
mated based on Argos-reported /20 (63%) error ellipses
[5] associated with P and P; in case (1) or Py, P§, and P}
in case (2) using multivariate normal theory to calculate
the resulting error distribution of a 95% error ellipse
(Additional file 2). Although the calculations used to esti-
mate pop-up location employ nonlinear transformations,
such as the haversine function, given the relatively small
distances involved (i.e., typically<50 km) they are
well approximated by simple linear transformations. The
median positional difference in pop-up location esti-
mates using linear versus nonlinear transformations was
negligible (5 m, interquartile range=2-14 m) for tags
deployed in this study; thus, we expect that multivariate
normal variance computations based on these approxi-
mations and reported Argos location errors provide a
reasonable estimate of pop-up location error.

Estimated tag pop-up location and associated error
were computed using automated methods (customized
R functions; Additional files 3 and 4) for cases in which
the available Argos location data for target and proxy
tags satisfied specific criteria. Location quality and time
criteria were developed to best represent criteria used in
an initial manual analysis of the 2020 RKC tags. First, for
P; we considered only locations for which the reported
Argos error ellipse semi-major axis was less than 2.25
km. Second, we further restricted selection of P, to loca-
tions for which the error ellipse semi-major axis was less
than 1.25 km and 0.375 #; < £y < £; in case (1) above
(target-tag method), whereas in case (2) above (proxy-tag
method), we selected P} and Pj subject to the require-
ments that the error ellipse semi-major axis was less
than 2 km, P} occurred within 1 h of Py, and P} occurred
within both 1 h and 60 km of P;. Except for a few cases
(n=9) in which estimates of pop-up location from multi-
ple proxy tags were variable, we used the proxy tag clos-
est to the target tag which met requisite Argos location
time and quality criteria. For these cases, consideration
was given to the distance between proxy and target tags,
temporal overlap of proxy and target tag drifts, proximity
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of pop-up location estimates and error ellipses (estimate
overlap), and proxy and target tag proximity to land. In
cases where the requisite criteria for the automation
were not satisfied, pop-up location was estimated manu-
ally on a case-by-case basis using more relaxed criteria,
with priority given to minimum deviations from standard
criteria, closest time match, and minimum Argos error,
respectively.

We used several metrics to assess PSAT performance
within and between the 2020 and 2021 RKC deploy-
ments. These include the success rate (i.e., percentage of
deployed tags for which an estimate of pop-up location
was obtained) and the fate of tags for which no estimate
was computed (premature release, missing Argos loca-
tion or error information, or large Argos error and/or
long drift time for the best available location). For tags
with an estimated pop-up location, we examined drift
time and corresponding estimated drift error prior to
the first high-quality Argos location estimate and com-
pared the latter to estimated crab displacement (distance
from deployment location to estimated pop-up loca-
tion) to assess the relative impact of drift error in each
deployment.

To evaluate the accuracy of estimated pop-up locations
and error ellipses, additional PSATs (n=4 in 2020, n=20
in 2021) were deployed in Bristol Bay at fixed positions
(30-75 m depth). Each tag was attached to the saddle of
an 18 kg cement block using 1 m of monofilament fishing
line. Locations and release timing of fixed mrPAT tags
(m=4 in 2020, =10 in 2021) were chosen to coincide
with expected pop-up locations and release timing of
PSATs deployed on RKC, while locations and release tim-
ing of fixed MiniPAT tags (n=10 in 2021) were selected
to coincide with expected pop-up locations and release
timing of PSATs deployed on female RKC for a separate
study. Tags were scheduled to release in mid-October
2020 (n=4 mrPAT, deployed approximately 3 months),
early January 2022 (n=10 mrPAT, deployed approxi-
mately 2 months), and early May 2022 (n=10 MiniPAT,
deployed approximately 6 months). Transmission repeti-
tion rate was set to 90 s for mrPATs deployed in 2020 and
60 s for all tags deployed in 2021. To assess the efficacy
of estimation methods in a different area, a third group
of fixed-position PSATs (n=10 mrPAT, n=2 MiniPAT)
was deployed during summer 2022 in Marmot Bay near
Kodiak, Alaska (130-200 m depth) with tags scheduled
to release in late-July 2022 after approximately 2 months;
transmission repetition rate was set to 60 s.

