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Abstract

1. Describing and explaining patterns of individual animal behaviors in situ, and their repeatability over the annual cycle,
is an emerging field in ecology owing largely to advances in tagging technology. 2. We describe individual movements of
adult Sakhalin taimen Parahucho perryi, an endangered salmonid fish, in the headwaters of a river in northern Japan during
the spring spawning season over two years. 3. Migration timing, separated into stages prior to, during, and following the
spawning period, was found to be more consistent and repeatable for females than males. 4. We hypothesized that the observed
coordinated movement within seasons, and repeatability in migration timing across seasons, could result from 1) individual-
specific responsiveness resulting from endogenous, biological traits that are mediated by environmental factors, or 2) social
interactions among comigrating individuals. 5. We found that water temperature and water level experienced by fish near
the river mouth approximately a week before arrival at the spawning ground explained variability in run timing between years
for females but not males. 6. We found no evidence of conspecific attraction or repulsion resulting from social interactions
among the spawners and post-spawners. 7. We conclude that individual-specific responsiveness to environmental cues was the
likely mechanism underpinning the observed migration timing and movement patterns. 8. Determining the importance of these
environmental and social factors not only during spawning but also during non-breeding life-history stages would contribute to
a more comprehensive understanding of migratory connectivity in this species.
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Abstract

1. Describing and explaining patterns of individual animal behaviors in situ, and their repeatability over
the annual cycle, is an emerging field in ecology owing largely to advances in tagging technology.
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2. We describe individual movements of adult Sakhalin taimenParahucho perryi , an endangered salmonid
fish, in the headwaters of a river in northern Japan during the spring spawning season over two years.

3. Migration timing, separated into stages prior to, during, and following the spawning period, was found
to be more consistent and repeatable for females than males.

4. We hypothesized that the observed coordinated movement within seasons, and repeatability in mi-
gration timing across seasons, could result from 1) individual-specific responsiveness resulting from
endogenous, biological traits that are mediated by environmental factors, or 2) social interactions
among comigrating individuals.

5. We found that water temperature and water level experienced by fish near the river mouth approxi-
mately a week before arrival at the spawning ground explained variability in run timing between years
for females but not males.

6. We found no evidence of conspecific attraction or repulsion resulting from social interactions among
the spawners and post-spawners.

7. We conclude that individual-specific responsiveness to environmental cues was the likely mechanism
underpinning the observed migration timing and movement patterns.

8. Determining the importance of these environmental and social factors not only during spawning but
also during non-breeding life-history stages would contribute to a more comprehensive understanding
of migratory connectivity in this species.

KEYWORDS

behavioral repeatability, coordinated movement, environmental cue, migratory connectivity, Sakhalin taimen,
social interaction, spawning migration

1 INTRODUCTION

Migratory species often exhibit coordinated movements underpinned by individual-specific timing of migra-
tion, whereby individuals arrive consistently early or late, relative to other individuals in a population, at
specific habitats or life-history stages (Bell et al., 2009; Biro & Adriaenssens, 2013; Tamario et al., 2019).
Timing of migration has proven to be crucial in defining fitness consequences related to reproductive success
and offspring survival (Brodersen et al., 2012; Tibblin et al., 2016). Intra-individual consistency in ani-
mal movements and resultant repeatability in migration timing have received increased scientific attention
as empirical evidence, based on advanced tracking technologies, accumulates for many migratory species
(Herbert-Read, 2016; Westley et al., 2018), particularly birds (Gilsenan et al., 2020; Kentie et al., 2017) and
fishes (Brodersen et al., 2012; Forsythe et al., 2012; van Wijk et al., 2016).

