Polar Biology
https://doi.org/10.1007/500300-021-02844-1

ORIGINAL PAPER q

Check for
updates

Multi-scale temporal variability in biological-physical associations
in the NE Chukchi Sea

Silvana Gonzalez' ® - John K. Horne' - Seth L. Danielson?

Received: 23 October 2020 / Revised: 2 March 2021 / Accepted: 4 March 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

In high-latitude marine ecosystems, traditional net sampling is constrained to the ice-free season, resulting in an incomplete
understanding of ecosystem structure and dynamics. Using 4 years of continuous acoustic and environmental measurements
from a NE Chukchi Sea subsurface mooring, we assessed fish and zooplankton abundance and behavior relative to environ-
mental factors over a wide range of temporal scales. We applied wavelet analysis to these high-resolution, multi-year, concur-
rent, and co-located datasets to identify temporal scales of variability in environmental conditions and density and vertical
distribution metrics for pelagic fish and zooplankton. Biological variability occurs mainly at distinct diel (24-h), seasonal
(3—6-month), and annual (9—12-month) scales. Diel patterns are present throughout the year but are strongest in autumn when
day-night cycles are pronounced. Seasonal variability in zooplankton metrics (3—4 months) is mainly associated with sea
ice patterns that may also regulate the onset of primary production. Seasonal variations in fish metrics are associated most
closely with salinity patterns (~3 months) and slower changes in water temperature (~ 6 months). Annual cycles in biological
characteristics are influenced by year-round variations in water temperature, sea ice concentration, light irradiance, and wind.
Wind and salinity-associated variability in biological metrics was observed at scales of 6-28 days. Scale-dependent biologi-
cal and environmental associations vary through time and emphasize the importance of high-resolution long-term studies
for comprehensive ecosystem characterizations. Our results identify necessary scales of observation in Arctic monitoring
programs for improved prediction and detection of biological responses to rapidly changing environments.

Keywords Acoustic backscatter - Polar cod - Chukchi Sea - Wavelets - Scale-dependency - Zooplankton

Introduction assessments and resource management (Hewitt et al. 2007,

Godg et al. 2014).

Biological and physical processes that shape marine com-
munities typically operate over multiple scales of space
and time (Stommel 1963; Haury et al. 1978; Levin 1992;
Schneider 1994). Consequently, efforts to attribute/associ-
ate observed variability with potential causes must also be
conducted over a range of spatial and temporal scales (McI-
ntire and Fajardo 2009). This approach increases our abil-
ity to detect, understand, and predict biological responses
to environmental change (Horne and Schneider 1994), and
identify relevant scales of variability for effective impact
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The dependence of observed patterns on observational
scale coupled with potential trends over time increases
the effort needed to understand temporal variability in
biological variables. A complete characterization of time-
dependent patterns requires high resolution and long-term
(i.e. high scope) data. High scope data can be difficult to
obtain due to available resources or constrained accessibil-
ity. These challenges are amplified in high latitude marine
environments where the presence of sea ice during most
of the year limits vessel-based sampling (e.g. Mueter et al.
2017; Spear et al. 2019). In these areas, data acquisition
is typically limited in extent and/or resolution, fragment-
ing our understanding of important biological and physi-
cal processes occurring throughout the year. In particular,
long term studies in the Pacific Arctic have focused on
descriptions of biological variability from samples mainly
collected during summer months either through systematic
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(e.g. Bluhm et al. 2010; Hopcroft and Day 2013; Moore
and Stabeno 2015) or opportunistic (e.g. Ershova et al.
2015; Randall et al. 2019) surveys and data compilations.
Studies examining high frequency temporal patterns (e.g.
diel vertical migrations) over limited temporal extents (i.e.
days to a few months) prevent an assessment of the con-
sistency in observed patterns over longer periods (Fortier
et al. 2001; Berge et al. 2009; Darnis et al. 2017; Geof-
froy et al. 2017). A few studies have collected year-long
biological data (e.g. Geoffroy et al. 2016; Kitamura et al.
2017) but the assessment of biological patterns over a con-
tinuum of temporal scales through multiple years remains
uncommon.

The seasonally ice-covered Chukchi Sea receives a
nearly continual input of heat, nutrients, organic carbon,
and organisms from Pacific-origin water flowing north-
ward in response to an oceanic pressure head that results
from an elevation difference between the Pacific and Arctic
Oceans (Stigebrandt 1984). This input from the Bering Sea,
combined with shallow depths enhances biological produc-
tivity in the Chukchi Sea (Grebmeier et al. 2015). A large
phytoplankton bloom that occurs in late spring and sum-
mer (Questel et al. 2013) supports the largest soft bottom
benthic faunal biomass in the world ocean (Grebmeier et al.
2006, 2015), and corresponding populations of zooplank-
ton (Ershova et al. 2015), seabirds (Kuletz et al. 2015), and
marine mammals (Hannay et al. 2013). The Chukchi shelf
is also home of polar cod (Boreogadus saida), a fish species
that plays a key role in the transfer of energy from lower
to higher trophic levels in high latitudes (Lowry and Frost
1981; Whitehouse et al. 2014). Located over the North-
east Chukchi shelf on the southern flank of Hanna Shoal
(Fig. 1), the Chukchi Ecosystem Observatory (CEO), is a set
of instrumented moorings that has been collecting high-res-
olution, continuous biological, biogeochemical, and physical
measurements since 2014 (Danielson et al. 2017a, b; Hauri
et al. 2018; Lalande et al. 2020). The CEO provides a unique
opportunity to quantify biological and physical patterns over
a continuum of temporal scales.

Continuous datasets derived from remote sensing tech-
nologies potentially fill data gaps identified above and pro-
vide data to characterize highly dynamic and rapidly chang-
ing high latitude ecosystems. In this study, we conduct a
time-scale decomposition of biological metrics derived
from acoustic backscatter and environmental variables to
quantify temporal scales of variation (i.e. periodicities) in
densities and vertical distributions of fish and zooplankton,
and identify scale and time-dependent biological-physical
associations using the CEO as a study case. Results from
this study will improve our mechanistic understanding of
ecosystem dynamics and constitute first steps towards an
effective prediction and detection of biological responses to
a rapidly changing environment.
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Fig.1 Study region map with bathymetric depths, and main flow
pathways. The yellow arrow represents the Beaufort Gyre, black
arrows represent the Alaskan Coastal Current, the brown arrow rep-
resents the Siberian Coastal Current, and purple arrows represent
pathways of Bering Shelf, Anadyr, and Chukchi shelf waters. The red
circle indicates the location of the Chukchi Ecosystem Observatory