Pop-up location and an associated error ellipse were
estimated for each fixed-position PSAT using either
Eq. (1) or (2), the error estimation process described in
Additional file 2, and the location selection criteria out-
lined above. For tags that required manual estimation of
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Table 1 Number of PSATs deployed on red king crab during 2020 and 2021 for which a pop-up location was estimated and fate of
those for which no estimate was computed

Year Number deployed Pop-up location No Argos error No Argos location No suitable location  Premature
release

2020 84 79 3 0 0 2

2021 90 46 23 12 6 3

No suitable location refers to tags that had a best available location with Argos error ellipse semi-major axis >32 km or a semi-major axis error >7 km with drift
time > 37 h. Note that all MiniPAT tags deployed in both years (n=18 in 2020, n=12in 2021) had a pop-up location estimate

pop-up location, the following criteria adjustments were
necessary: P1 and Pj error ellipse semi-major axis <3.3

km; 0.3 #1 < tp < 1.6 t1; P} occurred within 2.5 h of Py
and P} occurred within 67 km of P1. To assess tag pop- 1401 a
up location accuracy, we compared pop-up location esti-
mate error (distance between tag’s fixed position and 1201
estimated pop-up location) to the corresponding drift ;E:
error associated with the first high-quality Argos loca- = 1001
tion estimate (distance between tag’s fixed position and %
first high-quality Argos location estimate) as the relative £ 804
percentage change in error [1 — (estimate error / drift 4
error)] X 100%. Both errors were calculated based on the £ 60
assumption that true pop-up location was well approxi- 8 -
mated by the tag’s fixed position as horizontal displace- _E 40
ment during tag ascent was likely<0.1 km based on &
deployment depth (<200 m), hourly current velocity 20 ¢ X
from M2 and CB1 moorings,’ and MiniPAT tag ascent £
rate (0.36 m s™') determined from the depth archive of a 0 £
recovered tag. While the ascent rate for mrPAT tags was T y
not known, it was assumed to be close to that of the Min- 2020 2021
iPAT based on similarities in tag size and buoyancy (M.
Rutishauser, Wildlife Computers Inc., personal commu- 140 - b
nication). The ability of the 95% error ellipse to capture
true error associated with the estimated pop-up location ~ 120 T
was assessed by counting the number of tag fixed posi- é .
tions located within their respective error ellipse; for € 100
positions located outside the ellipse, we quantified the &
spatial extent of coverage failure by measuring the short- 3 g
est distance from the fixed position to the ellipse. __g
fe]
Results 5 %07
Of PSATSs deployed on RKC in 2020, 79 of 84 (94%) pro- 3 40- X X
vided sufficient data to estimate pop-up location, while g
pop-up location was estimated for 46 of 90 (51%) PSATSs E
deployed on RKC in 2021 (Table 1). All MiniPAT tags had 201 l i
an estimated pop-up location, while several mrPAT tags
(particularly those from 2021) had various reasons that 07
an estimate was not obtained. In both deployments, tags 2020 2021

Fig. 3 Boxplot of estimated tag drift error prior to the first
high-quality Argos location estimate (a) and estimated crab
displacement (b) for PSAT-tagged red king crab of which pop-up
! Data were collected and processed by the NOAA/PMEL EcoFOCI location was estimated (n=79 in 2020, n=46 in 2021). The mean
research project as part of their long-term oceanographic research in the is indicated by X

eastern Bering Sea and the Gulf of Alaska.
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drifted at the surface for a variable amount of time before
a high-quality location was estimated by Argos (2020:
median=5.1 h, range=0.2-75.1 h; 2021: median=10.0
h, range=0.3-38.6 h). On average, estimated drift
error prior to a high-quality Argos location estimate
was greater in 2021 (mean=21.0 km, range=1.4-50.7
km) than in 2020 (mean=4.0 km, range=0.0-24.4
km) (Fig. 3), while estimated crab displacement was
similar between deployments (2020: mean=44.2 km,
range=3.0-111.5 km; 2021: mean=47.7, range=4.9—
124.2 km). Mean tag drift error represented a larger pro-
portion of mean crab displacement in 2021 (44%) than in
2020 (9%).