Migration timing has been shown to be partially determined by an endogenous circannual rhythm that
synchronizes behaviors with photoperiod in birds and fishes (Eriksson & Lundqvist, 1982; Pulido et al., 2001;
Styrsky et al., 2004). This rhythm arises from genetic evolution in animals, and it is therefore important
to recognize that migratory behaviors are heritable and best understood in the context of evolutionary
adaptation (Brönmark et al., 2013; Quinn et al., 2000; Thompson et al., 2019). Although these rhythms are
driven by endogenous hormone cycles cued by photoperiod, migration timing in individuals can be affected by
environmental factors (Franklin et al., 2022; Harrison et al., 2017). Because of consistent individual differences
in animal behavior (Biro & Adriaenssens, 2013; Nilsson et al., 2014), the behavioral traits of individuals
responding to environmental controls with pronounced seasonality tend to be repeatable across years (Dahl
et al., 2004; Gilsenan et al., 2020; Quinn et al., 1997). However, identifying proximate environmental drivers
and quantifying their effects on migratory behaviors have been technically difficult, especially in a field
setting, because researchers generally can only recognize migration at its end point (e.g. a breeding site), and
not at the time and location at which the migration was initiated (Porlier et al., 2012; Winkler et al., 2014).
An additional complication is that animals typically migrate when environmental variables monotonically
increase (or decrease), inevitably leading to spurious correlations with day-of-year, even though no causal
mechanisms exist (Dahl et al., 2004; Sinnatamby et al., 2018).
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Alternatively, repeatability in migration timing could be manifested when animals form cohesive groups (e.g.
bird flocks and fish schools) of socially interacting individuals with strong, long-lasting group fidelity (Fraser
et al., 2005; Hay & McKinnell, 2002; Klimley & Holloway, 1999). Group migration, or collective navigation,
is known to facilitate rapid transfer of beneficial behavioral traits (Gil et al., 2018; Thorsteinsson et al.,
2012), help avoid predation, cancel errors made by less experienced members (Berdahl et al., 2016), and
improve homing precision to natal locations (Bett & Hinch, 2015). This mechanism, however, may not be
entirely independent of the environmental control mechanism described above because at least some group
members would still rely on external cues for decision making (Couzin, 2009; Herbert-Read, 2016, Herbert-
Read et al., 2017). Even though the social aspect of animal migration has been investigated in laboratory
and theoretical studies, it remains largely unexplored in field-based ecological studies because of logistical
and methodological constraints (Brönmark et al., 2013; Gil et al., 2018).

Sakhalin taimen Parahucho perryi is a critically endangered, long-lived (>25 years), iteroparous salmonid
inhabiting far eastern Russia and Hokkaido, Japan (Rand, 2006). During the spring spawning season, mature
Sakhalin taimen migrate upstream to headwater streams in small groups from their non-breeding habitats
in the estuary (Rand & Fukushima, 2014). A recent tagging study revealed that up to 87% of Sakhalin
taimen spawners return to the same tributaries across consecutive years, one of the highest rates of site
fidelity ever documented for iteroparous salmonids (Fukushima & Rand, 2021). The group migration and
strong site fidelity of the species are consistent with the hypothesis that social interactions influence their
movement patterns during the spawning migration. However, the rate of upstream migration of this species
is significantly influenced by water temperature and stream discharge (Rand & Fukushima, 2014), suggesting
the importance of environmental controls on migration timing as well.

In this study, we investigated the migratory behavior of adult Sakhalin taimen by tracking spawners and
post-spawners in a river system in Hokkaido, Japan, with multiple spawning streams. We first characterized
migration timing at specific waypoints and examined the degree to which the migration timing was repeatable
among individuals across years. We then explored whether the repeatability in migration timing resulted from
individual-specific responsiveness to seasonality in the environmental controls, or from social interactions
among comigrating individuals. We discuss our findings in relation to the concepts of migratory connectivity
(Webster et al., 2002) and differential migration (Briedis & Bauer, 2018; Brodersen et al., 2012).

2 MATERIALS AND METHODS

2.1 Fish sampling and tagging

During the spring spawning seasons in 2016, 2017, and 2018, we captured a total of 123 Sakhalin taimen
spawners (67 females and 56 males) in the Karibetsu River (watershed area: 83 km2), a tributary of the
Sarufutsu River in northern Hokkaido, Japan (Fig. 1). The fish were sampled daily with a cast net as they
ascended a fish ladder adjacent to a weir (approx. 1 m high × 12 m wide) located approximately 22 river
kilometers (rkm) from the ocean (hereafter, referred to as Site L). Note that this site marks an approximate
downstream boundary of the Sakhalin taimen spawning ground in the Karibetsu River. Each fish captured
was anesthetized with eugenol solution (approx. 30 ppm; FA100, Pharma Animal Health Co., Ltd., Osaka,
Japan), sexed, measured for fork length (FL), marked with a 23-mm passive integrated transponder (PIT)
tag, and released above the weir. The number of tagged fish represented 29–37% of the annual run of
the species in this river according to the estimates obtained by using underwater imaging sonar (Rand &
Fukushima, 2014). FL was 772 ± 92 mm (average ± SD) for females and 720 ± 139 mm for males upon
capture, but for statistical analyses fish size refers to FL standardized to values in spring 2018 when most
fish (90) were measured. The standardized FLs of individuals measured only before 2018 were estimated
based on their original measurements and an estimated annual growth rate of 24.7 mm year–1 (Fukushima
& Rand, 2021). Fish were collected under Hokkaido Government permits No. 168 (2016), 201 (2017), and
191 (2018). The fish sampling protocol used in this study was approved by the Animal Care Committee of
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the National Institute for Environmental Studies.

