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Fig. 3. Echogram depicting 1 h of recording off Hell's Hole in Port Gravina, Prince William Sound, Alaska, during 00:11-01:10 h

on 11 April 2016. Diving predators, characterized by strong backscatter, are evident in the top 20 m of the water column. A sec-

tion of the echogram is expanded with a grid overlay (1 m depth by 15 s) and predator—prey line interface (green). Target
tracks identified as herring (below interface) and predators (above interface) are shown with different colors

and thus it was not possible to discriminate individ-
ual tracks. As a result, the tracking approach used for
characterizing responses of herring to predators is
more representative of individuals that are spatially
displaced from schools.

Data on swim speed were positively skewed and
leptokurtic. I carried out a Box-Cox transformation
(library MASS in R) to normalize the swim speed
measures prior to statistical analysis and limited this
analysis to hour-long recording intervals with >10
targets recorded. Analysis of variance and general
linear model regression (‘aov’ and ‘glm’' in R) were
applied to test for differences in prey and predator
speeds and whether depth influenced swim speeds.
Significance was determined at p < 0.05.

The degree of coherence between herring and
predator swim speeds was determined by testing for
autocorrelation between the swim speed time series
at a temporal resolution of 15 s. [ used the cross cor-
relation function (CCF) in R and determined under
what range of time lags regressions were statistically
significant out to 64 lags (=16 min).

Acoustic data were echo integrated in Echoview
3.0 and were output in the form of the nautical area
scattering coefficient (NASC, m? nautical mile?, as in
Maclennan et al. 2002). Cells for echointegration
were delineated by time (15 s) and depth (1 m inter-
vals), and a weighted mean depth of backscatter
(in m) for each 15 s time interval was computed.

I tested for effects of day (blocking variable: hour) on
weighted mean depths for herring and predators
using Friedman's test (‘friedman.test’ in R) to deter-
mine shifts in depth distribution over the entire
recording period. Comparisons between days were
performed using Dunn's test. Lagged regressions
were applied to test if changes in occupied depths of
herring were related to depth changes observed for
predators applied to days when herring schools were
more commonly observed. I used CCF and deter-
mined under what range of time lags regressions
were statistically significant out to 64 lags (+16 min).
All statistical analyses were conducted in R version
3.3.2 (2016-10-31).

RESULTS

Results of gillnet catches and a qualitative exami-
nation of the acoustic recordings indicated that I
recorded pre-spawn herring subjected to punctuated
periods of surface predation (Fig. 3). The gillnet catch
consisted entirely of adult, pre-spawn Pacific herring
with an average standard length of 177 mm (N =
402). I quantified 900 tracks in the acoustic data for
herring and 84 acoustic tracks for predators. Based
on observations from the vessel, the diving tracks of
predators likely included Pacific loons Gavia paci-
fica, common murres Uria aalge, pelagic cormorants
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Fig. 4. Probability density of target strengths assigned to

herring (dark gray) and surface predators (light gray) during

9-12 April 2016 off Hell's Hole in Port Gravina, Prince
William Sound, Alaska

Phalacrocorax pelagicus and Steller sea lions Eume-
topias jubatus. Over 99 and 72 % of the tracks were
observed during crepuscular and night time hours for
herring and predators, respectively (Hours 0, 3, 6,
and 21). Mean target strengths of herring and preda-
tors were estimated to be —40.7 and —-29.5 dB, respec-
tively (Fig. 4). The target strength (dorsal aspect) for
herring of this size (converted from standard length
to a fork length of 198 mm) based on the model of
Thomas et al. (2002) is —41.0 dB, which is a relatively
small departure from the value obtained from the
ventral aspect in this study (0.3 dB difference).
Herring swim speeds were more variable com-
pared to predator speeds. Average speed of herring
was 33.1 cm s7! (~1.9 body lengths s7}, range = 0.02-
127.1 cm s7!) compared to 56.3 cm s7! (range = 13.7—
144.6 cm s7%) for predators. Swim speeds of predators
were significantly higher than herring swim speeds
(p <0.05, ANOVA). The highest swim speed recorded
for herring was 127.1 cm s~!, which exceeds a rate of
7 body lengths s71. It is important to note here that my
analytical approach reduces the likelihood of com-
bining positions from multiple targets that might
result in inflated swim speeds (see ‘Materials and
methods'’). While several herring exceeded a swim
speed of 100 cm s, it is certainly within the range of
published values for fast-start swimming in fishes
that is often associated with escape responses to
predators (Domenici & Blake 1997). Herring swim
speeds were related to depth (p < 0.05, Fig. 5), but
depth was not significant in explaining predator
speeds (p > 0.05, Fig. 5). Herring swim speed was
higher closer to the sea surface (Fig. 5). I found no
relationship between herring and predator swim
speeds observed during the same sampling interval
(15 s), but I documented a positive association
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Fig. 5. Swimming speeds (m s7!) of herring (gray) and
surface predators (black) during 9-12 April 2016 at a range
of depths

between swim speeds of herring and their predators
at lags. The association occurred at short time lags
and was consistently positive out to 10 time lags
(~2.5 min, Fig. 6).

