
1 
 

Turbulence and hypoxia contribute to dense zooplankton 1 

scattering layers in Patagonian Fjord System. 2 

Authors: Iván Pérez-Santos1-2*, Leonardo Castro2-3, Nicolás Mayorga1, Lauren Ross4, Luis 3 

Cubillos2-3, Mariano Gutierrez5, Edwin Niklitschek1, Eduardo Escalona2, Nicolás Alegría6 and 4 

Giovanni Daneri2-7. 5 

1Centro i~mar, Universidad de Los Lagos, Puerto Montt, Chile. 6 

2COPAS Sur-Austral, Universidad de Concepción, Campus Concepción, Víctor Lamas 1290, 7 

Casilla 160-C, código postal: 4070043, Concepción, Chile. 8 

3Departamento de Oceanografía, Universidad de Concepción, Campus Concepción, Víctor 9 

Lamas 1290, Casilla 160-C, código postal: 4070043, Concepción, Chile. 10 

4Department of Civil and Environmental Engineering, University of Maine, 5711 Boardman 11 

Hall, Orono, ME 04469-5711. 12 

5Universidad Nacional Federico Villareal, Facultad de Oceanografía, Pesquerías y Ciencias 13 

Alimentarias, Calle Francia 726, Miraflores, Lima, Perú. 14 

6Instituto de Investigaciones Pesqueras, Talcahuano, Chile. 15 

7Centro de Investigaciones en Ecosistemas de la Patagonia (CIEP), Coyhaique, Chile.  16 

*Corresponding author: Iván Pérez-Santos, email: ivan.perez@ulagos.cl 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

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



2 
 

Abstract 34 

 The Puyuhuapi Fjord is an atypical fjord, with two mouths, located in northern 35 

Patagonia (44.7° S). One mouth lies to the south, close to the Pacific Ocean, whilst the second 36 

connects with the Jacaf Channel to the north where a shallow sill inhibits deep water 37 

ventilation contributing to the hypoxic conditions below ∼100 m depth. Acoustic Doppler 38 

Current Profiler moorings, scientific echo sounder transects, and in-situ abundance 39 

measurements were used to study zooplankton assemblages and migration patterns along 40 

Puyuhuapi Fjord and Jacaf Channel. The acoustic records and in-situ zooplankton data 41 

revealed diel vertical migrations of siphonophores, euphausiids and copepods. A dense layer 42 

of zooplankton was observed along Puyuhuapi Fjord between the surface and the top of the 43 

hypoxic layer (∼100 m), which acted as a physic-chemical barrier to the distribution and 44 

migration of the zooplankton. Aggregations of zooplankton and fishes were generally more 45 

abundant around the sill in Jacaf Channel than anywhere within Puyuhuapi Fjord. In 46 

particular, zooplanktons were distributed throughout the entire water column to ~200 m 47 

depth, with no evidence of a hypoxic boundary. Turbulence measurements taken near the sill 48 

in the Jacaf Channel indicated high turbulent kinetic energy dissipation rates (ε ∼10-4 W kg-1) 49 

and vertical diapycnal eddy diffusivity (Kρ ∼10-2 m2 s-1) values. These elevated vertical 50 

mixing ensures that the water column well oxygenated and promotes zooplanktons 51 

aggregation. The sill region represents a major topographic contrast between the two fjords, 52 

and we suggest that this is an feature for future research on carbon export and fluxes in these 53 

fjords.  54 

  55 

Keywords: ADCP, Acoustic data, zooplankton, scientific echo sounder, Patagonian fjords. 56 

 57 

1 Introduction 58 

Patagonian fjords extend from 41° S to 56° S latitude, and are typically deep and 59 

narrow as a result of their formation during glacial progression. Hydrography is characterized 60 

by a two layer vertical structure, consisting of a fresh surface layer in the first ten meters of 61 

the water column (resulting from glacial melt) that overlays a subsurface salty layer 62 

originating in the Pacific Ocean (Silva and Calvete, 2002; Pérez-Santos et al., 2014). Fjord 63 

systems play an important role in primary production and carbon cycling by providing a zone 64 

where energy and particulate material are exchanged between land and marine ecosystems 65 
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(Gattuso et al., 1998). The principal nutrient (nitrate) is supplied to these fjords by oceanic 66 

transport, and particularly through the intrusion of Subantarctic water (SAAW), a water mass 67 

that may also transport some species of zooplankton (González et al., 2011).  68 

Zooplankton distribution and abundance in Patagonian fjords and channels has been 69 

quantified by Palma (2008), using in-situ collections.  A total of 220 plankton samples from a 70 

number of depth strata between the surface and ∼200 m, allowed the detection of several 71 

zooplankton groups (e.g. siphonophores, chaetognaths, cladocerans, copepods and 72 

euphausiids) and the description of a north south gradient in the abundance of the major 73 

species (Palma, 2008). Additionally, Landaeta et al., (2013) studied the vertical distribution of 74 

microzooplankton and fish larvae in Steffen fjords (-47.4° S) in four depth strata (200-50 m, 75 