In 2018 and 2019, antenna arrays (Oregon RFID, Portland, OR, USA) were installed to detect PIT-tagged
fish at Site L and four tributary sites (T1–T4) located 0.79–3.53 rkm upstream from Site L (Fig. 1). One pass-
through antenna was built across the stream at each tributary site, whereas one pass-through antenna and
an additional pass-over antenna were built side-by-side at Site L at the upstream exit of the fish ladder and
across the spillway, respectively, to detect both ascending spawners and descending post-spawners. Arrival
timings at Site L of the 90 fish captured there in 2018 are represented by the time of their capture for tagging,
as the fish were handled only briefly before release upstream and were captured roughly in the order they
arrived at this site.

The swimming speed of Sakhalin taimen during upstream and downstream migrations was estimated by
dividing the distances traversed between Site L and tributary sites by differences in the respective detection
times in 2019, when there was no fish sampling (i.e. no effects of tagging on fish migration). The upstream
migration speed, which was log-normally distributed, was then used to calculate the mean and 95% confidence
interval of the total travel time of the spawners from a presumed starting point at the river mouth to a point
at 24.2 rkm, the average distance to the tributary sites. Further details on the PIT tagging and detection
are described by Fukushima and Rand (2021).

Water temperature and water level were monitored at Site L throughout the 2018 and 2019 spawning seasons
at 10-min intervals using temperature and pressure loggers (UA-001-64 and U20-001-01, respectively; Onset
Computer Corporation, Bourne, MA, USA). Two pressure loggers—one underwater and the other on the
riverbank—were deployed to correct for changes in atmospheric pressure.
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FIGURE 1 (a) Map of the Karibetsu and Sarufutsu Rivers in Hokkaido, Japan. The grey rectangle denotes
the area shown in (b). (b) Locations of fish sampling (L) and passive integrated transponder (PIT) detection
systems (L and T1–T4) in the Karibetsu River.

2.2 Repeatability in migration timing

We calculated Spearman’s rank correlation between migration timings in 2018 and 2019 for individuals that
returned consecutively to the Karibetsu River. The calculation was made on both seasonal (date and time)
and diel (time only) scales, separately for each sex at each of the following migration stages: arrival at Site
L from the estuary (migration stage [MS]1), arrival at tributary sites from Site L (MS2), departure from
tributary sites for Site L (MS3), and departure from Site L for the estuary (MS4). Seasonal-scale correlation
was also calculated between MS1 and MS4 migration timings of the same individuals in 2019 (i.e. before
and after spawning within a season). Circular statistical analyses were performed to test for the uniformity
of the diel migration timing using the Rayleigh test, and for differences in the timing between sexes and
between upstream and downstream migrations using the Watson–Wheeler test.

5



P
os

te
d

on
A

ut
ho

re
a

11
O

ct
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

54
84

23
.3

55
60

58
8/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

2.3 Modeling migration timing with biological and behavioral variables

Seasonal migration timing was modeled with linear mixed-effects models (LMMs) separately for each migra-
tion stage. The PIT code was used as a random effect to account for between-year correlation of the same
individuals. Sex, standardized FL, whether migration occurred during daytime (0420–1837 on 1 May, the
approximate midpoint of the run, in Sarufutsu Village) or night-time (DN), and the first (First) and total
number of tributaries (Tributary) each fish entered for spawning each year were included as candidate fixed
effects. Sex and FL were unique to each fish across years and MS; First and Tributary could be different
across years but constant across MS; and DN could be different across years and MS. To account for possible
sex-related influences, we created a full model including interaction terms between Sex and the other fixed
effects. The original response variable of timing in date and time was standardized to have mean 0 and
standard deviation 1 for each year and MS. Water temperature and water level variables were not included
in this modelling to avoid spurious correlations described earlier.

2.4 Testing the environmental control hypothesis

To determine whether Sakhalin taimen exhibited individual-specific responsiveness to environmental signals,
and when the signals became critical, we used a sliding window approach. We defined a critical time window
as a period when an environmental cue perceived by the same individuals between years yielded the highest
correlation, based on the premise that the cue to initiate movement should be similar within individuals across
years if responsiveness to the signal is idiosyncratic. As such, we calculated a series of Pearson correlations
between 2018 and 2019 for each of the two variables (water temperature and water level), averaged over time
windows relative to each spawner’s arrival timing at the first tributary each year (i.e. MS2). The window
size was varied from 8 to 240 h at 4-h increments in both time lag (time to the window’s start) and duration
(window width). The maximum correlation coefficient (r obs) and the corresponding critical time window
were recorded for each sex and variable. The significance ofr obs was determined with a randomization test,
in which Pearson correlations were calculated between randomly selected individuals from the two years by
varying the window size to find a critical window with a maximum correlation (r sim). This process was
iterated 999 times, and the proportion of r sim as large as or larger thanr obs was considered a measure of
significance by applying a one-sided test (van de Pol et al., 2016).