Methods
Study site

The CEO is located on the NE Chukchi Sea shelf
between Hanna Shoal and Barrow Canyon (71°35.976'N,
161°31.621'W) at 46 m depth (Fig. 1). Located in the
midst of a hotspot of benthic biomass (Grebmeier et al.
2015), the CEO area attracts populations of upper trophic
level consumers (Jay et al. 2012; Hannay et al. 2013).
The CEO seascape varies seasonally: a late fall and win-
ter homogeneous water column with thickening sea ice
and light-limited primary production (Weingartner et al.
2005), a spring with diatoms and sea ice algae blooms trig-
gered by the return of light (Gradinger 2009; Arrigo et al.
2014), and a stratified, warmer, nutrient-rich water column
after May when sea ice starts to melt, triggering massive
phytoplankton blooms under the ice (Arrigo et al. 2012)
and through the summer (Hill et al. 2018). In the fall, the
intensification of winds and diminishing solar input allows
the water column to re-homogenize and surface waters are
replenished with nutrients that supports fall phytoplankton
blooms until sunlight fades.
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Environmental data

To examine biological-physical associations that vary over
time and among temporal scales, we used physical environ-
mental data collected at the CEO and supplemented it with
data from other sources. Near-bottom and midwater salin-
ity and temperature measurements were collected hourly at
the CEO during the five deployment years using a Sea-Bird
SBE-37 MicroCat located at a depth of 43 m (seafloor depth
of 46 m) and a Sea-Bird Scientific SBE-16 SeaCat deployed
at 28-33 m depth. Daily averages of satellite-based sea ice
concentration (%) data were downloaded from the National
Snow and Ice Data Center (NSIDC) archive (http://nsidc.
org/data/seaice/pm.html#pm_seaice_conc) (Maslanik and
Stroeve 1999). Hourly sun altitudes relative to the horizon
at the CEO were calculated using the ‘sunAngle’ function
of the R package oce (v. 1.3-0, Kelley and Richards 2021).
Daily sunrise and sunset times were calculated using the
‘sunriset’ function of the R package maptools (v. 1.0-2,
Bivand and Lewin-Koh 2019). Sun altitude and daylength
were used as metrics of light irradiance. Daily maximum and
minimum air temperatures recorded at the nearby coastal
city of Utqgiagvik were obtained from the U.S. climate data
website (https://www.usclimatedata.com/climate/barrow/
alaska/united-states/usak0025). Hourly wind speed and
direction data for the CEO location were obtained from the
Copernicus Climate Change Service (Hersbach et al. 2018).

Acoustic data acquisition

Active acoustic data were used to characterize temporal pat-
terns in fish and zooplankton densities and behavior in the
Chukchi Sea. Acoustic backscatter (i.e. ensemble reflected
energy) data were collected using an ASL, Acoustic Zoo-
plankton Fish Profiler (http://www.aslenv.com/AZFP.html),
deployed at 28-35 m depth (depending on year), looking
upwards (Fig. 1). The instrument operated at 38 (12°), 125
(8°), 200 (8°), and 455 (7°) kHz (nominal beam width, meas-
ured between half power points given in parenthesis) since
September 9, 2014. The AZFP collected data every 15 s
(0.067 Hz) at a vertical resolution of 4 cm. Every summer,
a new mooring with a manufacturer-calibrated AZFP was
deployed followed by the recovery of the previous mooring
to ensure continuity of data collection.

Acoustic data processing and classification

Acoustic data from the CEO was processed using Echoview
software (v. 9.0). Background noise was subtracted and a
minimum signal-to-noise ratio filter of 6 dB re 1 m~! (here-
after dB) was applied. Echoes within 3 m from the face of
the transducer were excluded from the analyses to avoid the
integration of echoes in the acoustic nearfield. Sea water

surface and sea ice edges were delimited using Echoview’s
linear offset operator algorithm followed by visual inspec-
tion and manual correction. A surface exclusion line was
set 0.5 m below the corrected surface and echoes above the
line were excluded to ensure that backscatter from surface
turbulence or sea ice were not included in analyses.

We classified acoustic backscatter into fish and zooplank-
ton categories using differences in mean volume backscat-
tering strength (MVBS) (Madureira et al. 1993; Kang et al.
2002; Korneliussen and Ona 2003) between 125 and 38 kHz
data (AMVBS 55 35 \p,)- Backscatter measurements were
averaged in four pings (1 min) horizontal by 1 m verti-
cal cells for each frequency. Cells with AMVBS 55 35 vp1,
values in the range of — 16 to 8 dB were classified as fish
and AMVBS 55 3551, Values in the range of 8-30 dB were
classified as zooplankton (cf. De Robertis et al. 2010). A
minimum volume backscattering strength (Sv) integration
threshold of — 70 dB was applied to the 38 kHz (“fish”) data
(cf. De Robertis et al. 2017) and a — 80 dB Sv integration
threshold was applied to the 125 kHz (“zooplankton™) data
(cf. Ressler et al. 2012).

Although no direct fish and zooplankton sampling was
conducted in association with acoustic measurements, we
can rely on catch data from fisheries surveys carried out in
the NE Chukchi Sea to attribute most of the observed fish
backscatter to polar cod (B. saida). Polar cod accounted for
81-90% of total fish biomass and abundance from bottom
(Barber et al. 1997; Goddard et al. 2014; Sigler et al. 2017,
Logerwell et al. 2018) and pelagic (Lowry and Frost 1981;
De Robertis et al. 2017) trawl surveys conducted in spring-
fall ice-free seasons. From four midwater trawls conducted
on Hanna Shoal in close proximity to the CEO in summer
of 2017, Levine and De Robertis (pers. comm) observed
that polar cod constituted the majority of the fish biomass
and abundance. Other species occasionally caught included
capelin (Mallotus villosus), Lumpenus spp, staghorn sculpin
(Gymnocanthus tricuspis), and Liparidae snailfish. As fur-
ther support of our backscatter categorization, age-0 polar
cod was the dominant contributor to 38 kHz backscatter in
the northern region of the Chukchi Sea in acoustic-trawl
surveys conducted in 2012 and 2013 as part of the Arctic
Ecosystem integrated survey (De Robertis et al. 2017).

Zooplankton communities in the Hanna Shoal area are
dominated numerically by small copepods such as Oithona
similis and Pseudocalanus spp. and in biomass by the larger
Calanus glacialis/marshallae (Lane et al. 2008; Elliott et al.
2017; Lalande et al. 2020). The Arctic copepod Calanus
hyperboreus has also been observed in this area (Lane et al.
2008; Hopcroft and Day 2013; Lalande et al. 2020). Other
non-copepod groups that contribute to the Chukchi zoo-
plankton community biomass, especially during summer,
are the appendicularians Fritillaria borealis and Oikopleura
vanhoeffeni, the chaetognath Parasagitta elegans, and some
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meroplankton species, particularly bivalve, polychaete and
echinoderm larvae (Hopcroft et al. 2010; Ashjian et al. 2017,
Lalande et al. 2020).

Electric interference was visible in the 125 kHz data
throughout most of the first deployment year (September
2014—August 2015) and as a result, the first year of data
was excluded from further analyses. Fish and zooplankton
Sv were integrated into hourly averages from September 1,
2015 to August 18, 2019 and used in all analyses.