Fixed-position mrPATs deployed in Bristol Bay during
2020 and 2021 resulted in 7 pop-up locations estimated
using proxy tags (Fig. 4a). Three fixed tags deployed in
2020 surfaced in mid-October and drifted at the surface
for 2.7-7.0 h (2.7-5.3 km drift error) before a high-qual-
ity location was estimated by Argos (Table 2). After cor-
recting for drift error, estimate error ranged 0.9-2.2 km
marking improvements in accuracy of 19-83% relative to
drift error. The remaining 4 fixed tags (deployed in 2021)
surfaced in early January 2022 and drifted at the surface
for 3.1-38.4 h prior to a high-quality Argos location esti-
mate; drift error ranged 7.9-30.8 km and estimate error
ranged 0.7-6.5 km representing a 79-91% change in
accuracy. Across both deployments, 3 of 7 fixed-tag posi-
tions were located within the error ellipse associated with
estimated pop-up location, whereas the 4 fixed-tag posi-
tions located outside the ellipse were 0.6—-4.8 km from
the ellipse’s boundary (Fig. 4a).

MiniPATs deployed at fixed positions during the 2021
Bristol Bay study resulted in pop-up location estimates
for 9 tags based on either the proxy-tag method (#=6) or
target-tag method (n=3) (see Fig. 4b for a representative
subset of these tags). Tags reached the surface in early
May 2022 and drifted for 0.6—4.1 h before a high-quality
Argos location estimate was obtained, corresponding to
drift error of 0.4—6.8 km (Table 2). Estimate error ranged
from 0.3 to 2.8 km, representing a change in accuracy of
— 34-92%. Fixed positions of 6 tags were located within
the error ellipse while positions of the remaining 3 tags
were 0.3—1.0 km from the ellipse’s boundary.

Pop-up locations for 11 PSATs deployed at fixed posi-
tions in Marmot Bay were estimated either by the tar-
get tag method (n=2 MiniPAT) or proxy tag method
(n=9 mrPAT) (Fig. 5). Tags surfaced in late-July 2022
and drifted at the surface for 0.3-11.6 h, moving 1.0—
21.3 km from their fixed positions (Table 2). Estimate
error ranged from 0.7 to 5.1 km, a change in accuracy of
— 31-87%. Fixed positions of nearly all tags (n=9) were
located outside of the error ellipse (0.1-4.1 km from the
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ellipse’s boundary) while positions of 2 tags were located
within the ellipse.

Across all 27 fixed-position PSATs for which a pop-
up location was estimated, mean drift error was 7.7+ 1.7
km (standard error), mean estimate error was 2.0+0.3
km (Fig. 6), and mean change in accuracy was 51 +8%.
Change in accuracy was highly variable when drift error
was below 5 km (n=14, — 34—86%) but resulted in con-
sistent, large improvements (62—-92%) when drift error
exceeded 5 km (n=13) (Fig. 7). Fixed positions of 11 tags
were located within the error ellipse while fixed positions
of 16 tags were a mean distance of 1.3+ 0.3 km from the
ellipse’s boundary.

Discussion

Corrections for tag drift generally improved pop-up loca-
tion estimates. These methods can be applied to a range
of PSAT efforts, but are particularly well suited for slow-
moving animals, such as crabs, where drift error can be
proportionally large compared to animal displacement.
We found that mean drift error was approximately 4
times greater than mean estimate error, where the esti-
mated pop-up location was on average 5.7 km closer
to the tag’s fixed position than the first high-quality
Argos location estimate. We consider this a non-trivial
improvement relative to a typical crab displacement,
especially for studies evaluating management bounda-
ries. For example, understanding impacts of fishery clo-
sure areas on Tanner crab availability and exploitation
rates requires high-resolution terminal position esti-
mates [6]. Consistently large proportional improvements
in accuracy were achieved for PSATs with moderate to
large drift error (i.e.,>5 km), suggesting that the estima-
tion methods may be best suited for tags with extended
drifts. Drift error estimates >5 km prior to a high-quality
Argos location estimate have occurred in other stud-
ies [4, 6, 15-18], indicating that the methods described
here may have application across a variety of species and
areas.