2.5 Testing the social interaction hypothesis

We evaluated whether Sakhalin taimen employed social navigation strategies that could lead to coordinated
movements and repeatable migration timing by asking two questions: 1) did comigrating groups of pre-
spawners ascending through Site L (MS1) tend to enter the same spawning tributaries, diverge into different
tributaries, or enter tributaries at random, and 2) did comigrating groups of post-spawners descending
through Site L (MS4) tend to consist of individuals that spawned in and departed from the same tributaries,
different tributaries, or any tributary at random? If two or more tagged individuals passed Site L over an
elapsed time of less than 1 h, the individuals were considered ‘comigrants’ according to a time-series analysis
of fish passage in an earlier study (Rand & Fukushima, 2014). Given the disparity in migratory behavior
between sexes (see Results), we considered sexes separately in this analysis.

To answer the questions above, we counted the observed total number of comigrating pairs during MS1
or MS4 that subsequently entered, or previously departed from, the same tributaries (n obs) based on the
2019 dataset. Individual migrants were then randomly assigned to a spawning tributary while preserving
their actual MS1 (and MS4) migration timings and the total numbers of migrants accommodated by each
tributary. Comigrating pairs that were assigned the same tributaries during each randomization trial were
counted (n sim). This process was iterated 9999 times to generate a distribution of n sim to compare with
n obs. If n obswas found to be significantly high relative to the distribution ofn sim, this would provide
evidence that individuals exhibit conspecific attraction during the pre-spawn (i.e. transition from MS1 to
MS2) or post-spawn (i.e. transition from MS3 to MS4) periods. Conversely, if n obs was found to be lower

6
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. than expected by chance, this provided evidence that individuals exhibit conspecific repulsion during the
aforementioned migration stages. Thus, the social interaction hypothesis was tested with two-sided tests.

All statistical analyses were performed using R version 3.4.3 (R Development Core Team, 2017). The R
package ‘lme4’ (Bates et al., 2015) was used to perform LMM, and ‘lmerTest’ (Kuznetsova et al., 2020) was
used to select the best models via sequential backward elimination of non-significant effects, and to calculate
P values based on Satterthwaite’s approximation. Circular statistical analyses used the R package ‘circular’
(Agostinelli & Lund, 2017). Statistical significance was defined at α= 0.05.

3 RESULTS

3.1 Seasonal migration timing of Sakhalin taimen

In 2018, a total of 105 PIT-tagged Sakhalin taimen spawners returned to the Karibetsu River, including
90 fish tagged that year. In 2019, 76 tagged spawners returned, of which 73 had also returned in 2018
(i.e. consecutive repeat spawners). During the period of upstream migration, water temperature increased
monotonically, while water level varied more stochastically but decreased substantially by the time spawners
arrived at Site L (Fig. S1).

3.2 Between-year consistency in migration timing

The chronological order of individual Sakhalin taimen arriving or departing during each MS was remarkably
consistent between 2018 and 2019 as evidenced by an apparent tendency of lines connecting the same
individuals in these two years to be parallel to one another (Fig. 2).

7
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.

FIGURE 2 Seasonal migration timing of Sakhalin taimen during four migration stages (MS) in 2018 and
2019. Circles indicate the observed migration timings of females (red) and males (blue) with lines connecting
the same individuals across the years. Spearman’s rank correlation and its significance (*P < 0.05, **P<
0.01, ***P < 0.001) are shown for females (ρF) and males (ρM).

Between-year correlations of the seasonal migration timings were significantly high for female Sakhalin taimen
at all MSs (P< 0.05) but were significant only at MS4 (P < 0.05) for males. For the females, within-season
correlation between MS1 and MS4 timings was also significant (ρ = 0.628, P < 0.001), but it was extremely
low and not significant for the males (ρ = 0.002, P > 0.05). The reason that there are fewer lines for MS4 in
Fig. 2 is because we terminated PIT detection before all post-spawners had migrated downstream past Site
L in 2018. Only in the females during MS3 was there a significant between-year correlation on the diel-scale
as well (i.e. female individuals departed from tributaries at similar times of day in both years) (ρ = 0.497,
P= 0.001).

Neither ascent (MS1) nor descent (MS4) by Sakhalin taimen through Site L was uniformly distributed
throughout the day (Fig. 3, Rayleigh test,P < 0.001 for females, and P < 0.01 for males). Both female and
male spawners ascended the river mostly during daytime, peaking before sunset. Descent by post-spawners
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. peaked early in the afternoon in males, but it peaked during night-time in females. Consequently, the diel
migration timing of female Sakhalin taimen differed significantly between ascent and descent (P = 0.000,
Watson–Wheeler test), and the timing of descent differed between the sexes (P = 0.003).