Data analysis

Our analytic approach consists of characterizing temporal
scales of variability in density and vertical distribution met-
rics for fish and zooplankton using wavelet analysis, describ-
ing scale- and time-dependent associations of these metrics
with physical environmental variables using wavelet coher-
ence, and assessing synchronicity and lags in biological-
physical associations using phase angle differences between
pairs of variables.

Characterization of biological vertical distributions

A suite of metrics derived from acoustic data, collectively
referred to as Echometrics (Burgos and Horne 2008; Urmy
et al. 2012), were used to quantify variations in density and
vertical distributions of fish and zooplankton in the water
column at the CEO. Echometrics can be used to efficiently
summarize temporal variability in abundance and behavior
in large datasets and to detect and quantify variability across
a broad range of temporal scales (e.g. transient events, diel
vertical migrations, and interannual changes). The Echo-
metrics suite includes: (1) mean Sv (units: dB re m™!), an
index of organism mean density (MacLennan et al. 2002);
(2) center of mass (units: m), the mean weighted location
of backscatter in the water column relative to the bottom;
(3) inertia (units: m?), a measure of organism dispersion
(i.e. variance) from the center of mass; and (4) an aggrega-
tion index (units: m~!), which measures vertical patchiness
of backscatter through the water column. The aggregation
index is calculated over a scale from O to 1, with 0 being
evenly distributed throughout the water column and 1 being
aggregated.

Scales of variation in biological characteristics

To identify the dominant scales of temporal variability in
fish and zooplankton metrics and to examine the consist-
ency in dominant scales of variability through time we used
wavelet analysis (Torrence and Compo 1998). A wavelet
transform decomposes a time series across time and fre-
quency domains through the convolution of a waveform—
the wavelet—that is stretched or compressed (i.e. scaled) and
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slid through the time series (i.e. translation). The result is a
2-dimensional heat-map, called a scalogram, that represents
the wavelet power (i.e. variance) contributed by each tempo-
ral period (or scale) at each time step. Therefore, a wavelet
transform allows not only the detection of constituent peri-
ods or frequencies (analogous to a Fourier Transform), but
also the temporal location of frequency components within
the record (Torrence and Compo 1998; Cazelles et al. 2008),
which may temporally vary in phase.

A continuous Morlet mother wavelet function (Torrence
and Compo 1998) was applied to each time series. Continu-
ous wavelets enable the localization of transient patterns in
variance and have been previously used for the analysis of
temporally indexed acoustic data (e.g. Urmy 2012; Viehman
and Zydlewski 2017; Gonzalez et al. 2019). Temporal scales
analyzed ranged from two hours (twice the hourly aggre-
gated data resolution) to 11,585 h (one third of the time
series length). Wavelet power was calculated using the R
package WaveletComp (v. 1.1, Roesch and Schimidbauer
2018). Statistical significance in localized wavelet power
was evaluated through comparison to a white noise (constant
value, equal to the time series variance) null hypothesis at a
95% confidence level (Torrence and Compo 1998) using 100
simulations. Edge effects were minimized by adding zeroes
at the beginning and end of each data series to increase the
total length of the series to the next power of two (Torrence
and Compo 1998).

Horizontal integration of wavelet power at each scale
over the entire deployment—the global wavelet spectrum—
allows the measurement of variance contributed by each
scale across the entire series. The global wavelet spectrum
was calculated using the R package WaveletComp (v. 1.1,
Roesch and Schimidbauer 2018). Significance of this time-
averaged variance was tested against white noise at a 95%
confidence level (Torrence and Compo 1998).

Time- and scale-dependent biological and physical
associations

To assess time and scale-dependent correlations between
biological metrics and the marine environment we used
wavelet coherency. Wavelet coherency measures the cor-
relation (taking values from O to 1) and phase (values from
— 7 to ) of two variables at each time step and scale of the
decomposed series enabling the description of localized (in
scale and time) and lead-lag relationships between two time
series (Torrence and Compo 1998). Daily averages of all
variables were used to compute wavelet coherences between
the four biological metrics and physical variables. Daily val-
ues correspond to the highest common temporal resolution
for all biological and physical variables. The R package
WaveletComp (v. 1.1, Roesch and Schimidbauer 2018) was
used to calculate wavelet coherence and phase. Statistical
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significance of localized wavelet coherency between each
pair of variables was also tested against white noise using
100 simulations at a 95% confidence level. Global wavelet
(i.e. time averaged) coherence was calculated and its signifi-
cance was tested against white noise at a 95% confidence
level (Torrence and Compo 1998). To look at potential pred-
ator—prey interactions between fish and zooplankton com-
munities we calculated wavelet coherence between hourly
series of fish and zooplankton densities (i.e. mean Sv).

Results
Echometrics and environmental conditions

Densities and vertical distributions of fish and zooplankton
displayed intra-annual temporal variability (Fig. 2). Seasonal
patterns were observed in all metrics for both backscatter
groups. Backscatter corresponding to fish and zooplankton
was observed throughout the year with greater densities (i.e.
mean Sv) in summer than in winter. Peak densities of fish
were observed in July—September and highest densities of
zooplankton were recorded in August—-November (Fig. 2a).
In general, fish were located deeper in the water column than
zooplankton. Both backscatter groups were located deeper
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in the water column during winter and started ascending
around February, reaching depths closest to the surface by
the end of the summer (i.e. late August—September) and then
descended to deeper waters (Fig. 2b). Fish dispersion (i.e.
inertia) was relatively low throughout the year with high-
est values observed in autumn. Zooplankton dispersion was
higher in autumn and winter months except for 2018 when
high dispersion of organisms located deeper in the water
column was also observed in June—July (Fig. 2c). Fish and
zooplankton were more strongly aggregated in winter or
spring months while weaker aggregations were observed
in autumn each year (Fig. 2d). Short-period (24 h or less)
variability was also present in the data, with high hourly
variability observed in all metrics (not shown).

Inter-annual variability was observed in the timing and
amplitude of seasonal changes. For example, the peak in
fish and zooplankton production was much higher and more
extended during late summer—early fall of 2017 (Fig. 2a).
This high production was coincident with the highest water
temperatures recorded in 2017 (Fig. 2e). The timing of the
peaks in fish and zooplankton density was different each year
(Fig. 2a). Peaks in fish density shifted from late September
in 2016, to late July in 2017, and to May and late August
in 2018 whereas peaks in zooplankton were observed in
November in 2016, September in 2017, and August in 2018
(Fig. 2a).