The pop-up location 95% error ellipse is an imper-
fect characterization of true error associated with the
estimated pop-up location due to uncontrolled sources
of error inherent to Argos estimates and our methods.
However, the spatial extent of ellipse coverage failure
was typically small: while the ellipse estimates failed to
capture 59% of fixed-tag positions, the distance from
the fixed position to the ellipse boundary was typi-
cally<2 km, suggesting that the ellipse still provides
a useful approximation of error. The Argos-reported
63% error ellipse only accounts for error determined
via the positioning algorithm and likely underesti-
mates true error [5, 19]. Further, because our com-
bination of Argos error ellipses does not account for
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Fig. 4 Estimated pop-up location (yellow circles) for PSATs deployed at fixed positions in Bristol Bay, Alaska, including mrPATs (2020 and 2021,
a) and MiniPATs (2021, b). Corresponding first high-quality Argos location estimate (teal circles) and tag’s fixed deployment position (red stars)
are shown as reference points along with drift error (solid lines) and estimate error (dashed lines). Light-blue ellipses are Argos-estimated 63%
error ellipses and purple ellipses are composite 95% error ellipses based on all Argos-estimated error ellipses associated with drift locations used

to estimate pop-up location
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Table 2 Summary information for PSATs deployed at fixed positions in Bristol Bay (BB) and Marmot Bay (MB), Alaska and comparison
of estimate (est.) error (distance from a tag’s fixed position to its estimated pop-up location) and drift error (distance from a tag’s fixed

position to its first high-quality Argos location estimate)

Tag Type Site Method Days Surfaced Drift(h) Drifterror (km) Est.error (km) Rel.% change 95% ellipse Dist.To
ellipse
(km)

202076 mrPAT BB Proxy 97 10/14/20 7.0 35 1.5 59% Y -
202078  mrPAT BB Proxy 95  10/13/20 60 27 22 19% N 0.6
202079  mrPAT BB Proxy 96 10/14/20 2.7 53 09 83% Y -
225140 mrPAT BB Proxy 56 1/3/22 384 248 4.8 80% N 08
225142  mrPAT BB Proxy 65 1/3/22 17.1 26.0 44 83% N 12
225145 mrPAT BB Proxy 65 1/3/22 26.0 30.8 6.5 79% N 4.8
225147 mrPAT BB Proxy 56 1/3/22 3.1 79 0.7 91% Y -
215055  MiniPAT BB Proxy 184 5/2/22 35 54 04 92% Y -
215056 MiniPAT BB Proxy 177 5/2/22 4.1 6.8 1.6 76% N 1.0
224690  MiniPAT BB Proxy 175 5/2/22 15 2.1 2.8 - 34% N 0.7
224691 MiniPAT BB Proxy 177 5/2/22 2.5 1.9 0.3 83% Y -
224692  MiniPAT BB Proxy 175 5/2/22 0.8 0.6 0.6 - 3% Y -
224693  MiniPAT BB  Target 185 5/2/22 20 04 04 16% Y -
224694 MiniPAT BB  Target 178 5/2/22 06 14 09 39% Y -
224696  MiniPAT BB Proxy 174 5/2/22 13 2.6 0.4 86% Y -
224697 MiniPAT BB  Target 182 5/2/22 1.8 30 1.8 41% N 03
224663 MiniPAT MB  Target 59 7/26/22 0.6 1.1 09 16% Y -
224664  MiniPAT MB  Target 59 7/26/22 09 1.0 14 -31% N 0.7
234565  mrPAT ~ MB  Proxy 59  7/26/22 8.1 11.8 1.6 87% N 1.0
234566  mrPAT MB  Proxy 60 7/27/22 0.3 1.0 1.0 - 5% N 0.1
234567  mrPAT MB  Proxy 59 7/26/22 84 10.6 2.8 73% N 2.1
234568  mrPAT MB  Proxy 60 7/27/22 10.0 10.5 4.0 62% N 16
234570 mrPAT MB  Proxy 60 7/27/22 87 121 2.1 83% N 0.5
234571 mrPAT ~ MB  Proxy 59 7/26/22 116 213 5.1 76% N 4.1
234572 mrPAT MB  Proxy 60 7/27/22 7.5 105 19 82% N 0.6
234573 mrPAT MB  Proxy 59 7/26/22 0.9 14 0.7 50% Y -
234574 mrPAT MB  Proxy 60 7/27/22 2.1 13 12 2% N 0.4

The relative (rel.) percentage change in accuracy between drift error and estimate error is given along with whether a tag’s fixed position (best approximation of true
pop-up location) was captured by the 95% error ellipse associated with estimated pop-up location (Y), or if not (N), the minimum distance (dist.) between the ellipse
boundary and the tag’s fixed position is given. Tags that required manual estimation of pop-up location are indicated in bold

differences in drift speed and direction between the
target tag or proxy tag drift segments and the target tag
unknown drift segment, additional error likely exists,
the magnitude of which is proportional to drift dura-
tion. Thus, longer drifts inherently have larger error,
as supported by our results: error ellipses associated
with shorter drifts were more likely to capture the
tag’s fixed position. We attempted to account for some
of the additional error sources by scaling up from the
63% Argos-reported error ellipses to a composite 95%
error ellipse. Although the 95% ellipse likely accounts
for some of the additional error, it is still generally an
underestimate and should not be interpreted as a prob-
ability contour.