Backscatter-weighted mean depth of herring and
predators did not significantly shift over hour of day,
but there was a significant effect of day after block-
ing for hour of day (p < 0.05, Friedman's test). The
herring occupied shallower depths on 12 April com-
pared to 9 April (weighted mean depth 28.3 m com-
pared to 36.4 m, p < 0.05), and predators occupied
shallower water on 11 April compared to 10 April
(weighted mean depth 8.8 m compared to 4.9 m, p <
0.05). During the 2 d on which herring schools were
more commonly observed (11-12 April 2016), the
time series of mean depth of herring and surface
predators (weighted by backscatter) was positively
correlated out to approximately 20 lags (encompass-
ing a period of 5 min, Fig. 7).
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Fig. 6. Temporal autocorrelation function (ACF) between the
time series of herring and predator swim speeds. A series of
stronger, positive associations between the time series is
evident during lags out to approximately 2.5 min. Bars ex-
ceeding the dashed lines indicate statistical significance
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Fig. 7. Temporal autocorrelation function (ACF) of weighted
mean depth of herring and predators indicating a posi-
tive association over a lagged interval of approximately

5 min. Bars exceeding the dashed lines indicate statistical
significance

DISCUSSION

This is the first effort to quantify swim speeds of
Pacific herring in PWS and evaluate their behavioral
response to diving predators. The predators likely
included both seabirds (characterized by sinusoidal
swim patterns) and sea lions (strong targets from air-
filled lungs and evidence of entrained air bubbles
near the surface). Herring appear to be responding to
the presence of surface predators. Based on results of
the autocorrelation in swim speeds, there is evidence
of an association. This is not surprising, given that I
likely captured predation events involving predators
tracking prey. Herring speeds were highly skewed
right and were greatest (exceeding 7 body lengths s™%)
near the surface, suggesting periodic escape responses
when in close contact with predators. Herring were
primarily found between 15 m and the sea floor at
40 m depth. The fish ultimately spawn closer to shore
in shallower water (approximately 5-10 m depth). A
significant shift to shallower water occurred on the
final day of sampling (12 April) despite the presence
of surface predators, and this may have been related
to movements to spawning beds (often associated
with kelp in shallower water) as the peak of spawn-
ing occurred within 24 h of the last interval recording
on 12 April based on aerial surveys conducted by
Alaska Department of Fish & Game (S. Moffitt pers.
comm.).

I found that shifts in depths of herring were a
dynamic indicator of predation. Depth of predators,
weighted by abundance, was positively associated
with herring depths. Based on the autocorrelation
analysis, changes in depths of herring positively

time lags encompassing a period of approximately
5 min, suggesting that fish moved deeper under
predation threat from the surface. This dynamic is
evident near the final minutes of the interval re-
cording during 00:11-01:10 h shown in Fig. 3. Based
on the literature, dive times of individual sea birds
last for approximately 1 min (e.g. median of 52 s for
pelagic cormorants in the Gulf of Alaska; Kotzerka
et al. 2011), and one could envision multiple dives
from a group of predators that would result in asso-
ciated shifts in herring over a period extending
over multiple minutes as documented in this study.
It is important to note that there are likely a
number of fish predators also preying on herring
during this stage in their life cycle, and thus this
approach does have limitations in understanding
their role.

I can make only limited inferences about the
herring population based on a single sampling site,
but this technology can provide new insight into
predator—prey dynamics in this ecosystem. I envi-
sion a more rigorous sampling design with multiple
acoustic observatories in the region where the her-
ring stage prior to spawning. These stationary obser-
vations, combined with a mobile survey conducted
each year in this system (Rand & Thorne 2017), could
provide a new perspective on how herring respond to
predators in both space and time and how their
abundance may change over time as a result of
predatory impact.