50-25 m, 25-10 m and 10-0 m depth); copepods were the dominant zooplankton group, with 76 

the majority collected in the pycnocline.   77 

Most studies to date in Chilean coastal waters have used various types of plankton nets 78 

deployed in a series of depth strata in order to examine the vertical distribution of various 79 

zooplankton species. Although this approach provides accurate results, but large-scale surveys 80 

of the fjords are limited by the logistics and expense of collecting and processing large 81 

numbers of samples. An alternate approach is to use acoustic techniques that provide high 82 

resolution data on diurnal vertical migration (DVM) and aggregation patterns of zooplankton 83 

in the water column.  84 

ADCP echo intensity (backscatter) signals have demonstrated the potential to quantify 85 

vertical and temporal zooplankton distributions. Dense aggregations of krill have been 86 

detected and shown to have diel vertical migrations using ADCP moorings located around the 87 

Antarctic Peninsula, the Kattegat Channel (Norwegian Sea) and off Funka Bay, Japan 88 

(Buchholz et al., 1995; Lee et al., 2004; Zhou and Dorland 2004; Brierley et al., 2006). Most 89 

studies have focused on behavior of particular species, but the relationship of this behavior to 90 

physical/chemical properties and processes (e.g., temperature, salinity, oxygen and 91 

turbulence) remains an important scientific question.   92 

Whilst horizontal aggregations of plankton can occur on a scale of kilometers, there 93 

has been considerable recent interest in the study of plankton occurring within thin vertical 94 

layers whose scale is very small compared to the depth of the oceans (typical vertical 95 

thicknesses between 1-10 meters, but at times <1 m), These vertical and horizontal 96 

aggregations of plankton have major implications for reproduction, growth and predation of 97 

other marine species (Yamasaki et al., 2002). Also, horizontal advection shear instabilities, 98 

water column stratification, turbulence, convective overturns and salt-fingering contribute to 99 
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the localization and redistribution of plankton biomass, highlighting the relationship between 100 

physical processes and biological life cycles (Timothy et al., 1998). There have been few 101 

studies of the relationship between small-scale biophysical processes and plankton 102 

distribution along the Chilean coast, especially within the fjord and channel systems 103 

(Meerhoff et al., 2014). Using in-situ samples together with CTD profiles Castro et al., (2007) 104 

investigated the fine-scale distribution of copepods in the Golfo de Arauco (36.9° S) and 105 

showed that distributions were grouped into three layers: one group above the 106 

thermocline/oxycline, a second group below, and a third group that migrated across the 107 

thermocline. This distinction between groups in the vertical dimension highlighted the range 108 

of survival strategies present in these organisms. In a previous study in the same zone, they 109 

demonstrated that the vertical distribution and diel vertical migrations patterns changed in 110 

Rhincalanus nasutus as the organisms develop during the summer season, being the first 111 

copepodites stages located around the thermocline while the older copepodites and adults 112 

vertically migrated along the entire water column, changing between layers moving in 113 

opposite directions (Castro et al., 1993).   114 

The present study has two specific goals. The first is to determine how water column 115 

properties and turbulent mixing affect the vertical distributions of zooplankton in a 116 

Patagonian Fjord system. The second goal is to determine how the zooplankton distributions 117 

in this system respond to ventilation and hypoxic conditions (dissolved oxygen below 2 mL L-118 

1 and ∼30 % saturation). To achieve these research goals an Acoustic Doppler Current profiler 119 

(ADCP) and a scientific echo sounder were deployed to record zooplankton distribution and 120 

aggregation patterns on various temporal and spatial scales. These acoustic measurements 121 

were validated using in-situ plankton samples. The physical properties of the water column 122 

were measured using microstructure profilers and a Conductivity, Temperature, Depth (CTD) 123 

profiler equipped with a Dissolved Oxygen sensor. 124 

 125 

2 Study Area 126 

Puyuhuapi Fjord and Jacaf Channel are an atypical example of a Patagonian fjord 127 

system; the fjord and channel connect and meet the adjacent ocean via southern and northern 128 

mouths (Fig.  1). Seasonal hydrographic measurements along Puyuhuapi Fjord have 129 

demonstrated a stratified water column except in late winter when the water column became 130 

partially mixed due to reduction of freshwater supply from rivers and glacial melting 131 

(Schneider et al., 2014). Hypoxic conditions were detected in Puyuhuapi below 100 m depth 132 
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where oxygen concentrations were as low as 1 to 2 mL L -1 (Schneider et al., 2014; Pérez-133 

Santos 2017). The observed oxygen depletion could be caused by the intensive salmon 134 

farming in the fjord, limited ventilation due to shallow sills, or the input of low-oxygen 135 

Equatorial Subsurface Water into the fjord (Silva and Vargas, 2014). 136 

 137 

3 Data and methodology 138 

3.1 Water column properties 139 

Hydrographic surveys were conducted from 1995-2015 in Puyuhuapi Fjord and Jacaf 140 

Channel (Fig. 1). These profiles were obtained with a Seabird 25 CTD equipped with a 141 

dissolved oxygen sensor and had a vertical resolution of ∼12 cm sampling at 8 Hz with a 142 

descent rate of ~1 m s-1. The data collected were averaged into one meter bins according to 143 

Seabird recommendations. The conservative temperature and absolute salinity (g kg -1) were 144 

calculated according to the Thermodynamic Equation of Seawater 2010 (COI et al., 2010). 145 

