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Abstract

The Puyuhuapi Fjord is an atypical fjord, with twmuths, located in northern
Patagonia (44.7° S). One mouth lies to the soltisedo the Pacific Ocean, whilst the second
connects with the Jacaf Channel to the north wteershallow sill inhibits deep water
ventilation contributing to the hypoxic conditiohelow (1100 m depth. Acoustic Doppler
Current Profiler moorings, scientific echo soundeansects, and in-situ abundance
measurements were used to study zooplankton assgesbbhnd migration patterns along
Puyuhuapi Fjord and Jacaf Channel. The acoustiordecand in-situ zooplankton data
revealed diel vertical migrations of siphonophoegyhausiids and copepods. A dense layer
of zooplankton was observed along Puyuhuapi Fjetsvéen the surface and the top of the
hypoxic layer [1L0O0 m), which acted as a physic-chemical barrieth® distribution and
migration of the zooplankton. Aggregations of z@mbiton and fishes were generally more
abundant around the sill in Jacaf Channel than aeyev within Puyuhuapi Fjord. In
particular, zooplanktons were distributed throughthe entire water column to ~200 m
depth, with no evidence of a hypoxic boundary. Tilehce measurements taken near the sill
in the Jacaf Channel indicated high turbulent kinenergy dissipation rates [110* W kg*)
and vertical diapycnal eddy diffusivityk( [110° m? s%) values. These elevated vertical
mixing ensures that the water column well oxygethatnd promotes zooplanktons
aggregation. The sill region represents a majoodogphic contrast between the two fjords,
and we suggest that this is an feature for futasearch on carbon export and fluxes in these

fjords.

Keywords: ADCP, Acoustic data, zooplankton, scientific ecbargler, Patagonian fjords.

1 Introduction

Patagonian fjords extend from 41° S to 56° S lddtuand are typically deep and
narrow as a result of their formation during glapeogression. Hydrography is characterized
by a two layer vertical structure, consisting dfesh surface layer in the first ten meters of
the water column (resulting from glacial melt) thaverlays a subsurface salty layer
originating in the Pacific Ocean (Silva and Calyet@02; Pérez-Santos et al., 2014). Fjord
systems play an important role in primary produttmd carbon cycling by providing a zone

where energy and particulate material are exchahgddeen land and marine ecosystems
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(Gattuso et al., 1998). The principal nutrient ratit) is supplied to these fjords by oceanic
transport, and particularly through the intrusiégrSabantarctic water (SAAW), a water mass
that may also transport some species of zooplar(kkonzalez et al., 2011).

Zooplankton distribution and abundance in Patagofj@ds and channels has been
guantified by Palma (2008), using in-situ collengo A total of 220 plankton samples from a
number of depth strata between the surface [@@D m, allowed the detection of several
zooplankton groups (e.g. siphonophores, chaetognattiadocerans, copepods and
euphausiids) and the description of a north sou#ldignt in the abundance of the major
species (Palma, 2008). Additionally, Landaeta e1(2013) studied the vertical distribution of
microzooplankton and fish larvae in Steffen fjo(g&7.4° S) in four depth strata (200-50 m,
50-25 m, 25-10 m and 10-0 m depth); copepods weralbminant zooplankton group, with
the majority collected in the pycnocline.

Most studies to date in Chilean coastal waters liaee various types of plankton nets
deployed in a series of depth strata in order taneRre the vertical distribution of various
zooplankton species. Although this approach pravaturate results, but large-scale surveys
of the fjords are limited by the logistics and exge of collecting and processing large
numbers of samples. An alternate approach is toauosastic techniques that provide high
resolution data on diurnal vertical migration (DVIsid aggregation patterns of zooplankton
in the water column.

ADCP echo intensity (backscatter) signals have destnated the potential to quantify
vertical and temporal zooplankton distributions.nBe aggregations of krill have been
detected and shown to have diel vertical migratissing ADCP moorings located around the
Antarctic Peninsula, the Kattegat Channel (Norweg&ea) and off Funka Bay, Japan
(Buchholz et al., 1995; Lee et al., 2004; Zhou Bxadland 2004; Brierley et al., 2006). Most
studies have focused on behavior of particularispebut the relationship of this behavior to
physical/chemical properties and processes (e@mperature, salinity, oxygen and
turbulence) remains an important scientific questio

Whilst horizontal aggregations of plankton can @oon a scale of kilometers, there
has been considerable recent interest in the stfigyankton occurring within thin vertical
layers whose scale is very small compared to thethdef the oceans (typical vertical
thicknesses between 1-10 meters, but at times <1 Thgse vertical and horizontal
aggregations of plankton have major implicationsréproduction, growth and predation of
other marine species (Yamasaki et al., 2002). Afswmizontal advection shear instabilities,

water column stratification, turbulence, convectoxerturns and salt-fingering contribute to

3
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the localization and redistribution of plankton moi@ss, highlighting the relationship between
physical processes and biological life cycles (Timyoet al., 1998). There have been few
studies of the relationship between small-scaleplibysical processes and plankton
distribution along the Chilean coast, especiallythimi the fjord and channel systems
(Meerhoff et al., 2014). Using in-situ samples thge with CTD profiles Castro et al., (2007)
investigated the fine-scale distribution of copepdnl the Golfo de Arauco (36.9° S) and
showed that distributions were grouped into thregels: one group above the
thermocline/oxycline, a second group below, anchiedtgroup that migrated across the
thermocline. This distinction between groups in teetical dimension highlighted the range
of survival strategies present in these organisms. previous study in the same zone, they
demonstrated that the vertical distribution and e#gtical migrations patterns changed in
Rhincalanus nasutus as the organisms develop during the summer sedsing the first
copepodites stages located around the thermoclhrike wihe older copepodites and adults
vertically migrated along the entire water colunuianging between layers moving in
opposite directions (Castro et al., 1993).