FIGURE 3 Diel-scale migration timing of female (red) and male (blue) Sakhalin taimen spawners (a) and
post-spawners (b) in 2019 during ascent at MS1 and descent at MS4, respectively. Grey shading indicates
approximate night-time (1837–0420).

3.3 Biological and behavioral effects on migration timing

Sex was the only significant fixed effect influencing seasonal migration timing during MS1, with male spawners
arriving at Site L several days earlier than females in both years (P = 0.000, Table 1, Fig. 2). Males also
arrived earlier than females at tributary sites (MS2,P = 0.000). Arrival timing at this stage also depended
on which tributaries spawners entered first, with those entering T2 and T4 being the earliest and latest,
respectively (P = 0.012, F -test). Contrary to MS1 and MS2, departure from the tributaries at MS3
appeared to be earlier for female than male post-spawners (Fig. 2); this was true only for the daytime
migrants and led to a significant interaction between Sex and DN in the model (P = 0.041). There was
a small but significant shift from daytime to night-time departure at MS3 by both sexes as the season
progressed (P = 0.043). Individuals that spawned in two tributaries tended to depart later from the last
(second) tributary than those spawning in one tributary (P = 0.043, Fig. S2). Sex was again the only fixed
effect to explain downstream migration timing at MS4, with the female post-spawners preceding the males
(P = 0.009).

TABLE 1. Best linear mixed-effects models to explain the seasonal migration timing of Sakhalin taimen
during four migration stages (MS). Sexm and DNn denote Sex = male and DN = night, respectively. First2,
First3, and First4 are the effects of entering tributaries T2, T3, and T4 relative to entering T1, respectively.
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. Stage Fixed effect Estimate SE df t value P

MS1 Sexm –1.01 0.16 100.78 –6.54 0.000
MS2 Sexm –1.01 0.16 102.20 –6.48 0.000

First2 –0.20 0.16 161.14 –1.25 0.213
First3 –0.13 0.24 157.13 –0.57 0.569
First4 0.39 0.21 164.31 1.89 0.060

MS3 Sexm 0.33 0.21 132.71 1.55 0.124
Tributary 0.39 0.19 156.61 2.04 0.043
DNn 0.41 0.20 153.44 2.05 0.043
Sexm:DNn –0.63 0.31 144.44 –2.06 0.041

MS4 Sexm 0.65 0.24 65.31 2.68 0.009

3.4 Individual-level environmental control

For female Sakhalin taimen, between-year correlations of water temperature reached a maximum in the
critical time window of 160–200 h (6.7–8.3 days) prior to each spawner’s arrival at a tributary site (r =
0.665, P = 0.001, Fig. 4a). The maximum correlation of water level occurred in the critical time window of
80–224 h (3.3–9.3 days) for the females (r = 0.602, P = 0.014, Fig. 4b). For males, however, neither water
temperature nor water level produced significant maximum correlations (r = 0.484 and 0.508, respectively;
P > 0.05).

FIGURE 4 Between-year correlations of water temperature (a) and water level (b). Time windows are
relative to the arrival timings of the same Sakhalin taimen individuals at tributary sites during MS2 in 2018
and 2019. PIT, passive integrated transponder.

Mean upstream swimming speed was 1.98 km day–1 for females and 2.90 km day–1 for males, which was not
significantly different between sexes. However, downstream swimming speed for females (5.68 km day–1) was
more than double that of males (2.63 km day–1) (t -test,P < 0.05). Travel time by the upstream migrants
from the river mouth to the mid-point of tributary sites was estimated to be 12.2 days (95% CI: 4.2–35.6
days) for females (Fig. 5) and 8.3 days (95% CI: 1.9–36.1 days) for males.

10
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.

FIGURE 5 The critical time windows of water temperature and water level for female Sakhalin taimen
(horizontal bars), and their average travel time (i.e. departure timing) from the river mouth to the spawning
ground (vertical dashed line) with the 95% confidence interval (grey shading).

3.5 Social interactions during ascent and descent by migrants

There were 19 comigrating pairs of female Sakhalin taimen ascending through Site L during MS1, of which
only two pairs entered the same tributaries for spawning. This was less than half the number (4.9) expected
by chance, but the difference was not significant (P = 0.157, Table 2). Similarly, only three female pairs
departed from the same tributaries, out of 22 comigrating pairs descending through Site L during MS4,
which was half the expected number but also not significant (P = 0.204). The numbers of male pairs of
comigrating spawners and post-spawners entering or departing from the same tributaries, respectively, were
not less than or greater than those expected by chance (P > 0.05).

TABLE 2. Randomization test results of the social interaction hypothesis, showing the observed numbers
of comigrating pairs, and of observed and simulated (mean ± SD) pairs that entered or departed from the
same tributaries.