Additionally, nitrate samples were taken using a Niskin bottle at various depths and analyzed 146 

spectrophotometrically following the methods of Strickland and Parsons (1968). In-situ 147 

dissolved oxygen concentrations were measured to validate oxygen data collected by the 148 

oxygen sensor on the CTD. The in-situ oxygen samples were analyzed using the Winkler 149 

method (Strickland and Parsons, 1968), which uses a Metrohom burette (Dosimat plus 865) 150 

and automatic visual end-point detection (AULOX Measurement System). 151 

Microprofiler measurements were collected using two instruments: The Self Contained 152 

Autonomous MicroProfiler (SCAMP) manufactured by Precision Measurement Engineering, 153 

Inc. and the Vertical Microstructure Profiler (VMP-250) manufactured by Rockland 154 

Scientific, Inc. The SCAMP profiler recorded data at 100 Hz, or ~1 mm vertical resolution 155 

with a descending free fall speed of ∼10 cm s-1. This instrument is equipped with a fast 156 

conductivity sensor (accuracy of ±5% of the full conductivity scale), and a fast temperature 157 

response sensor (accuracy of 0.010° C). The vertical gradients of temperature measurements 158 

were used to calculate the dissipation rate of turbulent kinetic energy (ε) by applying the 159 

Batchelor spectrum (Ruddick and Thompson, 2000; Luketina and Imberger, 2001). The 160 

VMP-250 was equipped with two airfoil shear probes and two fast response FP07 thermistors, 161 

which allowed for data recording at 512 Hz with a descending free fall speed of ~0.7 m s-1. 162 

The micro-shear measurements permitted the calculation of the dissipation rate of turbulent 163 

kinetic energy (ε), according to Lueck et al., (2002), Eq. (1), 164 
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Using the values of dissipation rate of turbulent kinetic energy, the diapycnal eddy 168 

diffusivity (Kρ) was calculated. The most used formulation was proposed by Osborn (1980), 169 

Eq. (2); 170 
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where Γ is the mixing efficiency, generally set to 0.2 (Thorpe 2005), and N is the buoyancy 172 

frequency.  Shih et al. (2005) noted that when the ratio 2/ Nνε is greater than 100, the Eq. (2) 173 

results in an overestimation.  Therefore, they proposed a new parameterization for this case 174 

given by Eq. (3): 175 
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νρ = .                                                               (3) 176 

More recently, Cuypers et al. (2011) used Eq. (3) when 2/ Nνε  > 100, Eq. (2) when 7 < 177 

2/ Nνε < 100, and considered null eddy diffusivity when 2/ Nνε < 7. This approach was 178 

followed here.  179 

 180 

3.2 Acoustic data and analysis 181 

Acoustic measurements were obtained with two 307.7 kHz Teledyne RDI Workhorse 182 

Acoustic Doppler Current Profilers (ADCP). The upward mounted ADCPs were moored at 183 

depths of ∼50 m (ADCP-1) and ∼100 m (ADCP-2) in north-central Puyuhuapi Fjord (Fig. 1, 184 

same location). These data were collected hourly with a vertical bin size of 1 m, over the 185 

periods of austral autumn (ADCP-1: May, 2013) and spring-summer (ADCP-2: November 186 

2013 – January 2014). During the final ADCP-2 mooring deployment along Puyuhuapi Fjord, 187 

acoustic data was also collected using the scientific echo-sounder SIMRAD CX34 at 38 kHz. 188 

Along-fjord sampling with the echo-sounder was conducted during the daylight and night-189 

time hours of January 22-25, 2014 (black line in Fig. 1). In-situ zooplankton sampling (see 190 

section 3.3 for details) was carried out at a fixed station close to the ADCP-1 and 2 positions 191 

over a period of 36 hours (Fig. 1) in order to validate both acoustic records. In August 2014, 192 
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the scientific echo-sounder experiment was repeated, this time covering the eastern Jacaf 193 

Channel, where a shallow sill was detected. A 120 kHz transducer was used in addition to the 194 

previous sampling with the 38 kHz transducer, and several day/night transects were 195 

completed from Puyuhuapi to the eastern Jacaf Channel with special attention paid to Jacaf 196 

sill. The vessel speed during both echo-sounder campaigns was maintained between 8-10 197 

knots.     198 

To study the vertical and horizontal distribution of zooplankton in Puyuhuapi Fjord 199 

and Jacaf Channel, the echo intensity from ADCPs was combined with the echoes registered 200 

from 38 and 120 kHz with a SIMRAD EK-60 echo-sounder. The zooplankton data registered 201 

with the echo-sounder was extracted as the mean volume backscattering strength (Sv) 202 

difference between the two measurement frequencies (38 and 120 kHz). Noise from the 203 

surface (4 meter) and the bottom was removed from the echoes by using the Echoview 204 

software (CITA). After, the Ballon et al., (2011) methodology was applied to all echograms in 205 

order to split zooplankton organisms into a “fluid-like” group (i.e, euphausiids, copepods, 206 

salps, siphonophores (without gas bladders) and a “blue-like” group that includes fish larvae, 207 

gelatinous and gas-bearing and siphonophores. The Sv values obtained with EK-60 echo-208 

sounder were converted into the acoustical nautical area scattering coefficient (NASC, in units 209 

of m2 n mi2, Eq. 4), and used as an index of zooplankton abundance (Ballon et al., 2011), i.e., 210 