The present study has two specific goals. The iiréd determine how water column
properties and turbulent mixing affect the vertiddibktributions of zooplankton in a
Patagonian Fjord system. The second goal is tardate how the zooplankton distributions
in this system respond to ventilation and hypoxioditions (dissolved oxygen below 2 mL L
! and[BO % saturation). To achieve these research gnaleaustic Doppler Current profiler
(ADCP) and a scientific echo sounder were deplagececord zooplankton distribution and
aggregation patterns on various temporal and $pstaes. These acoustic measurements
were validated using in-situ plankton samples. phegsical properties of the water column
were measured using microstructure profilers amaductivity, Temperature, Depth (CTD)

profiler equipped with a Dissolved Oxygen sensor.

2 Study Area

Puyuhuapi Fjord and Jacaf Channel are an atypicamnple of a Patagonian fjord
system; the fjord and channel connect and meeadfazent ocean via southern and northern
mouths (Fig. 1). Seasonal hydrographic measuremating Puyuhuapi Fjord have
demonstrated a stratified water column except te Wnter when the water column became
partially mixed due to reduction of freshwater dypfrom rivers and glacial melting

(Schneider et al., 2014). Hypoxic conditions weetedted in Puyuhuapi below 100 m depth
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where oxygen concentrations were as low as 1 td 2 th(Schneider et al., 2014; Pérez-
Santos 2017). The observed oxygen depletion coelcdcdused by the intensive salmon
farming in the fjord, limited ventilation due to @low sills, or the input of low-oxygen
Equatorial Subsurface Water into the fjord (Silva &argas, 2014).

3 Data and methodology

3.1 Water column properties

Hydrographic surveys were conducted from 1995-20618uyuhuapi Fjord and Jacaf
Channel (Fig. 1). These profiles were obtained wvatiseabird 25 CTD equipped with a
dissolved oxygen sensor and had a vertical resolutf (112 cm sampling at 8 Hz with a
descent rate of ~1 m'sThe data collected were averaged into one méterdzcording to
Seabird recommendations. The conservative temperand absolute salinity (g k§ were
calculated according to the Thermodynamic Equatib®eawater 2010 (COI et al., 2010).
Additionally, nitrate samples were taken using akiii bottle at various depths and analyzed
spectrophotometrically following the methods of iéddiand and Parsons (1968). In-situ
dissolved oxygen concentrations were measured lidata oxygen data collected by the
oxygen sensor on the CTD. The in-situ oxygen sasnplere analyzed using the Winkler
method (Strickland and Parsons, 1968), which useletaohom burette (Dosimat plus 865)
and automatic visual end-point detection (AULOX Mig@ment System).

Microprofiler measurements were collected using imgruments: The Self Contained
Autonomous MicroProfiler (SCAMP) manufactured byeétsion Measurement Engineering,
Inc. and the Vertical Microstructure Profiler (VME50) manufactured by Rockland
Scientific, Inc. The SCAMP profiler recorded datal@0 Hz, or ~1 mm vertical resolution
with a descending free fall speed Gf0 cm &. This instrument is equipped with a fast
conductivity sensor (accuracy of +5% of the fulhdactivity scale), and a fast temperature
response sensor (accuracy of 0.010° C). The vegiedients of temperature measurements
were used to calculate the dissipation rate ofullerit kinetic energye] by applying the
Batchelor spectrum (Ruddick and Thompson, 2000;etink and Imberger, 2001). The
VMP-250 was equipped with two airfoil shear probes two fast response FPQO7 thermistors,
which allowed for data recording at 512 Hz withescknding free fall speed of ~0.7 th s
The micro-shear measurements permitted the calonlaf the dissipation rate of turbulent

kinetic energyd), according to Lueck et al., (2002), Eq. (1),
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£= 7.51/((32} , 1)

where,v is the kinematic viscosity is the horizontal velocity is the vertical coordinate axis

2
Jdu
and therefore{aZJ is the shear variance.

Using the values of dissipation rate of turbuleimekic energy, the diapycnal eddy

diffusivity (K,) was calculated. The most used formulation wapgsed by Osborn (1980),
Eq. (2);

K, =T @)

where I is the mixing efficiency, generally set to 0.2 (Tjpe 2005), andN is the buoyancy
frequency. Shih et al. (2005) noted that whenréti®s /vN 2is greater than 100, the Eq. (2)
results in an overestimation. Therefore, they psepl a new parameterization for this case

given by Eq. (3):

K, =2v(—5)". (3

£
WN?
More recently, Cuypers et al. (2011) used Eq. (Bpmve /UN? > 100, Eq. (2) when 7 <

£ /VN?< 100, and considered null eddy diffusivity wherdiN?< 7. This approach was

followed here.

3.2 Acoustic data and analysis

Acoustic measurements were obtained with two 3RHAZ Teledyne RDI Workhorse
Acoustic Doppler Current Profilers (ADCP). The updanounted ADCPs were moored at
depths offt60 m (ADCP-1) and1.00 m (ADCP-2) in north-central Puyuhuapi Fjordg(FL,
same location). These data were collected hourt wivertical bin size of 1 m, over the
periods of austral autumn (ADCP-1: May, 2013) apdng-summer (ADCP-2: November
2013 — January 2014). During the final ADCP-2 mogrieployment along Puyuhuapi Fjord,
acoustic data was also collected using the sciemtitho-sounder SIMRAD CX34 at 38 kHz.
Along-fiord sampling with the echo-sounder was aartdd during the daylight and night-
time hours of January 22-25, 2014 (black line ig. Hi). In-situ zooplankton sampling (see
section 3.3 for details) was carried out at a fis&tion close to the ADCP-1 and 2 positions

over a period of 36 hours (Fig. 1) in order to date both acoustic records. In August 2014,
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the scientific echo-sounder experiment was repedted time covering the eastern Jacaf
Channel, where a shallow sill was detected. A 120 tansducer was used in addition to the
previous sampling with the 38 kHz transducer, amrdemal day/night transects were
completed from Puyuhuapi to the eastern Jacaf Ghamith special attention paid to Jacaf
sill. The vessel speed during both echo-soundempams was maintained between 8-10
knots.