We observed seasonal and inter-annual variations in sea
ice concentration, air and midwater temperature, and salin-
ity (Fig. 2e, f). Midwater temperatures remained above 0 °C
during October—December in 2016, from August 2016 to
January 2017 and during October—November in 2018 with
2017 being the warmest in the series with midwater tempera-
tures reaching 4 °C by October (Fig. 2e). Midwater salinity
values were lowest (ca. 31) in November each year with
the exception of 2017 when lowest values were recorded in
January (Fig. 2e). Sea ice started to concentrate in November
each year reaching 100% concentrations in December—Janu-
ary (Fig. 2f). Sea ice melt started in June in 2016 and in May
in 2017-2019, although sea ice cover remained present until
July in 2016 and 2018 (Fig. 2f). Minimum air temperatures
remained above 0 °C from May—June to October each year

(Fig. 21).

Dominant scales of temporal variability in biological
metrics and their consistency through time

Variability in biological characteristics at the CEO was
observed at multiple temporal scales (i.e. periods) with vary-
ing degrees of consistency through time (Figs. 3, 4). Varia-
bility in fish metrics (Fig. 3) was concentrated at the ~ 1-year
period (~ 8679 h), indicating a strong signal of intra-annual
variations in fish densities and vertical distributions. A con-
sistent band of high wavelet power was observed around a
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4096-h period (ca. 5.5-6 months) and was represented as a
peak in the global wavelet plots. This peak in wavelet power
at the ~6-month period was present in all metrics, but this
signal was much weaker for the aggregation index (Fig. 3d).
Variability at this scale, although present throughout the
year, was more pronounced in summer months (Fig. 3). A
third peak in average wavelet power was observed at a ~24-h
period representing diel changes in fish metrics. The occur-
rence of the 24-h period signal was less consistent through
time than annual and ~ 6-month periods but the strength
of the signal (i.e. wavelet power) was high when present
(Fig. 3a). For aggregation index, the ~24-h period wavelet
power was particularly accentuated in 2019, compared to
previous years (Fig. 3d). High wavelet power values local-
ized at specific times within the series were observed in the
scalograms and as smaller peaks in global wavelet spec-
tra at 2435-h (~3 months), 683-h (~28 days), and 341-h
(~ 14 days) periods for mean Sv, center of mass, and inertia
(Fig. 3a—c). Variability at these time scales was stronger
from late fall to early spring each year (Fig. 3a—c). For iner-
tia, wavelet power was noticeably high around the ~ 3-month
period from July to March with some variations in temporal
extent among years (Fig. 3c).

Variability in zooplankton metrics was also concentrated
in three main scales with peaks at the ~ 1-year and ~24-h
periods, matching observations for fish, and at the 2896-h
(~4 months) period (Fig. 4) with a few exceptions. For the
aggregation index, the local peak observed at the 1-year
period for all other metrics was not present but a peak in the
average wavelet power spectra occured at a 9-month period
(Fig. 4d). For zooplankton center of mass, a peak occured at
the ~5.5-month period instead of the ~4-month period that
was observed for all other metrics and an additional peak
was observed at the 1933-h (~3 months) period (Fig. 4b).
Variability at the 574-h (~28 days) and 341-h (~ 14 days)
periods was observed for all metrics during November-June
and were represented as small peaks in the average wavelet
power spectra (Fig. 4). These two scales of temporal vari-
ability suggest monthly and fortnightly influences of moon
cycles on zooplankton density and vertical distribution
through the modulation of tides and light in winter months.
Variability at an 80-h (~3 days) period was also observed
during September—November for center of mass and inertia
in both fish and zooplankton groups each year (Figs. 3b—c,
4b—c). This peak is attributed to the occurrence of storms
that are typically accentuated in fall.

In summary, variability in biological metrics occurred
over time scales with peaks in average wavelet power
observed crossing more than 3 orders of magnitude in time
at the annual, seasonal (~3—6 months) and diel (~24-h) peri-
ods. Smaller but still significant peaks resulting from a less
consistent presence throughout the series were observed at
intermediate time scales of 3—-28 days.
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Predator-prey associations

Coherence between fish and zooplankton densities was
observed at multiple temporal scales with variations in
lagging variable at each scale (Fig. 5). A peak in aver-
age wavelet coherence between groups was observed at a
1-year period. At this period, a significant positive asso-
ciation was observed throughout the entire deployment led
by zooplankton (Fig. 5) with phase differences (i.e. fish
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contour lines indicate areas of significance (95% confidence against
white noise). Time averaged wavelet power (global wavelet spectrum)
is shown on the right for each metric. Significant periods (95% con-
fidence against white noise) are shown in red. Dashed lines indicate
1-year, 5-month, 1-month, 1-week, 24-h periods

phase—zooplankton phase, hereafter phase) of — 0.2 rad
(~— 11 days) to — 0.4 rad (~— 23 days). Significant, posi-
tive associations at 2.5-month, 1-month, and 11-day peri-
ods were observed in winter and spring months each year
with fish (mean phase: + 1.6 rad or + 19 days), zooplank-
ton (mean phase: — 0.6 rad or — 3 days), and fish (mean
phase: + 0.3 rad or+ 12 h) as the leading variables (Fig. 5),
respectively. Significant coherence between both groups was
also observed at the diel scale (Fig. 5).
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Fig.4 Time-scale decomposition of hourly values of zooplankton
density and vertical distribution metrics derived from acoustic back-
scatter at the CEO: a Mean Sv, b center of mass, ¢ inertia, d aggre-
gation index. The color bar represents the wavelet power (¢%). The
shaded area represents the cone of influence (edge effects) and the

Scale and time-dependent coherence
among biological metrics and physical environment

Strength of bio-physical associations varied between
backscatter groups, among biological metrics, and among
temporal scales of variation (Figs. 6, 7). Significant bio-
logical-physical associations presented in this section
result from consistently significant coherence throughout

@ Springer

4.240 81921 b
4096 - = 4
2048 :
0079 Y024 f o
512 1
0.031 256 ]
128 =
0.013 641 1
32 N
0.005 16 =
sl i
4 | .
0.000
Py I
005 0.15
6.835  8192F 1<
4096 < o
2048+ 1
o072 {00 { L
512 s 1
0.029 256 | _
128 =
0.012 641 1
32+ 1
0.004 161 =
sl ]
ot i
0.000 b4
0.00 0.10 0.20
6.210  8192F% 1<
4096 re 4
2048+ 1
0057 Y024 f o
512 1
0.025 2656 ﬂ l
128 =
0.012 641 1
32 N
0.005 16 &
sl l
st l
0.000 b4 A
0.00 0.15

2019 Average wavelet power

black contour lines indicate areas of significance (95% confidence
against white noise). Time averaged wavelet power (global wavelet
spectrum) is shown on the right for each metric. Significant periods
(95% confidence against white noise) are shown in red. Dashed lines
indicate 1-year, 5-month, 1-month, 1-week, 24-h periods

the entire time series and can therefore be considered as
robust associations. Only biological-physical associations
occurring at time scales identified as dominant scales of
temporal variability in biological metrics in “Dominant
scales of temporal variability in biological metrics and
their consistency through time” section (i.e. peaks in met-
rics global wavelet spectra) are described here and further
discussed in the “Discussion” section.
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let spectra (right arrows indicate series are in phase, left arrows indi-
cate series are completely out of phase (180°), and an arrow pointing
vertically upward means the second series lags the first by 90°. Time
averaged wavelet coherence is shown on the right with significant
periods (95% confidence against white noise) shown in red. Dashed
lines indicate 1-year, 3-month, 1-month, 1-week, 24-h periods
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Diel variability

The strength of the 24-h period signal in fish and zooplank-
ton location and dispersion (i.e. center of mass and inertia)
in the water column, indicative of diel vertical migrations
(DVM), varied throughout the year (Fig. 6). In general, high-
est peaks in the strength of the diel signal in both metrics
occurred at intermediate daylengths (i.e. autumn and spring)
for both fish and zooplankton. In particular, diel cycles in
center of mass for both backscatter groups were stronger
during autumn and spring months each year but did persist
with lower values throughout winter months. From March
to September this signal was non-significant for fish and was
low or non-significant for zooplankton (Fig. 6a, b).