Optimal pop-up location estimation method depends
on the magnitude of drift error. The target-tag method
should be limited to tags with small drift error because
there is greater opportunity for changes in wind, waves,
and surface current vectors over extended drifts which
could result in inaccurate pop-up location estimates.
For example, truncating just the first 3 h of drift loca-
tions for the tag in Fig. 2b would alter the estimated
direction of the unknown vector (PoP;) by 67° and the
distance by 6.4 km. Emergence location accuracy was
shown to decrease up to four times when the first 16
h of drift data were removed [18] further highlighting
potential risk in applying the target-tag method over
long drifts. We attempted to improve estimates through
the time and location criteria used for selecting the
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Fig. 5 Estimated pop-up location (yellow circles) for PSATs deployed at fixed positions in Marmot Bay, Alaska during 2022. Corresponding first
high-quality Argos location estimate (teal circles) and tag's fixed deployment position (red stars) are shown as reference points along with drift error
(solid lines) and estimate error (dashed lines). Light-blue ellipses are Argos-estimated 63% error ellipses and purple ellipses are composite 95% error
ellipses based on all Argos-estimated error ellipses associated with drift locations used to estimate pop-up location

target tag’s second drift location but prefer the proxy
tag method when possible. The proxy-tag method
is more appropriate for tags with large drift error
because the proxy tag’s drift segment and the target
tag’s unknown drift segment overlap temporally so that
there is a greater chance of consistency in drift speed
and direction between them. Because spatial differ-
ences in drift patterns between proxy and target tags
could exist, one would expect the closest proxy tag to
provide the best results. However, we found little evi-
dence of this, which may imply that generally uniform
surface conditions occurred over an approximately
30-60 km resolution within the study areas.

Our estimation methods expand upon previously pub-
lished methods. Several studies corrected only tags that
released prematurely and had extended drifts, provided
few details on the magnitude of estimated drift error, and
did not consider the Argos error ellipse [11, 12, 14, 15].
In addition, no verification of pop-up location accuracy

was performed and it is likely that large estimate error
(potentially exceeding drift error) occurred given infor-
mation on extended transmission delays [18]. Drift error
may have been mostly ignored due to the magnitude of
average animal displacement estimates: 441-1217 km
(approximately 10-26 times greater than that observed
here for RKC); however, in one case, drift error was
estimated at 14-38% of estimated displacement [14],
similar to that observed for RKC. Estimated drift error
has also been used to inform positional error estimates
without estimating pop-up location. Drift speed and
direction between Argos LC 1-3 locations informed a
triangular error estimate of plausible drift vectors prior
to a high-quality Argos location estimate [17], though it
was unclear exactly how the error estimate was deter-
mined and no validation was performed. An alternative
approach was used for porcupine crab where terminal
position was estimated as the first LC 3 location while
estimated drift error (based on all LC 1-3 locations)



Nault et al. Animal Biotelemetry (2024) 12:7
35
30 ©
o
25 A o
€
< 201
@
[&]
&
® 15 1
[m)]
101 ~
2 0
54 (¢]
| = %
Drift Estimate
error error

Fig. 6 Boxplot of drift error and estimate error for PSATs deployed
at fixed positions (n=27). The mean is indicated by X

1004

o 2 ©

s & o 0® o ©° o
9 o
% 604 o o
Y [¢)
3
8 404 0 ©
@
£

204
& o °
&

lo

5 Y
[}
2
g 20
[}
hd [SF6)

-40

-60 . . . . . . ,

0 5 10 15 20 25 30 35

Drift error (km)
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at fixed positions (n=27)

determined the radius of an error circle [4]. A similar
error estimate was used for Atlantic salmon Salmo salar
[16], but drift error was estimated based on a shorter,
targeted drift period rather than the average drift speed
from the tag’s entire drift trajectory. It is possible that
resulted in a more accurate error estimate, but no valida-
tion of the error circle was performed in either case.