To study the vertical and horizontal distributiohzmoplankton in Puyuhuapi Fjord
and Jacaf Channel, the echo intensity from ADCPs eeenbined with the echoes registered
from 38 and 120 kHz with a SIMRAD EK-60 echo-soundéne zooplankton data registered
with the echo-sounder was extracted as the meammelbackscattering strength (Sv)
difference between the two measurement frequen@@sand 120 kHz). Noise from the
surface (4 meter) and the bottom was removed frioen échoes by using the Echoview
software (CITA). After, the Ballon et al., (2011ethodology was applied to all echograms in
order to split zooplankton organisms into a “fllike” group (i.e, euphausiids, copepods,
salps, siphonophores (without gas bladders) artguse-like” group that includes fish larvae,
gelatinous and gas-bearing and siphonophores. Vhealbies obtained with EK-60 echo-
sounder were converted into the acoustical naudiesd scattering coefficient (NASC, in units
of m? n m#, Eq. 4), and used as an index of zooplankton ampel(Ballon et al., 2011), i.e.,

NASC = 471(1859°S/T . 4)
T was obtained by the integration of cells using @lepth in the vertical plane and 10 minutes
in the horizontal plane.

The ADCP echo intensity was converted to theamnvolume backscattering
strength v, dB re 1 n1), similar to the data recorded by the scientifith@sounder. The
following formula was used for this conversion, Eg).

S/ =C+10log[(Tx+27316)R’] — Lygy = Pogw +20R+K (E-E,) (5)
where,C is a sonar-configuration scaling factor (-148.2fdBthe Workhorse Sentinel) is
the temperature at the transducer (°Ggw is 10log(transmit-pulse length in meters). The
transmit pulse length was found to be8.13 m. Ppgw=15.5 W is 10log (transmit power, in
W), a is the absorption coefficient (dB ) K. is a beam-specific sensitivity coefficient
(supplied by the manufacturer as 0.4b)s the recorded AGC (automatic gain control), and
E; is the minimum AGC recorded (40 dB for ADCP-1 &iddB for ADCP-2). The beam-
average of the AGC for the 4 transducers was usezbtain optimal results following the

procedure in Brierley et al., (2006). FinalRjs the slant range to the sample bin (m), and as
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discussed in Lee et al., (2004), which uses thécatdepth as a correction. TherefoReis
obtained with the following equation (6):
bt L+d
R=—2

+((n-Dd)+(d/4)
cos( G

whereb is the blanking distance (3.23 m). The variables the transmit pulse length (m),

(6)

which is the same ds=8.13 m in equation 2. The varialdes the length of the depth cell (1
m), n is the depth cell number of the particular scattelayer being measuredjs the beam
angle (20°),cis the average sound speed from the transducéetdepth cell (1453 m's

and ¢, is the speed of sound used by the instrument (i#§%.

3.3 Zooplankton sampling

In situ zooplankton samples were collected with B2Met (60 cm diameter mouth
opening, 300 um mesh, flow meter mounted in thefragte) towed vertically from 50 m to
the surface in May 2013, and a Tucker Trawl nengisiblique plankton tows (1 3mmouth
opening, 300 um mesh with flow meter) in January28nd August 2014. All samples were
preserved in a 5% formaldehyde solution (Castal.e007). Zooplankton abundances were
standardized to individuals per®rof filtered seawatefCastro et al., 2007, 2011; Valle-
Levinson et al., 2014). The WP2 vertical tows cstesl of 5 depth intervals from surface to
50 m, every 10m (0-10, 10-20, 20-30, 30-40, 40-50rhg original sampling design consisted
of samplings every 3 hours during a 24h samplimgpgebut, due to a night storm, sampling
was reduced to late afternoon and mid-morning anly @fternoon sampling of the following
day. The stratified zooplankton sampling with thecRer trawl net (depth strata: 0-10 m, 10-
20 m, 20-50 m, 50-100 m, and 100-150 m depth) mmak&e during a 36-h period every 3 h in
January 22-24, 2014 (Puyuhuapi Fjord) and everyir6August 18-19, 2016 (Jacaf Channel)
(Fig. 1, red point).

4, Results

4.1 Hydrographic features

Temperature profiles collected in Puyuhuapi andafl&hannels showed similar
structure during the winter and summer campaigng. (& a-b). The largest temperature
gradients were found between the surface @@ m depth, ranging from 8.5° C to 15° C in

2014. A thin, fresh layer (salinity values varigdrfi 11 to 27 g k) was found in the first
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~10 m of the water column below which salinity eailittle (27 to ~33 g Kg), as result of
the presence of Subantarctic Water (SAAW) (Figc-8). Hypoxic water (dissolved oxygen
below 2 mL L* and[BO % saturation) was detected in Puyuhuapi Fjotdvibé00 m depth,
with oxygen concentration between 1-2 mt* (Fig. 2e). Deep water in Jacaf Channel was
more ventilated, with dissolved oxygen values abloygoxic conditions throughout the water
column (Fig. 2f). Below 50m depth, both regionstedmed high nitrate concentrations (Fig.
2, g-h). The most recent hydrographic samplinguguPuapi Fjord showed the permanence
of hypoxic conditions down to 120 m depth (Fig..3d)he lowest dissolved oxygen values
were detected at the head of the fjord viith5 mL L* and 25% of oxygen saturation (Fig. 3d
and 3e). The hypoxic layer was located at the jposdf the ESSW (Fig. 3c).