The diel signal in fish dispersion was typically strong-

est during late summer and autumn months, with highest
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- wind speed
wind direction

air temperature

temperature to minimum air temperature, and light corresponds to
sun altitude. Bottom salinity is shown for fish and midwater salinity
is shown for zooplankton. Dotted lines indicate periods of 1 week,
15 days, 1-5 months, 9 months, and 1 year

wavelet power values observed in November when there
are ~5 h of daylight at the CEO site (Fig. 6¢). Significant
values of the diel signal in fish inertia were also observed
in February—March in 2017 and 2019 (Fig. 6¢). Diel cycles
in zooplankton dispersion were more persistent through-
out the year, with lower but still statistically significant
values during both midnight sun (i.e. 24 h of daylight)
and polar night (i.e. 0 h of daylight) months (Fig. 6d).
Annually, the highest values in wavelet power of the 24-h
period for zooplankton dispersion were observed in Sep-
tember—November (Fig. 6d). The observed association
between patterns in vertical distribution metrics at the
DVM period and light (daylength) patterns was supported
by high significant coherence between hourly values of
fish and zooplankton metrics, and sun altitude around the
24-h period (Online Resource 1).
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Multi-day to monthly variability

At the ~ I-month scale, we found significant associations
between echometrics and light, salinity, and wind. In par-
ticular, fish mean Sv and center of mass were associated with
wind direction, while fish aggregation index was associated
with light irradiance patterns (Fig. 7a—d). For zooplankton,
patterns in mean Sv and center of mass were associated with
wind and light irradiance patterns. (Fig. 7e-h). At this scale,
water salinity was associated with fish center of mass, and
density and patchiness of zooplankton (Fig. 7). Biological
associations with wind patterns were tighter in autumn when
storms are stronger and more frequent. Associations with
salinity were stronger in autumn and spring months, typi-
cally October—November and April-May (Online Resource
2) potentially associated with periods of sea-ice formation
and melt.

Patterns in zooplankton mean Sv and aggregation index
observed at the ~ 14-day period were associated with wind
speed and minimum air temperature, respectively (Fig. 7e,
h), whereas no significant associations were observed for
fish metrics at this scale (Fig. 7a—d). At the ~6-day period
midwater salinity and wind direction were associated with
the fish aggregation index and zooplankton inertia (Fig. 7d,
g). Peaks in variance observed between 1 and 3-day periods
in fish and zooplankton location and dispersion in the water
column (i.e. center of mass and inertia) could not be associ-
ated with any environmental variables (Fig. 7).

Seasonal and annual variability

Variability in biological metrics at scales ranging from 3
to~ 6 months was associated with distinct environmental
covariates and potentially reflects differences in seasonality
among physical drivers. Covariates associated with biologi-
cal metrics at each of these periods varied between fish and
zooplankton (Fig. 7, Online Resource 2). For fish, significant
coherence at the ~3-month period was observed between
mean Sv and bottom salinity, and between inertia and sun
altitude. No significant associations were found for center of
mass (Fig. 7a—d). For zooplankton, significant coherence at
a 3-month period was present between mean Sv, center of
mass, inertia, and sea ice concentration (Fig. 7e—h).

High variance at the ~5.5-month time scale observed in
fish metrics (mainly mean Sv, center of mass, and inertia,
Fig. 3a—c) was associated with water and air temperature
(Fig. 7e—g). Water temperature values that remain at the
freezing point half of the year (October—April) undergo
warming-cooling cycles over a period of ~5 months. Water
temperature starts to increase in June-July, reaches maxi-
mum values in August—September, and returns to minimum
values by October—-November (Fig. 2e). Biological variabil-
ity shifted from a time scale of ~5.5 months in 2015, 2016,

and 2018 to~6 months in 2017 (Fig. 3) coinciding with tem-
peratures remaining relatively high for an extended period of
time in summer of 2017 (Fig. 2e). In particular, we observed
that coherence between fish mean Sv and water temperature
was highest from October to February each year and was
particularly strong in 2017. Significant, in-phase associa-
tions between water temperature and fish dispersion were
present through April 2016—February 2017 and September
2017-February 2019 whereas significant, out-of-phase asso-
ciations with the aggregation index were present only during
2018 (Online Resource 2). Significant associations were also
observed with wind speed during fall and winter months
each year (November 2016-January 2017 and October
2018—April 2019) when stronger winds enhance mixing of
the water column. For zooplankton, variance in the center of
mass at this scale (Fig. 4b) was not associated with tempera-
ture but with fluctuations in sea ice concentration and wind
speed (Fig. 7f). This association between center of mass and
sea ice concentration was present throughout the time series
except for January—October 2017 and January—August 2019
when significant, out-of-phase coherence with light irradi-
ance was observed (Table 1, Online Resource 2).

Variability observed at the ~4-month time scale in zoo-
plankton mean Sv (Fig. 4a) was associated with air tempera-
ture and light irradiance (Fig. 7e¢) whereas 4-month cycles
in inertia (Fig. 4c) were associated with temporal patterns
in sea ice concentration (Fig. 7g). These associations were
present throughout the year although stronger in October
2016-September 2017 and again from October of 2018 until
the end of the time series. For fish, significant coherence at
a~4-month period between mean Sv and bottom salinity
were only observed during summer months with both vari-
ables out of phase (Table 1, Online Resource 2).