Migration Sex Comigrating pairs Observed pairs to/from same trib. Simulated pairs to/from same trib. P

Ascent (MS1) Female 19 2 4.9 ± 1.9 0.157
Male 6 3 2.2 ± 1.1 0.790

Descent (MS4) Female 22 3 6.0 ± 2.1 0.204
Male 7 3 3.0 ± 1.3 1.000

4 DISCUSSION

Male Sakhalin taimen returned to the spawning grounds of the Karibetsu River several days earlier than their
female counterparts. Conversely, the males departed from these sites later than the females after spawning,
resulting in a longer stream residence for males. Earlier arrival at breeding sites by males (protandry) has
been documented for some migratory fishes (e.g. Sinnatamby et al., 2018; Šmejkal et al., 2017; Tibblin et

11
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. al., 2016), and is generally explained by the mate opportunity hypothesis that predicts that earlier arriving
males of polygynous species at breeding areas increase their opportunity to mate with females (Morbey &
Ydenberg, 2001). The earlier arrival and longer residence at the spawning grounds by the male Sakhalin
taimen likely resulted in their lower rate of spawning across consecutive years (Fukushima & Rand, 2021).
Therefore, even though the operational sex ratio can be temporarily skewed toward males earlier and again
later in the season, the overall sex ratio of active spawners was female biased, according to our fish sampling
and videotaped records of individual fish (Rand & Fukushima, 2014).

The number of tributaries Sakhalin taimen entered for spawning significantly influenced departure timings
from tributary sites, such that individuals, especially males, spawning in two tributaries were on average later
to depart from the last tributary than those spawning in a single tributary. However, subsequent arrival
downstream at Site L was not influenced by the number of tributaries they entered, indicating that fish
spawning in multiple tributaries tended to catch up with individuals with which they previously comigrated
before spawning and restore cohesive groups during the downstream migration.

Sakhalin taimen migration timing was also different at the diel scale, between sexes and between ascent
and descent in females. Male Sakhalin taimen were largely diurnal during both ascent and descent of the
mainstem of the Karibetsu River, whereas females were diurnal during ascent but more likely to be nocturnal
during descent. This may be explained by the propensity of male salmonids to be less risk averse than females
during the spawning season (Fleming, 1996). Our model predicted that both sexes tended to migrate during
night-time when departing from tributaries later in the season. Decreased water levels, especially in small
streams, would increase the visibility of the post-spawners to predators during daytime (Finlay et al., 2020),
which is a likely explanation for our observations.

Female Sakhalin taimen displayed remarkable intra-individual repeatability in seasonal migration timing
between 2018 and 2019 at all migration stages. Their departure timing was repeatable even at the diel
scale during MS3. Furthermore, the females descended the mainstem in a chronological order very similar
to that observed during their ascent, despite most of them spawning in different tributaries in the interim.
Therefore, Sakhalin taimen, at least females, can be characterized by highly synchronized movements during
the spawning migration, and strong fidelity to arrival and departure timings at specific waypoints along
their migration pathways. Meta-analysis on studies of behavioral repeatability in various animal taxa have
revealed that, except for mate preference, females are generally more consistent in their behavior than males
(Bell et al., 2009).

Individual-level consistency in migratory behavior has been rarely quantified for salmonids despite the long
history of scientific investigation into their migration at the species or population level. This is in part
due to the fact that the literature on salmonid migrations has largely focused on Pacific salmon (On-
corhynchusspp.), which nearly all die after the first spawning (Groot & Margolis, 1991). Even well-studied
iteroparous salmonids have rates of repeat spawning so low (e.g. less than 10% in steelhead O. mykiss[Keefer
et al., 2008; Leider et al., 1986], 11% in Atlantic salmonSalmo salar [Fleming, 1998]) that they also are consid-
ered functionally semelparous (Penny & Moffitt, 2013), making it impractical to investigate their long-term
behavioral consistency in spawning at the individual level.