3.2 ADCP Acoustic data and in-situ zooplankton samples

Data for ADCP backscatter, echo-soundings andtin{giankton abundance were
concurrently collected during three campaigns (Na®6, 2013, January 22-24, 2014 and
August 15-20, 2014) in Puyuhuapi Fjord and Jaceairbkl. The volume backscatter signal
obtained from the ADCP-1 deployed at 50 m deptioubhout May 2013 showed marked
variability from high (-90 to -75 dB re 1 Wto low (-115 to -100 dB re 1 ™ S, signals (Fig.
4a). HighS, values (<-90 dB re 1 ) were recorded during the night hours (~18:00 h to
~07:00 h), while minimung, was observed in daytime (~07:00 h to ~18:00 hjesting the
incorporation of vertically migrating organisms rinctheir deep layers of residence during
daytime (below our ADCP mooring depth, 50 m) to #iallower layer at night. In-situ
zooplankton sampling was to be conducted during-a 2ycle in May 25 to 2§ but it was
interrupted during the night due to bad weatheg.(Mb and c). The most abundant
zooplankton groups present were Copepods, SiphanephChaetognaths and Jellyfish (Fig.
4c). A marked change in vertical distribution amdtotal abundance of the zooplankton
groups in the water column was observed from tfs siampling hour (late afternoon) to the
first night sampling time, revealing the start dfetnocturnal migration to the surface
coincident with a DVM pattern seen in the ADCP-tlszatter data (Fig. 4b and 4c). After
the night storm, while some zooplankter’'s remaiiredhe shallower layers the following
morning (also seen in the backscatter), otherscedlst migrated downwards and reached
deeper layers (below the ADCP-1 mooring depth).

An additional ADCP-2 mooring was positioned deeperthe same location from
November 22, 2013 to January 23, 2014, coveringiiper(1L00 m of the 250 m deep water
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column (100 m being the technical depth limit ofasrement of this instrument). The
backscatter time series from this second ADCP dgepémt also detected a strong DVM
pattern by the zooplankton. This was apparent eShsignal (reaching -80 dB re 1T
which extended td1100 m depth, e.g., between January 22-24, 2014 @&ay During
daylight hours, the strongest zooplankton aggregatias observed between 80-100 m depth;
this aggregation started to ascend from 18:00 tO@Mh and by night-time showed a signal
close to the surface, before beginning a vertieakdt at06:00 h. In-situ stratified sampling
of zooplankton was conducted every 3 hrs (0-1002@ m, 20-50 m, 50-100 m and 100-150

m) to compare to th§, records (Fig. 4a, black dots).

The most abundant mesozooplankton groups were @©dpep Euphausiids,
Siphonophores, Chaetognaths, Decapods and Jell§figh 5, b-e). Copepods, the most
abundant taxa, and zooplankton groups with bodytlerdarger than 5 mm varied in
abundance simultaneously showing the maximum valesiight-time and altogether
contributed to the DVM pattern seen in the ADCPa2ZKkscatter data although displaying a
time lag of about 2-3 hours (Fig. 5a and 5b). Tleamday vs night vertical distribution of the
most abundant zooplankton groups (copepods, euiidmand siphonophores) also showed
elevated abundance during night hours close taserayer (10-20 m) (Fig. 5¢-e) and, out of
them, euphausiids showed the clearest diel vertitgration pattern with the maximum

abundance at the 10-20 m layer at night and atl2?@d8ing the day hours.

3.3 Acoustic data from scientific echo sounder

The volume backscattering streng®)) (obtained from the ADCP moorings provided
valuable information on zooplankton distributiamdamigration patterns in the first 100 m of
the water column at one specific location (northeome of Puyuhuapi Fjord in different
seasons; Fig. 4 and 5). To complement these datag-ahannel variations of zooplankton
were studied during the day (January®22014) and night (January 240 25", 2014) using a
scientific echo sounder SIMRAD (38 kHz). The alatnnel transect conducted during day
time (from mouth to head; Fig. 6a) demonstratediform distribution of zooplankton along
the fjord. In particular, from the mouth to the ded the fjord,S, values ranged from -110 dB
to -80 dB, and zooplankton were mostly locatedhae first 100 m of the water column,
reinforcing the findings of the ADCPs data (Fig54and 6). The maximum observed value of
S,was -77.3 dB, with an average of -822 dB. At the ADCP-2 mooring location (black dot

10
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in Fig. 6a), high backscatter signal during dayetimas found between 50-100 m depth,
indicating good agreement between both ADCP-2 aimb sounder data (Fig. 4, 5 and 6).
Profiles of NASC (Nautical area scattering coeéfitt) showed high zooplankton abundance
between 50-100 m, followed by a secondary abundabce200 m depth (Fig. 6b, Center

profile). This indicates that some zooplankton ggedolerated the low values of dissolved
oxygen and crossed the hypoxic layer (below ~12@eapth), but in general, the dense
backscattering layer was observed above the hypaxier (>120 m depth; Fig. 6). The

highestS, signal for fishes was also typically detected®® m depth during the day, yet was
much higher than the zooplankton signal (<-60 dB; &c).

A similar transect was repeated during night hdiiig. 6d-f). In general, th&,
maximum shifted to the surface from 22:00 to 05h0Qrs, suggesting an ascending vertical
migration of both zooplankton and fishes (Fig. &d &f). In this later case (fishes) a more
clear picture of change in vertical distributiomdae obtained at comparing the depth of fish
aggregations detected by the echo sounder at thefethe first transect at 17.02 h (Fig. 6c¢)
with the depth of fish aggregations at beginninghaf backwards transect at 21.57h. At the
mouth and center of fjord the NASC profiler indedtan elevated abundance of zooplankton
between 10-70 m depth, but at the head, the prafiticated a similar structure to profiles
observed during the day (Fig. 6e). Overall figudasand 6d showed that although the water
column depth extended to ~300 m, most zooplankterewoncentrated above 100 m depth
during both day and night time hours. As dissolegggen concentrations typically decrease
from 2 mL L* to 1 mL L* below 100 m depth, zooplanktons in Puyuhuapi Fapgdear to
prefer water with a higher oxygen concentratiory (84/l). Furthermore, throughout the day
and night zooplanktons were more abundant andddad¢eper in the water column close to
the Puyuhuapi Fjord mouth than at the head (Flga6d 6e).