                                                      SvTNASC 2)1852(4π= .                                                   (4) 211 

T was obtained by the integration of cells using 1 m depth in the vertical plane and 10 minutes 212 

in the horizontal plane.  213 

     The ADCP echo intensity was converted to the mean volume backscattering 214 

strength (Sv, dB re 1 m-1), similar to the data recorded by the scientific echo-sounder. The 215 

following formula was used for this conversion, Eq. (5): 216 

      )(2])16.273log[(10 2
rcDBWDBW EEKRPLRTxCSv −++−−++= α                   (5) 217 

where, C is a sonar-configuration scaling factor (-148.2 dB for the Workhorse Sentinel), Tx is 218 

the temperature at the transducer (°C), LDBW is 10log(transmit-pulse length in meters). The 219 

transmit pulse length was found to be L=8.13 m.  PDBW=15.5 W is 10log (transmit power, in 220 

W), α is the absorption coefficient (dB m-1), Kc is a beam-specific sensitivity coefficient 221 

(supplied by the manufacturer as 0.45), E is the recorded AGC (automatic gain control), and 222 

Er is the minimum AGC recorded (40 dB for ADCP-1 and 41 dB for ADCP-2). The beam-223 

average of the AGC for the 4 transducers was used to obtain optimal results following the 224 

procedure in Brierley et al., (2006). Finally, R is the slant range to the sample bin (m), and as 225 

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



8 
 

discussed in Lee et al., (2004), which uses the vertical depth as a correction. Therefore, R is 226 

obtained with the following equation (6): 227 

                                                   
Ic

cddn
dL

b
R

ζcos

)4/())1((
2

+−+++
=                                (6) 228 

where b is the blanking distance (3.23 m). The variable L is the transmit pulse length (m), 229 

which is the same as L=8.13 m in equation 2. The variable d is the length of the depth cell (1 230 

m), n is the depth cell number of the particular scattering layer being measured, ζ is the beam 231 

angle (20°), c is the average sound speed from the transducer to the depth cell (1453 m s-1) 232 

and Ic is the speed of sound used by the instrument (1454 m s-1). 233 

 234 

3.3 Zooplankton sampling 235 

In situ zooplankton samples were collected with a WP2 net (60 cm diameter mouth 236 

opening, 300 µm mesh, flow meter mounted in the net frame) towed vertically from 50 m to 237 

the surface in May 2013, and a Tucker Trawl net using oblique plankton tows (1 m2 mouth 238 

opening, 300 µm mesh with flow meter) in January 2014 and August 2014. All samples were 239 

preserved in a 5% formaldehyde solution (Castro et al., 2007). Zooplankton abundances were 240 

standardized to individuals per m3
 of filtered seawater (Castro et al., 2007, 2011; Valle-241 

Levinson et al., 2014). The WP2 vertical tows consisted of 5 depth intervals from surface to 242 

50 m, every 10m (0-10, 10-20, 20-30, 30-40, 40-50m). The original sampling design consisted 243 

of samplings every 3 hours during a 24h sampling period but, due to a night storm, sampling 244 

was reduced to late afternoon and mid-morning and early afternoon sampling of the following 245 

day. The stratified zooplankton sampling with the Tucker trawl net (depth strata: 0-10 m, 10-246 

20 m, 20-50 m, 50-100 m, and 100-150 m depth) took place during a 36-h period every 3 h in 247 

January 22-24, 2014 (Puyuhuapi Fjord) and every 6 h in August 18-19, 2016 (Jacaf Channel) 248 

(Fig. 1, red point). 249 

 250 

4. Results 251 

4.1 Hydrographic features 252 

Temperature profiles collected in Puyuhuapi and Jacaf Channels showed similar 253 

structure during the winter and summer campaigns (Fig. 2, a-b). The largest temperature 254 

gradients were found between the surface and ∼80 m depth, ranging from 8.5° C to 15° C in 255 

2014. A thin, fresh layer (salinity values varied from 11 to 27 g kg-1) was found in the first 256 
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~10 m of the water column below which salinity varied little (27 to ~33 g kg-1), as result of 257 

the presence of Subantarctic Water (SAAW) (Fig. 2, c-d). Hypoxic water (dissolved oxygen 258 

below 2 mL L-1 and ∼30 % saturation) was detected in Puyuhuapi Fjord below 100 m depth, 259 

with oxygen concentration between 1-2 mL L-1 (Fig. 2e). Deep water in Jacaf Channel was 260 

more ventilated, with dissolved oxygen values above hypoxic conditions throughout the water 261 

column (Fig. 2f). Below 50m depth, both regions contained high nitrate concentrations (Fig. 262 

2, g-h). The most recent hydrographic sampling in Puyuhuapi Fjord showed the permanence 263 

of hypoxic conditions down to 120 m depth (Fig. 3d).  The lowest dissolved oxygen values 264 

were detected at the head of the fjord with ∼1.5 mL L-1 and 25% of oxygen saturation (Fig. 3d 265 

and 3e). The hypoxic layer was located at the position of the ESSW (Fig. 3c). 266 