At the largest time scale (i.e. ~ 1-year period), all bio-
logical metrics of both backscatter groups were associated
with all physical variables except for salinity (Fig. 7). This
observation is consistent with weak annual cycles observed
in the salinity time series (Fig. 2e). At the ~ 1-year period,
significant associations were consistent through time, except
for wind speed where coherence with fish and zooplank-
ton metrics decreased to non-significant values in January
2018 (Online Resource 2). Sea ice concentration was out of
phase with mean Sv and inertia and in phase with center of
mass for both backscatter groups at the annual scale. Mini-
mum densities and dispersion of organisms located deeper
in the water column were associated with highest sea ice
concentrations in winter months (Fig. 2e, Online Resource
2). Water temperature was in phase with mean Sv and inertia
(Table 1). Highest densities of highly dispersed organisms
were recorded around October each year associated with
warmest waters (Fig. 2e). Light irradiance and wind direc-
tion led fish and zooplankton densities by ~90°, whereas
the two variables were out of phase with center of mass
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Table 1 Summary table indicating presence (colored cells) of each
of the scales of variability in metrics for fish (blue) and zooplankton
(orange)

Fish Zooplankton
Sv CmIn Ai Sv CmlIn Ai
|

+ o+ o+
+

~ 1 vear
MW temperature + + + _
Air temperature + — + _
Sea ice % - - +
Sun altitude - _ +
Wind speed + + + + + _
Wind direction — — — +
~ 9 months | ]

+

+

+

Annual

-+ —

I+

+ 1

Air temperature

Sea ice %

Sun altitude

Wind direction

~ 5 months [ ] [ |
MW temperature + +
Air temperature —
Sea ice %

Wind speed

Wind direction _
~ 4 months

Air temp. +

Sea ice % +

Sun altitude -

~ 3 months I Il
Sea ice % +

Sun altitude +

Bottom salinity —

B B
.
+
+

~ 28 davys
Sea ice %

Sun altitude - - -
Wind speed +

Wind direction + + +
MW salinity + +

Bottom salinity +

~ 14 days

Air temperature

Wind speed +
~ 6 days

~ 3 days
Diel ~24h

Seasonal

Intermediate

Only dominant scales identified in “Dominant scales of temporal var-
iability in biological metrics and their consistency through time” sec-
tion are included here. Associations described here occur at or in the
proximity to the indicated time scale. When present, significant asso-
ciations between metrics and environmental variables at each scale
are represented using + or — depending if the variables are in phase or
out of phase, respectively

Sv mean Sv, Cm center of mass, In inertia, Ai aggregation index, MW
midwater

(Table 1). The largest scale of variation in the zooplankton
aggregation index, observed at a~9-month period (Fig. 4d),
was associated with patterns in air temperature, sea ice con-
centration, light irradiance, and wind direction (Fig. 7h).
In summary, despite the shallow depths of the CEO and
the lack of changes in light intensity during polar night and
midnight sun, fish and zooplankton displayed DVM through-
out most of the year. Water temperature, sea ice concen-
tration, and light radiation patterns tended to be the most
important environmental factors associated with biological
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metrics at the longest time scales. Salinity and wind pat-
terns were important at seasonal-related (time scales rang-
ing from ~ 3 to 6 months), and intermediate (~3-28 days)
scales. Sea ice concentration was strongly associated with
zooplankton metrics at time scales from 28 days to one year,
while its association with fish metrics was only significant
at the annual scale. Wind speed and direction were sporadi-
cally associated with biological metrics over a broad range
(6 days—1 year) of time scales.

Discussion

In this study, focused on a high latitude marine ecosys-
tem, we used multi-year abundance and behavior metrics
of pelagic fish, zooplankton, and environmental covariates
to identify scales of temporal variability. We observed that
(1) variability in biological characteristics occurs at mul-
tiple temporal scales, (2) the relative importance of scale-
dependent patterns in biological metrics varies through time,
(3) coherence between environmental factors and biologi-
cal metrics is scale-dependent, and (4) the strength of those
biological-physical associations varies through time.

Diel variability and predator-prey associations

A strong diel signal (i.e. variability at a 24-h period) was
observed in all metrics and backscatter groups. Diel vari-
ations in the vertical distribution of fish and zooplankton
densities have been well described in many aquatic systems
(Hays 2003; Cohen and Forward 2009). DVM is thought to
be an evolved response to limited food at depth and avoid-
ance of visual predators in shallow waters (Hays 2003).
These vertical movements typically involve the upward
migration of organisms to feed in surface waters at night
and movements to depth to seek refuge from visual preda-
tors during the day, all cued by changes in light irradiance
(Cohen and Forward 2009). In high latitudes, DVM have
been observed during fall and spring, when pronounced day-
night cycles are present (Falk-Petersen et al. 2008; Gjelland
et al. 2009; Darnis et al. 2017). Despite the shallow depth
at the CEO site, we observed fish and zooplankton DVM
throughout most of the year, with the diel signal strongest
during fall and spring.

A growing body of studies have shown that organisms
respond to subtle changes in background light in the dark
winter (Berge et al. 2009; Cohen et al. 2015; Hobbs et al.
2018). At the CEO, DVM by both fish and zooplankton
persisted through the polar night (November—January),
with the signal more pronounced in fish. Age-0 polar cod
is the most abundant species in the NE Chukchi Sea during
summer (De Robertis et al. 2017) and can also be reason-
ably expected to be dominant under the sea ice in winter.
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Benoit et al. (2010) reported that young polar cod undergo
DVM from December to May (beginning of midnight sun)
possibly to avoid feeding interference with adult polar cod
that remain at depth in the Beaufort Sea. For zooplank-
ton, weakening of the DVM signal during winter could
be a result of decreases in zooplankton abundances com-
bined with the presence of both migrant and non-migrant
zooplankton species in the CEO’s winter assemblage. In
winter, high abundances of O. similis copepods and lower
abundances of stage five copepodites of C. glacialis were
observed in sediment trap samples obtained at the CEO
(Lalande et al. 2020). O. similis has been reported to per-
form small scale DVM in the Arctic (Ashjian et al. 2003;
Daase and Falk-Petersen 2016) whereas stage five copepo-
dites of C. glacialis enter diapause to overwinter at depth
(Falk-Petersen et al. 2009; Elliott et al. 2017) and would
not contribute to an acoustically-detected DVM signal in
winter.

Occurrence of zooplankton DVM during midnight sun
has been variable among study sites (Fortier et al. 2001;
Blachowiak-Samolyk et al. 2006; Cottier et al. 2006; Wal-
lace et al. 2010) suggesting that local characteristics (e.g.
species composition, presence/absence of sea ice, and prey
distribution) influence the occurrence and strength of DVM.
Coarse temporal and vertical depth resolution of previous
studies could be failing to detect DVM that occurred over
a shorter duration and vertical distance in summer (Daase
and Falk-Petersen 2016). At the CEO during midnight sun
(May—August), the diel signal was absent for fish but pre-
sent with minimal but significant strength for zooplankton.
Benoit et al. (2010) reported a lack of synchronized move-
ments of polar cod during midnight sun but the authors sug-
gest that short individual (unsynchronized) migrations were
possible. In this period of continuous light irradiance, polar
cod and other planktivorous fish use shoaling in surface lay-
ers as an alternative or complementary strategy for predation
avoidance (Gjelland et al. 2009; Matley et al. 2012). DVM
persistence for zooplankton in May—June could be attributed
to the presence of sea ice and phytoplankton aggregations
at the CEO. Sea ice and dense phytoplankton layers that
often occur near the subsurface pycnocline could attenuate
light in the water column and provide these smaller (and less
visible) organisms refuge from visual predators for a longer
period of time (Lorenzen 1972; Wallace et al. 2010). Fortier
et al. (2001) observed that herbivorous copepods C. hyper-
boreus, C. glacialis, and Pseudocalanus acuspes displayed
normal DVM under ice despite the midnight sun in Barrow
Strait. Once sea ice melts, the lack of light attenuation and
increased phytoplankton availability as food throughout the
water column could make zooplankton DVM unnecessary
(Blachowiak-Samolyk et al. 2006), limited to a part of the
population (Dale and Kaartvedt 2000), or become unsyn-
chronized (Cottier et al. 2006).