In August 2014, additional echo sounder transeetgwarried out along Puyuhuapi Fjord
and Jacaf Channeld85 km length) this time using two frequencies (38l 420 kHz) that
allowed the separation of zooplankton into Fluleel{FL) and Blue noise (BN) groups (Fig.
7a-d). Again, zooplankton distribution in Puyuhulkjord was concentrated in first 100 m of
the water column, but at slightly deeper locatigf8-100 m) than observed in the first
transects during the previous summer campaigns @jigpossibly due to the bad weather
encountered on the sampling day. Maximum zooplankiggregations were observed in
Jacaf Channel around the submarine sill, where Bjglalues were recorded (between -60

and -80 dB). In this site zooplankton were found@wp?00 m depth, showing a strong signal
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in the echogram for the Blue noise group (Fig. @t &d), with fishes also abundant in the sill
region (Fig. 7e and 7f). The length of the Jackfisi6 km and occurs between km 22 to 27
(Fig. 7) with the shallowest point (50 m depth)wting at ~24 km.

In order to confirm the abundance of zooplanktoauad the Jacaf sill, continuous
acoustics samplings were repeated across theAsiligh abundance of zooplanktons were
again observed (Fig. 8), highlighting the preseotéwo layers of zooplankton: one layer
between 100-150 m and the second layer from 2@b@om (Fig. 8d). The in-situ plankton
sampling detected highest abundance of euphausiitiyer 100-150 m that matched well
with the data for the Fluid like group of 120 kHzd. 8c).

3.4 Relationships between acoustic records and water column properties

In order to examine the relationship between zawttan behavior and environmental
variables of the water column, two fixed profilistations were used to collect continuous
acoustic data in Puyuhuapi Fjord (January 23-2442@nd Jacaf Channel (August 18-19,
2014) (Fig. 1, red circles). The period of continsoacoustic measurements (38 kHz)
extended for 36 hours, with CTD+DO profiles andsitu- zooplankton samples collected
every 3 hours.

The relationship between water temperature andatde\s, values showed a weak
correlation during summer ¢R0.30) and winter (R=0.41) in Puyuhuapi Fjord and Jacaf
Channel, despite the seasonal temperature diffesetic generals, and NASC (not shown)
that are both proxies for zooplankton, show a prefewater temperature between 8-10°C
(Fig. 9a and 9b). Also, a positive correlation whserved betwee8, and salinity (R=0.29)
in Puyuhuapi (Fig. 9¢c) and Jacaf #0.35) in (Fig. 9d). The major zooplankton aggréyet
were registered in oceanic water (salinity > 3f)bbth Puyuhuapi Fjord and Jacaf Channel,
the volume backscatter and both dissolved oxygehoaygen saturation showed highe$t R
values (~0.6) (Fig. 9e-h). In particular, only Za.4f the totalS, measurements were located
in the deep hypoxic layer of Puyuhuapi Fjord, whilst 1.2 % was located in the hypoxic
layer in Jacaf Channel (Fig. 9e-h), confirming fneference of zooplanktons for oxygenated

waters.

3.5 Mixing process

Turbulence profilers and acoustic measurements vbtained at the same fixed
stations described before, in order to evaluate cibrribution of vertical mixing to the
distribution and abundance of zooplankton (Fig.. I®)both systems$, records highlighted
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patterns of DVM, where most of the red shade aozeesponded to the night-time moment
(Fig. 10 a-b). Zooplankton aggregation concendratethe upper 100 meters in Puyuhuapi
Fjord (Fig. 10a) and extended from the surfacénéobiottom in Jacaf Channel (Fig. 10b). The
dissipation rate of turbulent kinetic energy (as lower in Puyuhuapi Fjord than in Jacaf
Channel throughout the measurement period (Fig.ah@cd). In Puyuhuapi Fjord, elevated
S, signals (>-90 dB) were found whenwas between 18 to 108 W kg* (Fig. 10c), but in
the Jacaf Channel was significant higher than in Puyuhuapi Fjord {10 10* W kg?)
especially in the subsurface layer (~10-50 m depmiWjng to the influence of the sill (Fig.
10d). Overall, volume backscatter amdwere much higher in Jacaf Channel than in
Puyuhuapi Fjord, indicating that zooplankton abumo#a could increase in areas with
increased turbulent mixing (Fig. 10b and d).

Other turbulence measurements realized beforgrément study, in November 2013
(Fig. 11a), registered strong shear around thef diltavith high ¢ values (10 to 10* W kg
%), The absolute maximum afwas measured in the Jacaf-Puyuhuapi confluene®@im
with e= (4.7 x 10" W kg?), (Fig. 11b). The diapycnal eddy diffusiviti{{ was also high in

the same area with values of1® 10% m* s (Fig. 11c).

4 Discussion
4.1 Puyuhuapi Fjord

Previous studies have found hypoxic conditionsuguhuapi Fjord (Silva and Vargas,
2014; Schneider et al., 2014) and our study suppbesse findings (Fig. 2 and 3). Hypoxia is
known to have a significant impact on planktonritisttion and development, hence on the
health of the ecosystem as a whole (Ekau et alLQ2(Bome species can tolerate hypoxic
water, e.g., smaller species, euphausiids andigklgan live under 30% oxygen saturation
and dissolved oxygen of 1.6 mL*LOthers taxa, such as some copepods and fishgshena
more sensitive to hypoxia and have preference fomgen saturations of 50-100% and
concentrations of 2.6-5.2 mLL(Ekau et al., 2010). The sensitivity to toleratéfedent
oxygen concentrations, however, may vary amongrisgss from different environments. In
coastal upwelling zones along Chile, while someepmgls seem to be limited to depth ranges
with waters well oxygenated, others seem to be wdlpted for residence at minimum
oxygen depth zones (Castro et al., 2007).