 267 

3.2 ADCP Acoustic data and in-situ zooplankton samples 268 

Data for ADCP backscatter, echo-soundings and in-situ plankton abundance were 269 

concurrently collected during three campaigns (May 8-26, 2013, January 22-24, 2014 and 270 

August 15-20, 2014) in Puyuhuapi Fjord and Jacaf Channel. The volume backscatter signal 271 

obtained from the ADCP-1 deployed at 50 m depth throughout May 2013 showed marked 272 

variability from high (-90 to -75 dB re 1 m-1) to low (-115 to -100 dB re 1 m-1) Sv signals (Fig. 273 

4a). High Sv values (<-90 dB re 1 m-1) were recorded during the night hours (~18:00 h to 274 

~07:00 h), while minimum Sv was observed in daytime (~07:00 h to ~18:00 h) suggesting the 275 

incorporation of vertically migrating organisms from their deep layers of residence during 276 

daytime (below our ADCP mooring depth, 50 m) to the shallower layer at night. In-situ 277 

zooplankton sampling was to be conducted during a 24-h cycle in May 25 to 26th, but it was 278 

interrupted during the night due to bad weather (Fig. 4b and c). The most abundant 279 

zooplankton groups present were Copepods, Siphonophores, Chaetognaths and Jellyfish (Fig. 280 

4c). A marked change in vertical distribution and in total abundance of the zooplankton 281 

groups in the water column was observed from the first sampling hour (late afternoon) to the 282 

first night sampling time, revealing the start of the nocturnal migration to the surface 283 

coincident with a DVM pattern seen in the ADCP-1 backscatter data (Fig. 4b and 4c). After 284 

the night storm, while some zooplankter’s remained in the shallower layers the following 285 

morning (also seen in the backscatter), others vertically migrated downwards and reached 286 

deeper layers (below the ADCP-1 mooring depth). 287 

An additional ADCP-2 mooring was positioned deeper at the same location from 288 

November 22, 2013 to January 23, 2014, covering the upper ∼100 m of the 250 m deep water 289 
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column (100 m being the technical depth limit of measurement of this instrument). The 290 

backscatter time series from this second ADCP deployment also detected a strong DVM 291 

pattern by the zooplankton. This was apparent in the Sv signal (reaching -80 dB re 1 m-1), 292 

which extended to ∼100 m depth, e.g., between January 22-24, 2014 (Fig. 5a). During 293 

daylight hours, the strongest zooplankton aggregation was observed between 80-100 m depth; 294 

this aggregation started to ascend from 18:00 to 21:00 h and by night-time showed a signal 295 

close to the surface, before beginning a vertical decent at ∼06:00 h. In-situ stratified sampling 296 

of zooplankton was conducted every 3 hrs (0-10 m, 10-20 m, 20-50 m, 50-100 m and 100-150 297 

m) to compare to the Sv records (Fig. 4a, black dots).  298 

 299 

The most abundant mesozooplankton groups were Copepods, Euphausiids, 300 

Siphonophores, Chaetognaths, Decapods and Jellyfish (Fig. 5, b-e). Copepods, the most 301 

abundant taxa, and zooplankton groups with body length larger than 5 mm varied in 302 

abundance simultaneously showing the maximum values at night-time and altogether 303 

contributed to the DVM pattern seen in the ADCP-2 backscatter data although displaying a 304 

time lag of about 2-3 hours (Fig. 5a and 5b). The mean day vs night vertical distribution of the 305 

most abundant zooplankton groups (copepods, euphausiids and siphonophores) also showed 306 

elevated abundance during night hours close to surface layer (10-20 m) (Fig. 5c-e) and, out of 307 

them, euphausiids showed the clearest diel vertical migration pattern with the maximum 308 

abundance at the 10-20 m layer at night and at 20-50 during the day hours.  309 

 310 

3.3 Acoustic data from scientific echo sounder 311 

The volume backscattering strength (Sv) obtained from the ADCP moorings provided 312 

valuable information on  zooplankton distribution and migration patterns in the first 100 m of 313 

the water column at one specific location (northern zone of Puyuhuapi Fjord in different 314 

seasons; Fig. 4 and 5). To complement these data, along-channel variations of zooplankton 315 

were studied during the day (January 22nd, 2014) and night (January 24th to 25th, 2014) using a 316 

scientific echo sounder SIMRAD (38 kHz). The along-channel transect conducted during day 317 

time (from mouth to head; Fig. 6a) demonstrated a uniform distribution of zooplankton along 318 

the fjord. In particular, from the mouth to the head of the fjord, Sv values ranged from -110 dB 319 

to -80 dB, and zooplankton were mostly located in the first 100 m of the water column, 320 

reinforcing the findings of the ADCPs data (Fig. 4, 5 and 6). The maximum observed value of 321 

Sv was -77.3 dB, with an average of -89.1 ±7 dB. At the ADCP-2 mooring location (black dot 322 
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in Fig. 6a), high backscatter signal during day time was found between 50-100 m depth, 323 

indicating good agreement between both ADCP-2 and echo sounder data (Fig. 4, 5 and 6). 324 