Acknowledgements. I thank BioSonics for leasing the equip-
ment for this project, and Captain David Janka of Auklet
Charter Services for assistance in deploying and retrieving
the echosounder, identifying predators, and providing in-
sight into herring and predator behavior. Sean Lewan-
dowski gillnetted to characterize acoustic targets and the
Alaska Department of Fish and Game (ADF&G) processed
the catch. Insight from Richard Thorne of the PWSSC is
greatly appreciated. Darren Roberts assembled the rigging
required to deploy the echosounder. The research described
in this study was supported by the Exxon Valdez Oil Spill
Trustee Council. However, the findings and conclusions pre-
sented by the author is his own, and does not necessarily re-
flect the views or position of the Trustee Council.

LITERATURE CITED

] Axenrot T, Didrikas T, Danielsson C, Hansson S (2004) Diel

patterns in pelagic fish behaviour and distribution ob-
served from a stationary, bottom-mounted, and upward-
facing transducer. ICES J Mar Sci 61:1100-1104

]\véDeriso RB, Maunder MN, Pearson WH (2008) Incorporating

covariates into fisheries stock assessment models with
application to Pacific herring. Ecol Appl 18:1270-1286

tracked changes in predator depths over a series of ‘Domenici P, Blake RW (1997) The kinematics and perform-


https://doi.org/10.1016/j.icesjms.2004.07.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9319004&dopt=Abstract
https://doi.org/10.1890/07-0708.1

244

Mar Ecol Prog Ser 600: 239-244, 2018

ance of fish fast-start swimming. J Exp Biol 200:1165-1178
]\(Kotzerka J, Hatch SA, Garthe S (2011) Evidence for forag-
ing-site fidelity and individual foraging behavior of
pelagic cormorants rearing chicks in the Gulf of Alaska.
Condor 113:80-88
]\(Maclennan DN, Fernandes PG, Dalen J (2002) A consistent
approach to definitions and symbols in fisheries acoustics.
ICES J Mar Sci 59:365-369
Moran JR, Heintz RA, Straley JM, Vollenweider JJ (2018)
Regional variation in the intensity of humpback whale
predation on Pacific herring in the Gulf of Alaska. Deep
Sea Res II 147:187-195
A Muradian ML, Branch TA, Moffitt SD, Hulson PF (2017)
Bayesian stock assessment of Pacific herring in Prince
William Sound, Alaska. PLOS ONE 12:e0172153
]%Pearson WH, Deriso RB, Elston RA, Hook SE, Parker KR,
Anderson JW (2012) Hypotheses concerning the decline
and poor recovery of Pacific herring in Prince William
Sound, Alaska. Rev Fish Biol Fish 22:95-135
Rand PS, Thorne RE (2017) Herring program—expanded
adult herring surveys. Exxon Valdez Long-Term Herring

Editorial responsibility: Stylianos Somarakis,
Heraklion, Greece

Research and Monitoring Program Final Report (Restora-
tion Project 16120111-E). Prince William Sound Science
Center, Cordova, AK
Rice SD, Moran JR, Straley JM, Boswell KM, Heintz RA
(2011) Significance of whale predation on natural mortal-
ity rate of Pacific herring in Prince William Sound, Exxon
Valdez Oil Spill Restoration Project Final Report (Res-
toration Project: 100804). National Marine Fisheries
Service, Juneau, AK
ATaylor JC, Rand PS, Jenkins J (2007) Swimming behavior
of juvenile anchovies (Anchoa spp.) in an episodically
hypoxic estuary: implications for individual energetics
and trophic dynamics. Mar Biol 152:939-957
HThomas GL, Kirsch J, Thorne RE (2002) Ex situ target
strength measurements of Pacific herring and Pacific sand
lance. N Am J Fish Manag 22:1136-1145
]\<Ward EJ, Adkison M, Couture J, Dressel SC and others
(2017) Evaluating signals of oil spill impacts, climate, and
species interactions in Pacific herring and Pacific salmon
populations in Prince William Sound and Copper River,
Alaska. PLOS ONE 12:e0172898

Submitted: July 31, 2017; Accepted: June 3, 2018
Proofs received from author(s): July 9, 2018


https://doi.org/10.1525/cond.2011.090158
https://doi.org/10.1006/jmsc.2001.1158
https://doi.org/10.1371/journal.pone.0172153
https://doi.org/10.1371/journal.pone.0172898
https://doi.org/10.1577/1548-8675(2002)022%3C1136%3AESTSMO%3E2.0.CO%3B2
https://doi.org/10.1007/s00227-007-0745-6
https://doi.org/10.1007/s11160-011-9225-7