Acoustic data from moored ADCPs and scientific esloainder transects showed
patterns of diel vertical migration by zooplankiarPuyuhuapi Fjord (Fig. 4 and 5), as shown
in Reloncavi fjord, Northern Chilean Patagonia (¥levinson et al., 2014). The study in
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the Reloncavi fjord by Valle-Levinson et al. (20Mas the first to use ADCP to examine
DVM patterns of zooplankton in a Patagonian fjond ound twilight vertical migrations that
were dominated by euphausiids and copepods irffjthds an area where hypoxic conditions
were not observed at the time of sampling. In dudy although we did not observed a
twightlight vertical migration.

In Puyuhuapi Fjord we recorded a dense acoustitesicay layer between the surface
and[1120 m depth, with low abundance in the deep hyptagiers (120-250 m), suggesting
some zooplankton occurred also in this deeper ldygure research will need to understand
the relationship of the deep, yet scarce, zooptanmktith hypoxia in Puyuhuapi fjord. A
similar acoustic experiment was carried out witl2GD kHz echo sounder in Oslofjord,
Norway, where hypoxic conditions dominated the watdumn down to 60 m depth, and no
fish or krill were observed in the hypoxic layem®ad and Kaartvedt, 2013).

There was a distinct relationship between zooptamHiistribution, as measured by the
volume backscattes, and dissolved oxygen. In particular, eleva®d(-90 to -80 dB)
coincided with dissolved oxygen concentrations iragdgrom 2-5 mL L* in Puyuhuapi Fjord,
and concentrations of 3-6 mL'lin Jacaf Channel. In general, DO (and saturatiah)es of
3.5 mL L* (80 % saturation) and 4.5 mL*L(70 % saturation) appeared to be the best
conditions for zooplankton in Puyuhuapi Fjord aadaf Channel, respectively (Fig. 9), and

our data coincide with the study of Ekau et al01(®).

4.2 Jacaf channel sill region

Patagonian fjords and channels cover an aré®4®,000 krfi and feature a complex
marine topography, including submarine sills andretel constraints (Pantoja et al., 2014;
Inall and Gillibrand, 2010). Bernoulli aspiratiomternal hydraulic jumps and intense tidal
mixing are all processes that can be found negord &ill (Farmer and Freeland, 1983;
Klymark and Gregg, 2003; Inall and Gillibrand, 20Y@hitney et al., 2014). In particular, at
the sill in the Knight Inlet, Canada, which hastéees similar to Jacaf Channel, turbulent
kinetic energy dissipation rates were quantifiedhwan Advanced Microstructure Profiler
(AMP) (Klymark and Gregg, 2003). Values of the gission rate of turbulent kinetic energy
were found to be approximatedy10* W kg™ in the sill vicinity and decreased away from the
sill region €=10" — 10° W kg*), (Klymark and Gregg, 2003). Our data showed ailaim
pattern in the Jacaf Channel, with high values (£0* W kg*) andK, (10% m? s%) found
near the sill in the subsurface layer (0-50 m) lameer dissipation rates of TKE in Puyuhuapi
Fjord (15 km distance; Fig. 1 and 10). The elevattical mixing (highk,) in Jacaf Channel
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is due to the barotropic tide interacting with thdbmarine sill (Schneider et al., 2014; Fig. 10
and 11). Similar results of turbulence behavior whgined in Martinez Channel (Pérez-
Santos et al., 2014), central Patagonian, wheredaamal internal tide dominated the
estuarine dynamics (Ross et al., 2014). Here, pyimpeoduction levels were lower than in
Puyuhuapi and Jacaf due to the influence of theeBaker discharge that enhances
stratification and introduces suspended solids theowater column (Gonzalez et al., 2010;
Daneri et al., 2012; Gonzalez et al., 2013).

Studies have shown that turbulence can influence \hrtical distribution of
zooplankton, and enhance contact with prey andapoesl (Visser et al., 2009). Theoretical
models have shown that predators experience optpr&y} consumption whes ranges
between 16 and 10" W kg* (Lewis and Pedley, 2001). The acoustic transectslacted
along the Jacaf Channel and near its sill duriigygtudy (Fig. 7, 8 and 10) (Fig. 10), showed
the highest aggregation of zooplankton and fishesedo the sill (within ~1 km), which is the
area where highest TKE dissipation were observé@{w kg*; Fig. 10 and 11). Thin (2-5
m) and thick (10-50 m) shear layers measure direeith the VMP-250 microprofiler
contribute to vertical mixing and may enhance ergabetween the subsurface rich nutrient
layer (Fig. 2) and the photic layer, where phyaojton is more abundant, as shown in the
conceptual model of figure 12.

The measurements collected near Jacaf sill denatedtthe importance of a sill
modulating the vertical mixing in Patagonia fjordsd also, its influence on the vertical
distribution of oxygen, and thereafter on the zaakton vertical distribution, particularly at
both sides of the sill. The elevated accumulatibrz@oplankton species around the sill
indicates that in there might be a significant rfiodtion in the export of carbon to the deep
fiord water in particular zones of some fjords, andreover, by its effects on the vertical
distribution of dissolved oxygen around these protoes, modifying the quality of the
carbon exported to the bottom. Future researchesaobon flux quantification need
incorporate sills regions to test this hypothesis,order to improve the ocean pump
assessment in the context of climate change ariabifay.

A summary of the processes that can contributeotiplankton vertical distribution
and aggregation in the Puyuhuapi Fjord and Jacain@dl are presented in a conceptual
model (Fig. 12). At the Puyuhuapi Fjord, a shallaxycline around 100 m depth separate the
high nutrient and high production layer (Daneriakf 2012; Montero et al., 2017) from the
hypoxic layer below apparently inhibited high comication of zooplankton at the deepest
layer. Above the hypoxic waters, the turbulent mixivalues were relatively low favoring the
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contact rates among zooplankton predators and fineirs and hence favored zooplankton

feeding (Visser et al., 2009). In the Jacaf Chanindlurn, the hypoxic layer occurred deeper

which should widen the zooplankton depth rangetohabitat. However, zooplankton was

not deeperly distributed but instead aggregatedepth where turbulent mixing was higher

increasing this way their potential encounter ratik their preys, particularly around sills.