At the diel scale, we observed co-variations in fish and
zooplankton densities, which were accentuated around
March. We cannot determine if this co-variation is a result of
fish chasing their zooplankton prey or an avoidance response
to their own visual predators. Supporting the latter, DVM
patterns displayed by polar cod under ice in the Beaufort Sea
were associated with the presence of ringed seals (Benoit
et al. 2010), a known predator of polar cod (Born et al.
2004). Synchronicity between zooplankton and fish was
also observed at an annual scale. Fluctuations in organisms’
densities occur throughout the year, with densities increas-
ing from late spring to early autumn due to increased local
production and arrival of organisms from the Bering Sea
(Kitamura et al. 2017). At the annual scale zooplankton was
leading in phase, indicating a faster response to changes in
the environment than fish throughout the year. Densities
of fish and their zooplanktonic prey were synchronized at
several other intermediate temporal scales, mainly during
winter months. High coherence of fish and zooplankton
abundance in winter could be attributed to the overall reduc-
tion of organisms in the region during this season rather
than to an interaction between predators and their prey. Even
though we provide feasible interpretations for strong covari-
ations in fish and zooplankton densities there are caveats that
need to be considered. First, fish and zooplankton density
estimates are not independent, and we could expect some
bias caused by a misclassification of fish and/or zooplankton
acoustic backscatter. Second, acoustic backscatter classified
as zooplankton represents a species assemblage. Fish, pre-
dominantly age-0 polar cod, could be preying on a subset
of zooplankton species or on smaller zooplankton that were
excluded in this study. Third, covariations between predator
and prey could be generated by a common response of fish
and zooplankton to a single or a combination of environmen-
tal drivers operating at a similar scale, rather than by a true
interaction between predators and prey.

Multi-day to monthly variability

Cyclic extrinsic (e.g. moon phase) or intrinsic (e.g. hunger-
satiation) cues can shape patterns in fish and zooplankton
biomass distributions at temporal scales ranging from days
to several weeks (e.g. Campbell et al. 2008; Berge et al.
2015; Last et al. 2016). Variability in fish and zooplank-
ton vertical distributions observed at ~28-day and ~ 14-day
periods from late fall to early spring could be associated
with lunar and semi lunar cycles. During polar night, the
moon is the dominant source of ambient light and may facili-
tate visual predation during winter (Berge et al. 2015). Last
et al. (2016) observed that zooplankton sink to deeper waters
every 29.5 days in winter coincident with periods of the
full moon in the lunar cycle. Marine species can synchro-
nize their distribution and behavior to the semi-lunar cycle,
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which is coincident with full or new moon phases (Berge
et al. 2015).

Periodicities of 4—12 days in fish center of mass observed
during winter at the CEO could be a result of hibernation
cycles interrupted by short feeding excursions by small polar
cod. During winter in the Southern Ocean, Campbell et al.
(2008) observed that Notothenia coriiceps enters a state of
dormancy interrupted by awakenings of a few hours every
4-12 days. Benoit et al. (2010) suggested that polar cod
could also be undergoing dormant-wake cycles in the Beau-
fort Sea during winter.

Temporal patterns in salinity and wind were also associ-
ated with fish and zooplankton density and vertical distri-
bution metrics at scales of 6-28 days. Wind direction and
strength affect properties of Chukchi shelf waters through
changes in circulation or stratification/mixing of the water
column in summer and fall (Weingartner et al. 2013; Dan-
ielson et al. 2017a). In autumn, enhanced mixing by strong
wind events can re-nourish depleted surface waters with
nutrients from below the stratified layer, triggering a phyto-
plankton bloom (Lin 2012; Zhao et al. 2015) with cascad-
ing effects to higher trophic levels (Fujiwara et al. 2018).
Changes in salinity, that are associated with changes in
water masses and sea ice cycles, have also been reported
to influence species’ distributions in the Pacific Arctic (e.g.
Norcross et al. 2010; Ershova et al. 2015). Bottom salinity
is one of the main environmental factors affecting demersal
fish assemblages in the Chukchi Sea (Norcross et al. 2010)
whereas surface salinity has been reported as an important
factor influencing zooplankton distributions (Ershova et al.
2015). In our study, fish and zooplankton distribution pat-
terns were associated with salinity. The occurrence of these
associations coincided with sea ice formation and melt as
well as with autumn strengthening of local winds at the
CEO.

Seasonal and annual variability

There was no single scale of seasonal variability in fish
and zooplankton metrics values, nor could seasonal time
scales be attributed to a single environmental factor. Scales
of seasonal variability and scale-dependent associations
with environmental factors were also different for fish and
zooplankton.