There was a significant correlation in both water temperature and water level measured in the Karibetsu
mainstem between 2018 and 2019 in specific time windows relative to the arrival timing of female Sakhalin
taimen in the spawning tributaries. Apart from the statistical significance of the correlations, the facts
that the two critical time windows overlapped and particularly that their time lags (8.3 and 9.3 days) were
very similar indicate that individual females became responsive to the two environmental signals during
similar time periods in locations where the fish might have lingered before initiating migration upstream.
The estimated mean travel time (approx. 12 days) by the females from the river mouth to the spawning
ground exceeded the time lags of the critical time windows, leading to a counterintuitive conclusion that
fish made the decision to initiate upstream migration and left the river mouth “before” the environmental
conditions were met. However, it should be noted that this travel time was most likely over-estimated because
it was derived by extrapolating the observed swimming speed (1.98 km day–1) between waypoints in the
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. headwater area. This speed could be biased low given that fish are expected to swim slower through upper
river reaches (Gauld et al., 2016) due to steeper elevation gradients, faster currents, and more numerous
natural and unnatural obstacles, like debris jams and culverts, than they encounter in the lower reaches of
the Karibetsu mainstem. If a more realistic (i.e. faster) estimate of swimming speed was available for the
lower reaches, their travel time would likely have been much shorter and coincided more closely with the
critical time windows than what is displayed in Fig. 5. Our presumption that the Sakhalin taimen spawners
started upstream migration from the river mouth is justifiable according to a provenance study based on
stable isotope analysis of otoliths (Fukushima et al., 2019). Strontium isotope ratios in the otolith samples
of juvenile Sakhalin taimen collected throughout the Sarufutsu River drainage indicated that their mothers
were inhabiting brackish waters prior to their spawning migration.

The time scale that Sakhalin taimen responded to temperature and water level appears to be different.
The time window during which the fish responded to water level was much longer (6 days) than that for
temperature (1.7 days), suggesting that river flow not only cued the start of migration but also continually
influenced fish movements en route to the spawning ground, whereas water temperature cued migration with
little influence thereafter. Simmons et al. (2021) observed that out-migrating Atlantic salmon smolts were
significantly influenced by changes in water temperature early in the run with much less influence afterwards,
but that changes in river discharge exerted stronger influences on the migration towards the end of the run.

Although water temperature and stream discharge have long been recognized as the key drivers of salmonid
migrations (Dahl et al., 2004; Quinn et al., 1997; Rand et al., 2006), few studies have investigated individual
variability in response to these environmental drivers. To our knowledge no studies have examined how
individuals might respond uniquely to water temperature, but given the influence of river flow on migration
speed and successful passage, it is plausible that they respond differently among individuals to river flows
that cue migration. Body size likely plays an important role, in which migration of larger individuals is cued
at higher river flows. Under a scenario of a falling hydrograph, during which salmonids commonly ascend
rivers for spawning (Jonsson et al., 2018; Rand et al., 2006), the migration of larger fish upriver could be
cued earlier in the season. Rand and Fukushima (2014) noted a trend of decreasing size of Sakhalin taimen
migrating upstream on the basis of sonar observations. However, the earlier arrival of larger fish may be
simply due to the greater capability of larger fish to migrate faster (Jonsson et al., 1991).

We found no evidence that coordinated movements and repeatable behaviors of Sakhalin taimen were rooted
in social interactions. Although there were comigrating, same-sex pairs both ascending and descending
the Karibetsu mainstem, we found no evidence that these pairs were cohesive during tributary entry or
departure. However, the slightly smaller number of female pairs spawning in the same tributaries than
expected by chance (albeit non-significant) may be indicative of some degree of conspecific repulsion and
may help minimize competition for spawning space and thus redd superimposition (Fukushima et al., 1998).
It should be emphasized that although the splitting of comigrating individuals into different tributaries could
be viewed as straying, between-year consecutive return rates to the same tributaries were high (>80%) and
likely a result of fine-tuned homing capabilities (Fukushima & Rand, 2021). The relatively small sample
size of tagged individuals as well as the limited spatial extent over which fish movements were examined,
relative to the species’ entire migration range, may have made it difficult to identify social interactions in
the migratory behavior of this species.

Female and male Sakhalin taimen consistently differed in migration behaviors including seasonal and diel
timings of arrival and departure, the degree to which the migration timings were coordinated and repeatable,
reliance on environmental cues to initiate migration, the frequency of comigration, and swimming speed.
Furthermore, female Sakhalin taimen have a higher rate of consecutive spawning than males (Fukushima &
Rand, 2021). All these behavioral differences between sexes point to the hypothesis that female and male
Sakhalin taimen may have different degrees of migratory connectivity (Webster et al., 2002). Although our
study focused on the spawning migration period, we suspect that migration connectivity would also be an
important process during other life-history stages. Migratory connectivity—the extent to which individuals
of a migratory population behave in unison (Torniainen et al., 2014)—has been suggested to operate over the
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. entire life cycle in some salmonid populations. For example, individual coded-wire-tagged steelhead released
as juveniles at similar times and locations were recovered in the same fishing operation in distant locations in
the North Pacific Ocean (McKinnell et al., 1997). Schools of migratory brook trout S. fontinalis contained
significantly more kin than expected by chance for periods of up to 4 years (Fraser et al., 2005).