5 Conclusion

The hypoxic layer€2 mL L* and <30% saturation) was observed beld®0 m
depth along Puyuhuapi Fjord whereas the Jacaf @hdindeeper and thus this fjord
was more ventilated owing enhanced the verticaingigreated by the shallow sill .
Diel vertical migration (DVM) of zooplankton was téeted in both the Puyuhuapi
Fjord and the Jacaf Channel using ADCP backscaitgral and the scientific echo
sounder. However, most of the migrating specieBuguhuapi Fjord stopped at the
hypoxic boundary layer and apparently did not &tkerthe hypoxia conditions,
situation that was not observed in Jacaf Channe¢ Most important zooplankton
groups detected with in-situ zooplankton net sangpliwere siphonophores,
euphausiids and copepods, being the copepods pyotiab taxa registered most
abundantly in deeper waters and inside the hypdayer, coinciding with a
scattering signal.

A dome-shaped correlation as “optimal windows” wdemonstrated between
oceanographic variables and the relative abundasfceooplankton (dissolved
oxygen, B=0.6, salinity, B=0.3 and temperature,?80.35). This highlighted the
preference of zooplankton for well oxygenated wa(@6 mL L, 60-80 %
saturation) with temperatures of 8-10°C, conditioharacteristic of SAAW water.
Scientific echo sounder records showed high agtjergaf zooplankton and fishes
around the Jacaf sill, where high dissipation odteurbulent kinetic energye(C10*
W kg?) and vertical diapycnal eddy diffusivity<f [10% m? s*) were recorded with
microprofiler instruments. Turbulence appears tathee oceanographic process that
contributes to the vertical mixing in the Jacafroial, helping to the interchange of

nutrient, feeding, prey-predator relationship am¢he carbon export.
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Figure captions

Figure 1. Study area in relation to South Amerind ¢he Pacific Ocean. The panel to the
right enlarges the study area in Puyuhuapi FjodlJataf Channel and indicates the positions
of the ADCP-1and ADCP-2 mooring, the CTD station @toustic sampling transects, and
VMP-250 profiles.

Figure 2. (Upper panel) Profiles of temperaturdingg, dissolved oxygen and dissolved
nitrate collected during different oceanographienpaigns in the northern central part of
Puyuhuapi Fjord and (lower panel) in eastern regiaime Jacaf Channel. The red cross in the
oxygen subplot of Jacaf Channel represented theecwration of dissolved oxygen in a
discrete in-situ sample, analyzed with Winkler noetim order to validate the CTDO data.
Figure 3. Hydrographic measurements undertakeruyutuapi Fjord. (a) Map of the study
area showing the transect conducted on June 16 @f)l€onservative temperature, (c)
absolute salinity, (d) dissolved oxygen and (e)getysaturation. Black lines denote sampling
profiles. Explain what the acronyms are for thdedént water masses. Point out the hypoxic
layer (dissolved oxygen below 2 mL*land (B0 % saturation). Also state that the x-axis is
latitude.

Figure 4. (a) Volume backscattering stren@h ¢B) calculated from the ADCP-1 backscatter
signal in Puyuhuapi Fjord, deployed at 50 m deptimfthe &' to the 2&' of May, 2013. (b)
Zoom of theS, data and the times @f situ zooplankton sampling (black dots) carried out in
the AFIOBIOEX | experiment (May 25-26, 2013). (chbéndance of main zooplankton
groups (integrated through the water column to S@epth) at the sampling hours indicated in
(b).

Figure 5. (a) Volume backscattering strend@h ¢B) calculated from the ADCP-2 backscatter
signal carried out in the AFIOBIOEX Il experiment Puyuhuapi Fjord from the #2to the
24" of January, 2014. The in situ zooplankton sampiagrs are represented by black dots in
the top panel. (b) Depth integrated abundance oplankton from surface to 150 m depth
and (c-e) by depth strata (mean and standard dmvjiaturing day (red) and night (black) of
the principal zooplanktons groups.

Figure 6. Along-fijord transect using a scientifiche sounder SIMRAD with 38 kHz
frequency. Distribution indicated by colors represgg Sv. (a-c) Day transect carried out in
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Puyuhuapi Fjord from the mouth to the head fjordirdy January 22, 2014. (d-f). Night
transect carried out from the head to the mouttdfjetarting at 21:57 January 24th through
early in the morning of January 25, 2014. The ADZRworing location is marked with a
black dot. (b-e) Profilers from the Nautical areattering coefficient (NASC) to the mouth,
center and head area of Puyuhuapi Fjord.

Figure 7. (a) Scientific echo sounder transectm@lPuyuhuapi Fjord and Jacaf Channel
during August 17, 2014. The left panels (a, b,h@wsed the zooplankton and fish distribution
with 38 KHz and the right panels (c, d, f) with 1RBz. Distribution indicated by colors
representing Sv. The black dots in a) and c) reprtesl the entrance to Jacaf Channel.
Figure 8. (a) Transect along Jacaf sill using ttiergific echo sounder during August 18,
2014. The left panels (a, b, e) showed the zoopdeméind fish distribution with 38 KHz and
the right panels (c, d, f) with 120 kHz. Distrilariindicated by colors representing Sv.
Figure 9. Relationships with the relative abundaotaooplankton expressed in Sv values
with the oceanographic variables parameters (@, g) from Puyuhuapi Fjord and (b, d, f, h)
Jacaf Channel.

Figure 10. Acoustic and turbulence measuremerftgeat stations from Puyuhuapi Fjord and
Jacaf Channel. (a-b) Volume backscattering strenf@tid) Dissipation rate of turbulent
kinetic energy with diapycnal eddy diffusivity (donr black lines). (e-f) Scatter plot between
the volume backscattering strength and the digsipaate of turbulent kinetic energy.

Figure 11. (a) Microprofilers recorded along Ja€atnnel and sill using VMP-250. (b) The
color bar showed the dissipation rate of turbulénétic energy values and the blue lines the
shear probe results. The horizontal scale (-2 $0) &pplied to profiles 160, 162 and 163. (c)
The diapycnal eddy diffusivity profiles, obtainedrihg November 2013.