The methods we describe or others which directly
estimate pop-up or emergence location [18] and asso-
ciated positional error may be more accurate over
a wide range of drift error than those which use an
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uncorrected LC 1-3 location to estimate the host ani-
mal’s terminal position. Using an early LC 3 location
and associated error circle is likely safe for small drift
error; however, in the case of large drift error, the tag
has likely drifted far enough that the error circle does
not capture the true pop-up location. Although using
estimated drift error to expand the error circle [4] may
capture the true pop-up location, error may be more
roughly approximated as Argos positional error is bet-
ter characterized by the anisotropic error ellipse than
the error circle due to the polar orbits of satellites [5,
20].

We achieved estimation accuracy similar to that of
time-reversed state-space modeling of tag drift trajec-
tory, though our methods were tested across more vari-
able conditions. Emergence locations estimated using
state-space modeling were reasonably accurate, but
ocean conditions were calm and time at liberty was less
than one day [18]. Our methods performed well across
a wider range of conditions and deployment lengths and
the proxy-tag method was able to achieve reasonable esti-
mate accuracy (i.e., within 4.8—-6.5 km) when tags drifted
more than 16 h prior to a high-quality Argos location
estimate. For emergence location estimates, mean site-
based estimate error ranged 6.4—11.8 km when the first
16 h of location data were truncated [18]. While this sug-
gests the proxy-tag method may better handle extended
drifts, this should be confirmed with additional testing.
Because the proxy-tag method relies on the assumption
that groups of tags will surface sequentially and in prox-
imity to each other, it may be impractical for studies with
a small sample size and/or those involving highly mobile,
non-aggregative species. Nevertheless, this approach is
promising for crab research and accordingly, our strategy
employs staggered pop-up dates and a 60 km threshold
for selecting proxy tags.

The difference in PSAT performance between RKC
deployments is not unexpected. Variable performance
has been observed for other crab and fish species [4,
6, 7, 22-24], in some cases due to a high premature
release rate [4, 7, 23]. We observed low rates of prema-
ture release for RKC here, but variability in previous crab
studies was likely due to project timing relative to molt-
ing patterns. More premature releases were observed
in a RKC study that encompassed a portion of the likely
molting season (L. S. Zacher, National Marine Fisheries
Service, personal communication) and a lower prema-
ture release rate was observed for terminally molted Tan-
ner crab [6] compared to crab which do not terminally
molt [4]. Tag performance can also vary within a deploy-
ment [6] which implies the influence of factors such as
area, season, and time at liberty. Physical conditions on
the ocean bottom (substrate type, ocean corrosivity, etc.),
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biological factors (biofouling, crab activity levels, conspe-
cific agonistic interactions, predation), and surface condi-
tions (wind speed, wave height, and surface current) can
vary by area or season and could affect tag integrity and
message reception rate. For these reasons, success rate
can be unpredictable; we observed a high success rate
and limited drift error estimates in 2020, but the oppo-
site was true in 2021. Tags deployed in 2021 drifted at
a faster rate, likely due to a strong weather system that
was forecasted at the time of surfacing: turbulent surface
conditions may have reduced message reception and thus
increased drift error. Although a high success rate is pos-
sible for PSATs deployed on RKC, it may be difficult to
predict and conservative estimates (e.g., approximately
50% success) may be warranted when considering tag-
ging goals.

Conclusions

The rapid environmental change in the Bering Sea [25]
and resulting impacts on crab populations (e.g., [26])
has initiated a “call to arms” for improved conservation.
The sudden and dramatic collapse of Bering Sea snow
crab requires refined spatial management to protect the
remnants of the population. High-resolution seasonal
movement information is needed to inform the size and
placement of management units for the directed fishery
and to create dynamic closure areas for bycatch fisher-
ies. Similarly, information on intra-annual shifts in red
king crab spatial distribution in relation to groundfish
fishing activity is needed to inform the importance and
placement of any additional conservation areas, particu-
larly for times when red king crab are most vulnerable,
such as during molting and mating [27]. Enhanced PSAT
utility will allow for better understanding of Bering Sea
crab behavior and spatial dynamics and aid in developing
more adaptive management practices. We offer methods
that correct tag drift error and ultimately improve accu-
racy of animal terminal position estimates, which is espe-
cially important for crabs and other slow-moving species.
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