Profiles of NASC (Nautical area scattering coefficient) showed high zooplankton abundance 325 

between 50-100 m, followed by a secondary abundance at ~200 m depth (Fig. 6b, Center 326 

profile). This indicates that some zooplankton species tolerated the low values of dissolved 327 

oxygen and crossed the hypoxic layer (below ~120 m depth), but in general, the dense 328 

backscattering layer was observed above the hypoxic layer (>120 m depth; Fig. 6). The 329 

highest Sv signal for fishes was also typically detected at ∼50 m depth during the day, yet was 330 

much higher than the zooplankton signal (<-60 dB; Fig. 6c).  331 

A similar transect was repeated during night hours (Fig. 6d-f). In general, the Sv 332 

maximum shifted to the surface from 22:00 to 05:00 hours, suggesting an ascending vertical 333 

migration of both zooplankton and fishes (Fig. 6d and 6f). In this later case (fishes) a more 334 

clear picture of change in vertical distribution can be obtained at comparing the depth of fish 335 

aggregations detected by the echo sounder at the end of the first transect at 17.02 h (Fig. 6c) 336 

with the depth of fish aggregations at beginning of the backwards transect at 21.57h. At the 337 

mouth and center of fjord the NASC profiler indicated an elevated abundance of zooplankton 338 

between 10–70 m depth, but at the head, the profiler indicated a similar structure to profiles 339 

observed during the day (Fig. 6e). Overall figures 6a and 6d showed that although the water 340 

column depth extended to ~300 m, most zooplankton were concentrated above 100 m depth 341 

during both day and night time hours. As dissolved oxygen concentrations typically decrease 342 

from 2 mL L-1 to 1 mL L-1 below 100 m depth, zooplanktons in Puyuhuapi Fjord appear to 343 

prefer water with a higher oxygen concentration (3-7 ml/l). Furthermore, throughout the day 344 

and night zooplanktons were more abundant and located deeper in the water column close to 345 

the Puyuhuapi Fjord mouth than at the head (Fig. 6 b and 6e).        346 

In August 2014, additional echo sounder transects were carried out along Puyuhuapi Fjord 347 

and Jacaf Channel (∼35 km length) this time using two frequencies (38 and 120 kHz) that 348 

allowed the separation of zooplankton into Fluid like (FL) and Blue noise (BN) groups (Fig. 349 

7a-d). Again, zooplankton distribution in Puyuhuapi Fjord was concentrated in first 100 m of 350 

the water column, but at slightly deeper locations (50-100 m) than observed in the first 351 

transects during the previous summer campaigns (Fig. 6), possibly due to the bad weather 352 

encountered on the sampling day. Maximum zooplankton aggregations were observed in 353 

Jacaf Channel around the submarine sill, where high Sv values were recorded (between -60 354 

and -80 dB). In this site zooplankton were found up to ∼200 m depth, showing a strong signal 355 
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in the echogram for the Blue noise group (Fig. 7b and 7d), with fishes also abundant in the sill 356 

region (Fig. 7e and 7f). The length of the Jacaf sill is 6 km and occurs between km 22 to 27 357 

(Fig. 7) with the shallowest point (50 m depth) occurring at ~24 km.  358 

In order to confirm the abundance of zooplankton around the Jacaf sill, continuous 359 

acoustics samplings were repeated across the sill. A high abundance of zooplanktons were 360 

again observed (Fig. 8), highlighting the presence of two layers of zooplankton: one layer 361 

between 100-150 m and the second layer from 200 to 250 m (Fig. 8d). The in-situ plankton 362 

sampling detected highest abundance of euphausiids in layer 100-150 m that matched well 363 

with the data for the Fluid like group of 120 kHz (Fig. 8c).      364 

 365 

3.4 Relationships between acoustic records and water column properties 366 

In order to examine the relationship between zooplankton behavior and environmental 367 

variables of the water column, two fixed profiling stations were used to collect continuous 368 

acoustic data in Puyuhuapi Fjord (January 23-24, 2014) and Jacaf Channel (August 18-19, 369 

2014) (Fig. 1, red circles). The period of continuous acoustic measurements (38 kHz) 370 

extended for 36 hours, with CTD+DO profiles and in-situ zooplankton samples collected 371 

every 3 hours.  372 

The relationship between water temperature and elevated Sv values showed a weak 373 

correlation during summer (R2=0.30) and winter (R 2=0.41) in Puyuhuapi Fjord and Jacaf 374 

Channel, despite the seasonal temperature differences. In general, Sv and NASC (not shown) 375 

that are both proxies for zooplankton, show a preferred water temperature between 8-10°C 376 

(Fig. 9a and 9b). Also, a positive correlation was observed between Sv and salinity (R 2=0.29) 377 

in Puyuhuapi (Fig. 9c) and Jacaf (R 2=0.35) in (Fig. 9d). The major zooplankton aggregations 378 

were registered in oceanic water (salinity > 31). In both Puyuhuapi Fjord and Jacaf Channel, 379 

the volume backscatter and both dissolved oxygen and oxygen saturation showed highest R2 380 

values (~0.6) (Fig. 9e-h). In particular, only 20.4% of the total Sv measurements were located 381 

in the deep hypoxic layer of Puyuhuapi Fjord, while just 1.2 % was located in the hypoxic 382 

layer in Jacaf Channel (Fig. 9e-h), confirming the preference of zooplanktons for oxygenated 383 

waters.  384 

 385 

3.5 Mixing process 386 

 Turbulence profilers and acoustic measurements were obtained at the same fixed 387 

stations described before, in order to evaluate the contribution of vertical mixing to the 388 

distribution and abundance of zooplankton (Fig. 10). In both systems, Sv records highlighted 389 
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patterns of DVM, where most of the red shade area corresponded to the night-time moment 390 