A seasonality of 3 months in zooplankton metrics cor-
responded to temporal patterns in sea ice concentration,
whereas 3-month cycles in fish metrics appeared related to
variability in water salinity. Temporal patterns in sea ice
formation and melt modulate light irradiance and stratifica-
tion of the water column, directly affecting temporal pat-
terns of ice algae, phytoplankton (Palmer et al. 2014), and in
turn, zooplankton production (Matsuno et al. 2011; Questel
et al. 2013; Amano et al. 2019). Primary production by ice
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algae underneath the ice is initiated during late winter—early
spring (typically in March) at very low light intensities and
constitute an early food source for zooplankton (Sgreide
et al. 2010). In spring, increased insolation, stratification
from ice melt, and availability of nutrients accumulated dur-
ing the winter, trigger the onset of a phytoplankton bloom
that sustains annual zooplankton production (Sgreide et al.
2010; Leu et al. 2011, 2015; Arrigo et al. 2012). In particu-
lar, C. glacialis has synchronized its seasonal vertical migra-
tions, reproduction, and growth to these two bloom events.
The ice algae bloom is thought to fuel early maturation and
reproduction of zooplankton whereas the subsequent phyto-
plankton bloom provides high-quality food to the resulting
zooplankton offspring (Sgreide et al. 2010; Leu et al. 2011;
Barber et al. 2015). This tight control exerted by seasonal
sea ice on densities and vertical distributions of zooplankton
is consistent with patterns observed in our study.
Temperature is known to structure habitats of Arctic fish
species and to affect their distribution (Benoit et al. 2014;
Sigler et al. 2017), growth (Bouchard and Fortier 2011;
Laurel et al. 2016), and abundance (Mueter et al. 2016).
Chukchi shelf water masses that start cooling approxi-
mately in October and remain close to the freezing point
through April warm in summer when northward transport
of warmer waters from the Bering Sea is highest (Daniel-
son et al. 2017a; Lu et al. 2020). In the NE Chukchi Sea,
the arrival of warmer waters from the Bering Sea generally
increases the abundance of organisms in summer through
the addition of imported boreal organisms and enhancement
of local growth (Questel et al. 2013; Ashjian et al. 2017).
As water temperature cools in autumn, densities of organ-
isms decrease. This has been attributed to unsuccessful
overwintering of boreal species (Kitamura et al. 2017) or
horizontal migrations of local species to overwinter in adja-
cent deeper waters (Kosobokova 1999; Benoit et al. 2008,
2010; Geoftroy et al. 2011). We observed water temperature-
associated variability in fish metrics at the ~5-month period
mainly from late spring to early fall, which corresponds to
transitional periods from cold to warm and return to cold
“seasons”. Similar patterns in fish location and dispersion
at the ~5-month scale might also be indicative of seasonal
vertical migrations associated with species life cycles (i.e.
ontogenetic migrations, Geoffroy et al. 2016; LeBlanc et al.
2019) and behavioral changes (e.g. summer shoaling, Gjel-
land et al. 2009; Benoit et al. 2010) that typically occur from
late spring to fall. However, variability in the vertical dis-
tributions of zooplankton species during these transitional
periods seemed to respond to seasonal transitions from ice
covered to open waters (and the reverse), and changes in
wind speed. These two factors affect stratification of the
water column, that in turn, modulate the timing and ampli-
tude of primary production blooms. Some zooplankton spe-
cies (e.g. C. glacialis) perform ontogenetic seasonal vertical
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migrations that are tightly synchronized with blooms events
(Sgreide et al. 2010; Darnis and Fortier 2014).

Similarly, ~4-month cycles in zooplankton densities asso-
ciated with air temperature and light irradiance at the CEO
might be indicative of transitional periods between seasons.
During these periods high variations in zooplankton densi-
ties are expected in response to changes in sun radiation and
air temperature that control the onset of primary produc-
tion (Sgreide et al. 2010). Shorter seasonal cycles in zoo-
plankton, compared to fish, could be associated with a faster
response to changes in the environment and synchronicity of
their life cycles to temporal patterns in food availability that
are triggered mainly by changes in irradiance (Mundy et al.
2014). Longer seasonal cycles in fish are possibly explained
by slower changes in water temperature throughout the year.

Variations in water temperature, sea ice concentration,
light irradiance, and wind throughout a year shape the con-
spicuous annual cycles in fish and zooplankton metrics at
the CEO. As described above, these factors play a key role
in pelagic organisms’ growth, reproduction, and distribution.
Temperature regulates the growth rate of fish and zooplank-
ton, while light irradiance, sea ice concentration and winds
modulate primary and secondary production, either directly
or through the modulation of light and nutrient availability.
Biological interactions might also play a role shaping fish
and zooplankton temporal patterns in addition to the physi-
cal environment. In particular, predation pressure could be
responsible for the 9-month cycles observed in zooplankton
patchiness instead of the annual cycle observed for all other
metrics. Formation of dense patches of zooplankton indi-
viduals have been described as a strategy to reduce predation
risk (Majaneva et al. 2013).

Importance and applications

The need to address scale dependency of biological patterns
is well recognized in ecological literature (Stommel 1963;
Haury et al. 1978; Levin 1992; Schneider 1994). Under-
standing temporal variability across a broad range of scales
is essential to derive general conclusions about species abun-
dance and behavior dynamics. As demonstrated in this study,
fish and zooplankton metrics not only undergo variability
over a range of temporal scales but also the relative impor-
tance of these scales may vary through time. As a result, an
extrapolation of observed patterns from a short temporal
extent may not be representative of patterns occurring at
other times of the year. This emphasizes the importance of
continuous year-round studies to obtain a complete descrip-
tion of biological patterns in high latitude marine ecosys-
tems. Scale- and time-dependent characterization of marine
ecosystems requires continuous, high-resolution, long-term
datasets that are not possible to obtain using traditional ves-
sel-based sampling methods, especially in high latitudes.

The use of active acoustics integrated with other sensors in
ocean observing platforms provides simultaneous measure-
ments of multiple ecosystem components at high temporal
resolution over long periods. Time—frequency decomposi-
tion of biological and physical series using wavelets and
wavelet coherence enabled identification of dominant scales
of variability, located the occurrence of those periodicities in
time, and helped identify potential environmental processes
associated with observed biological patterns. Studies of tem-
poral variability typically look at variations in the amplitude
of a variable in the time domain (e.g. Gaston and McArdle
1994). Even though variability is rarely used as a response
variable to assess the influence of environmental distur-
bances, it is an extremely sensitive metric that can provide
ecological information about underlying causal processes
(Fraterrigo and Rusak 2008).

A characterization of scale-dependent biological patterns
and associations with environmental factors is a first step
towards a mechanistic understanding of ecosystem dynam-
ics. This understanding is necessary to predict biological
responses to environmental change. Rapid changes in the
Chukchi physical environment have been reported and fur-
ther changes are expected (Wood et al. 2015; Woodgate
2018). Some of these changes include reduced seasonal sea
ice extent and duration, increased ocean temperatures, and
increased freshwater content (Stroeve et al. 2007; Polyakov
et al. 2010; Steele et al. 2010; Lu et al. 2020). Changes in
the physical environment are expected to alter amplitude,
periodicity, and the timing of biological production (Greb-
meier 2012). Predicting the potential direction and magni-
tude of these changes will help design or improve mitigation
strategies and management of Arctic marine species. Polar
cod has been identified as a species of potential commer-
cial importance in the Arctic Fishery Management Plan
(NPFMC 2009). In the context of potential harvest, a charac-
terization of scales of variability in polar cod abundance can
be used to inform stock assessments that provide accurate
biomass estimates and detect trends in population variability.
A characterization of scale-dependent temporal patterns can
also be used to inform the design of monitoring programs to
ensure the detection of change in an already highly variable
environment. Both sampling resolution and extent can be
defined using natural scales of biological variation rather
than arbitrary or convenience scales (e.g. annual surveys
during open water season), enabling the deconvolution of
“natural” variability from differences in the timing or resolu-
tion of sampling. A continuous, long term characterization
of biological patterns can be used to identify a baseline, and
subsequent deviations can be quantified to characterize and
determine change.

How generic temporal patterns observed at the CEO are
of patterns occurring elsewhere in the Arctic is uncertain. A
quantification of the spatial scope of our point measurements
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at the CEO is underway and will provide a better under-
standing of the area represented by our temporally-indexed
measurements. Also, direct comparisons among high lati-
tude ecosystems will be possible as time series with similar
temporal scopes become available from other parts of the
Arctic and Antarctic.
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