Figure 12. Conceptual model to show the oceanograpiocess that contribute to the
distribution and aggregation of zooplankton in Fuyapi Fjord and Jacaf Channel.
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698 Figure 2. (Upper panel) Profiles of temperaturdingy, dissolved oxygen and dissolved

699 nitrate collected during different oceanographienpaigns in the northern central part of

700 Puyuhuapi Fjord and (lower panel) in eastern regiaihe Jacaf Channel. The red cross in the
701 oxygen subplot of Jacaf Channel represented theetdration of dissolved oxygen in a

702  discrete in-situ sample, analyzed with Winkler neetin order to validate the CTDO data.
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707  Figure 3. Hydrographic measurements undertakerujutfuapi Fjord. (a) Map of the study
708 area showing the transect conducted on June 16 g@f)l€onservative temperature, (c)
709 absolute salinity, (d) dissolved oxygen and (e)getysaturation. Black lines denote sampling
710 profiles. Explain what the acronyms are for thdedént water masses. Point out the hypoxic
711 layer (dissolved oxygen below 2 mL*land (B0 % saturation). Also state that the x-axis is

712 latitude.
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Figure 4. (a) Volume backscattering stren@h @B) calculated from the ADCP-1 backscatter
signal in Puyuhuapi Fjord, deployed at 50 m deptimfthe &' to the 28 of May, 2013. (b)

Zoom of theS, data and the times afi situ zooplankton sampling (black dots) carried out in
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721 Figure 5. (a) Volume backscattering stren@h @B) calculated from the ADCP-2 backscatter

722 signal carried out in the AFIOBIOEX Il experiment Puyuhuapi Fjord from the #2to the
723 24" of January, 2014. The in situ zooplankton samptiogrs are represented by black dots in
724  the top panel. (b) Depth integrated abundance oplankton from surface to 150 m depth
725 and (c-e) by depth strata (mean and standard é@vjaturing day (red) and night (black) of
726 the principal zooplanktons groups.
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728 Figure 6. Along-fiord transect using a scientifiche sounder SIMRAD with 38 kHz

729 frequency. Distribution indicated by colors repragey Sv. (a-c) Day transect carried out in
730  Puyuhuapi Fjord from the mouth to the head fjordirdy January 22, 2014. (d-f). Night
731 transect carried out from the head to the moutidfjstarting at 21:57 January 24th through
732 early in the morning of January 25, 2014. The ADZRooring location is marked with a
733 black dot. (b-e) Profilers from the Nautical areatsering coefficient (NASC) to the mouth,
734  center and head area of Puyuhuapi Fjord.

735

27



Ocean Sci. Discuss., https://doi.org/10.5194/0s-2017-89 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 24 October 2017 Discussions
(© Author(s) 2017. CC BY 4.0 License.

736
737

738
739
740
741
742

o

D|epth‘(m) ‘

A
=]
S

August 17, 2014 (night)

&
=]
S

Depth(m)

A
=)
S

&
o
S

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (km) Distance (km)
. T ' (E)
75 80 85 90 -95 -100

=]
S

P
£ .
&
=
a
@ -300
[a]

EN
=)
S

&
=]
S

5 10 15 20 25 30 0 5 10 15 20 25 30
Distance (km) Distance (km)
| I NI s (dB)
-35 -40 -45 -50 -55 -60 -65 -70 -75

Figure 7. (a) Scientific echo sounder transeatmg@lPuyuhuapi Fjord and Jacaf Channel
during August 17, 2014. The left panels (a, b,,@wsed the zooplankton and fish distribution
with 38 KHz and the right panels (c, d, f) with 1RBz. Distribution indicated by colors

representing Sv. The black dots in a) and c) remtesl the entrance to Jacaf Channel.
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Figure 8. (a) Transect along Jacaf sill using ttiergific echo sounder during August 18,
2014. The left panels (a, b, €) showed the zoopten&nd fish distribution with 38 KHz and
the right panels (c, d, f) with 120 kHz. Distritartiindicated by colors representing Sv.
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Figure 9. Relationships with the relative abundaotaooplankton expressed in Sv values
with the oceanographic variables parameters (@, g¢) from Puyuhuapi Fjord and (b, d, f, h)

Jacaf Channel.

30



Ocean Sci. Discuss., https://doi.org/10.5194/0s-2017-89 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 24 October 2017 Discussions

EGU

(@]
o
@
=}
>
Q
o}
@
(23
(%]

(© Author(s) 2017. CC BY 4.0 License.

755
756

757
758
759
760
761
762
763
764
765
766
767

Jacaf Channel Sv(dB)

Depth (m)

Depth (m)

20.00 o000 400 00 1200 500 2000 000
January 22, 2014 January 23, 2014

80 Depth (m)

-85
-90

«
-95

Sv(dB)

. 4
Pty O " -200 E
‘10 ) F] 4 ) I ) i
log10-Diss. rate of TKE (W kg'} log10-Diss. rate of TKE (W kg™

Figure 10. Acoustic and turbulence measuremerfigeat stations from Puyuhuapi Fjord and
Jacaf Channel. (a-b) Volume backscattering strenfttd) Dissipation rate of turbulent

kinetic energy with diapycnal eddy diffusivity (donr black lines). (e-f) Scatter plot between
the volume backscattering strength and the didsipaate of turbulent kinetic energy.
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769  Figure 11. (a) Microprofilers recorded along Jachfinnel and sill using VMP-250. (b) The

770  color bar showed the dissipation rate of turbulénétic energy values and the blue lines the
771 shear probe results. The horizontal scale (-2$d) applied to profiles 160, 162 and 163. (c)
772 The diapycnal eddy diffusivity profiles, obtainedrihg November 2013.
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782 Figure 12. Conceptual model to show the oceanograpiocess that contribute to the

783  distribution and aggregation of zooplankton in Rwapi Fjord and Jacaf Channel.
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