(Fig. 10 a-b).  Zooplankton aggregation concentrated in the upper 100 meters in Puyuhuapi 391 

Fjord (Fig. 10a) and extended from the surface to the bottom in Jacaf Channel (Fig. 10b).  The 392 

dissipation rate of turbulent kinetic energy (ε) was lower in Puyuhuapi Fjord than in Jacaf 393 

Channel throughout the measurement period (Fig. 10c and d). In Puyuhuapi Fjord, elevated  394 

Sv signals (>-90 dB) were found when ε  was between 10-10 to 10-8 W kg-1 (Fig. 10c), but in 395 

the Jacaf Channel ε was significant higher than in Puyuhuapi Fjord (10-8 to 10-4 W kg-1) 396 

especially in the subsurface layer (~10-50 m depth), owing to the influence of the sill (Fig. 397 

10d). Overall, volume backscatter and ε were much higher in Jacaf Channel than in 398 

Puyuhuapi Fjord, indicating that zooplankton abundance could increase in areas with 399 

increased turbulent mixing (Fig. 10b and d). 400 

 Other turbulence measurements realized before the present study, in November 2013 401 

(Fig. 11a), registered strong shear around the Jacaf sill with high ε values (10-7 to 10-4 W kg-402 

1). The absolute maximum of ε was measured in the Jacaf-Puyuhuapi confluence at ~60 m 403 

with ε= (4.7 × 10-4 W kg-1), (Fig. 11b). The diapycnal eddy diffusivity (Kρ) was also high in 404 

the same area with values of 10-4 to 10-2 m2 s-1 (Fig. 11c).  405 

 406 

4 Discussion 407 

4.1 Puyuhuapi Fjord 408 

Previous studies have found hypoxic conditions in Puyuhuapi Fjord (Silva and Vargas, 409 

2014; Schneider et al., 2014) and our study supports these findings (Fig. 2 and 3). Hypoxia is 410 

known to have a significant impact on plankton distribution and development, hence on the 411 

health of the ecosystem as a whole (Ekau et al., 2010). Some species can tolerate hypoxic 412 

water, e.g., smaller species, euphausiids and jellyfish can live under 30% oxygen saturation 413 

and dissolved oxygen of 1.6 mL L-1. Others taxa, such as some copepods and fishes, may be 414 

more sensitive to hypoxia and have preference for oxygen saturations of 50-100% and 415 

concentrations of 2.6-5.2 mL L-1 (Ekau et al., 2010). The sensitivity to tolerate different 416 

oxygen concentrations, however, may vary among organisms from different environments. In 417 

coastal upwelling zones along Chile, while some copepods seem to be limited to depth ranges 418 

with waters well oxygenated, others seem to be well adapted for residence at minimum 419 

oxygen depth zones (Castro et al., 2007).    420 

Acoustic data from moored ADCPs and scientific echo sounder transects showed 421 

patterns of diel vertical migration by zooplankton in Puyuhuapi Fjord (Fig. 4 and 5), as shown 422 

in Reloncaví fjord, Northern Chilean Patagonia (Valle-Levinson et al., 2014).  The study in 423 
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the Reloncaví fjord by Valle-Levinson et al. (2014) was the first to use ADCP to examine 424 

DVM patterns of zooplankton in a Patagonian fjord and found twilight vertical migrations that 425 

were dominated by euphausiids and copepods in this fjord, an area where hypoxic conditions 426 

were not observed at the time of sampling. In our study, although we did not observed a 427 

twightlight vertical migration.  428 

In Puyuhuapi Fjord we recorded a dense acoustic scattering layer between the surface 429 

and ∼120 m depth, with low abundance in the deep hypoxic layers (120-250 m), suggesting 430 

some zooplankton occurred also in this deeper layer. Future research will need to understand 431 

the relationship of the deep, yet scarce, zooplankton with hypoxia in Puyuhuapi fjord. A 432 

similar acoustic experiment was carried out with a 200 kHz echo sounder in Oslofjord, 433 

Norway, where hypoxic conditions dominated the water column down to 60 m depth, and no 434 

fish or krill were observed in the hypoxic layer (Røstad and Kaartvedt, 2013).  435 

There was a distinct relationship between zooplankton distribution, as measured by the 436 

volume backscatter Sv, and dissolved oxygen. In particular, elevated Sv (-90 to -80 dB) 437 

coincided with dissolved oxygen concentrations ranging from 2-5 mL L-1 in Puyuhuapi Fjord, 438 

and concentrations of 3-6 mL L-1 in Jacaf Channel. In general, DO (and saturation) values of 439 