This migratory connectivity can be reinforced as individuals age and become more experienced (Tibblin
et al., 2016), or it can be passed on to succeeding generations through learning by recruits or younger
individuals from older and more experienced ones (MacCall et al., 2019). Thus, the connectivity can differ
between different age-groups and developmental or life-history stages, a phenomenon known as differential
migration (Briedis & Bauer, 2018). Differential migration between sexes in salmonids is exemplified by
the migration protandry discussed above. Furthermore, a higher likelihood of adopting an anadromous life
history in females than in males, a pattern often observed in salmonids with facultative migratory strategies,
is an extreme example of sex-specific differential migration (Ferguson et al., 2019; Jonsson & Jonsson, 1993).
Although anadromy is not obligatory, and resident populations of Sakhalin taimen exist, depending on river
systems (Zimmerman et al., 2012), facultative or partial migration is yet to be reported from any rivers
with the species, including the Karibetsu River. Nonetheless, our observations in this and previous studies
suggest that even though Sakhalin taimen are broadly categorized as anadromous in this river system, there
seems to be sex-specific differential migration in which females likely have stronger migratory connectivity
than their male counterparts, enabling the females to better minimize variability in migration timing and
form cohesive groups of migrants composed of the same members across years. The causes and consequences
of the observed coordinated movements, migratory consistency, and the associated between-sex differences in
migratory behaviors in Sakhalin taimen would be better elucidated by further research focusing on migratory
connectivity, not just during the breeding stage but also during non-breeding stages of their life.

CONCLUSIONS

Spawning migration by the endangered Sakhalin taimen was characterized by coordinated movements within
season and repeatable timings of arrival and departure from the spawning ground across seasons. Such
behavioral consistency was more pronounced in females than males and was best explained by variations in
water temperature and river flow that the females experienced in the estuarine habitat about a week before
arriving at the spawning ground. Combined with our previous findings, we demonstrated that Sakhalin
taimen possess strong fidelity to both time and location of reproductive activities that enable the species,
especially females, to maintain migratory connectivity within and between spawning seasons.
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in the behaviour types of the Atlantic cod: repeatability, timing of migration and geo-location.Marine Ecology
Progress Series, 462 , 251– 260. https://doi.org/10.3354/meps09852

Tibblin, P., Forsman, A., Borger, T., & Larsson, P. (2016). Causes and consequences of repeatability, fle-
xibility and individual fine-tuning of migratory timing in pike. Journal of Animal Ecology, 85 , 136– 145.
https://doi.org/10.1111/1365-2656.12439

Torniainen, J., Vuorinen, P. J., Jones, R. I., Keinänen, M., Palm, S., Vuori, K. A. M., & Kiljunen, M. (2014).
Migratory connectivity of two Baltic Sea salmon populations: retrospective analysis using stable isotopes of
scales. ICES Journal of Marine Science, 71 , 336– 344. https://doi.org/10.1093/icesjms/fst153

18



P
os

te
d

on
A

u
th

or
ea

11
O

ct
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

54
84

23
.3

55
60

58
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. van de Pol, M., Bailey, L. D., McLean, N., Rijsdijk, L., Lawson, C. R., & Brouwer, L. (2016). Identifying
the best climatic predictors in ecology and evolution. Methods in Ecology and Evolution,7 , 1246– 1257.
https://doi.org/10.1111/2041-210X.12590

van Wijk, R. E., Bauer, S., & Schaub, M. (2016). Repeatability of individual migration routes, win-
tering sites, and timing in a long-distance migrant bird. Ecology and Evolution, 6 , 8679– 8685. htt-
ps://doi.org/10.1002/ece3.2578

Webster, M. S., Marra, P. P., Haig, S. M., Bensch, S., & Holmes, R. T. (2002). Links between worlds: un-
raveling migratory connectivity.Trends in Ecology & Evolution, 17 , 76– 83. https://doi.org/10.1016/S0169-
5347(01)02380-1

Westley, P. A. H., Berdahl, A. M., Torney, C. J., & Biro, D. (2018). Collective movement in ecology: from
emerging technologies to conservation and management. Philosophical Transactions of the Royal Society B:
Biological Sciences, 373 , 20170004. https://doi.org/10.1098/rstb.2017.0004

Winkler, D. W., Jorgensen, C., Both, C., Houston, A. I., McNamara, J. M., Levey, D. J., Partecke, J.,
Fudickar, A., Kacelnik, A., Roshier, D., & Piersma, T. (2014). Cues, strategies, and outcomes: how migrating
vertebrates track environmental change. Movement Ecology,2 , 10. https://doi.org/10.1186/2051-3933-2-10

Zimmerman, C. E., Rand, P. S., Fukushima, M., & Zolotukhin, S. F. (2012). Migration of Sakhalin taimen
(Parahucho perryi ): evidence of freshwater resident life history types. Environmental Biology of Fishes, 93
, 223– 232. https://doi.org/10.1007/s10641-011-9908-x

19