3.5 mL L-1 (80 % saturation) and 4.5 mL L-1 (70 % saturation) appeared to be the best 440 

conditions for zooplankton in Puyuhuapi Fjord and Jacaf Channel, respectively (Fig. 9), and 441 

our data coincide with the study of Ekau et al., (2010).  442 

 443 

4.2 Jacaf channel sill region 444 

Patagonian fjords and channels cover an area of ∼240,000 km2 and feature a complex 445 

marine topography, including submarine sills and channel constraints (Pantoja et al., 2014; 446 

Inall and Gillibrand, 2010). Bernoulli aspiration, internal hydraulic jumps and intense tidal 447 

mixing are all processes that can be found near a fjord sill (Farmer and Freeland, 1983; 448 

Klymark and Gregg, 2003; Inall and Gillibrand, 2010; Whitney et al., 2014). In particular, at 449 

the sill in the Knight Inlet, Canada, which has features similar to Jacaf Channel, turbulent 450 

kinetic energy dissipation rates were quantified with an Advanced Microstructure Profiler 451 

(AMP) (Klymark and Gregg, 2003). Values of the dissipation rate of turbulent kinetic energy 452 

were found to be approximately ε=10-4 W kg-1 in the sill vicinity and decreased away from the 453 

sill region (ε=10-7 – 10-8 W kg-1), (Klymark and Gregg, 2003). Our data showed a similar 454 

pattern in the Jacaf Channel, with high values of ε (10-4 W kg-1) and Kρ (10-2 m2 s-1) found 455 

near the sill in the subsurface layer (0-50 m) and lower dissipation rates of TKE in Puyuhuapi 456 

Fjord (15 km distance; Fig. 1 and 10). The elevated vertical mixing (high Kρ) in Jacaf Channel 457 
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is due to the barotropic tide interacting with the submarine sill (Schneider et al., 2014; Fig. 10 458 

and 11). Similar results of turbulence behavior was obtained in Martinez Channel (Pérez-459 

Santos et al., 2014), central Patagonian, where semidiurnal internal tide dominated the 460 

estuarine dynamics (Ross et al., 2014). Here, primary production levels were lower than in 461 

Puyuhuapi and Jacaf due to the influence of the Baker river discharge that enhances 462 

stratification and introduces suspended solids into the water column (González et al., 2010; 463 

Daneri et al., 2012; González et al., 2013). 464 

Studies have shown that turbulence can influence the vertical distribution of 465 

zooplankton, and enhance contact with prey and predators (Visser et al., 2009). Theoretical 466 

models have shown that predators experience optimal prey consumption when ε ranges 467 

between 10-6 and 10-4 W kg-1 (Lewis and Pedley, 2001). The acoustic transects conducted 468 

along the Jacaf Channel and near its sill during this study (Fig. 7, 8 and 10) (Fig. 10), showed 469 

the highest aggregation of zooplankton and fishes close to the sill (within ~1 km), which is the 470 

area where highest TKE dissipation were observed (~10-4 W kg-1; Fig. 10 and 11). Thin (2-5 471 

m) and thick (10-50 m) shear layers measure directly with the VMP-250 microprofiler 472 

contribute to vertical mixing and may enhance exchange between the subsurface rich nutrient 473 

layer (Fig. 2) and  the photic layer, where phytoplankton is more abundant, as shown in the 474 

conceptual model of figure 12.  475 

The measurements collected near Jacaf sill demonstrated the importance of a sill 476 

modulating the vertical mixing in Patagonia fjords and also, its influence on the vertical 477 

distribution of oxygen, and thereafter on the zooplankton vertical distribution, particularly at 478 

both sides of the sill. The elevated accumulation of zooplankton species around the sill 479 

indicates that in there might be a significant modification in the export of carbon to the deep 480 

fjord water in particular zones of some fjords, and moreover, by its effects on the vertical 481 

distribution of dissolved oxygen around these promontories, modifying the quality of the 482 

carbon exported to the bottom. Future researches of carbon flux quantification need 483 

incorporate sills regions to test this hypothesis, in order to improve the ocean pump 484 

assessment in the context of climate change and variability. 485 

A summary of the processes that can contribute to zooplankton vertical distribution 486 

and aggregation in the Puyuhuapi Fjord and Jacaf Channel are presented in a conceptual 487 

model (Fig. 12). At the Puyuhuapi Fjord, a shallow oxycline around 100 m depth separate the 488 

high nutrient and high production layer (Daneri et al., 2012; Montero et al., 2017) from the 489 

hypoxic layer below apparently inhibited high concentration of zooplankton at the deepest 490 

layer. Above the hypoxic waters, the turbulent mixing values were relatively low favoring the 491 
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contact rates among zooplankton predators and their preys and hence favored zooplankton 492 

feeding (Visser et al., 2009). In the Jacaf Channel, in turn, the hypoxic layer occurred deeper 493 

which should widen the zooplankton depth range of its habitat. However, zooplankton was 494 

not deeperly distributed but instead aggregated at depth where turbulent mixing was higher 495 

increasing this way their potential encounter rates with their preys, particularly around sills. 496 

 497 

5 Conclusion 498 

•  The hypoxic layer (<2 mL L-1 and <30% saturation) was observed below ∼100 m 499 

depth along Puyuhuapi Fjord whereas the Jacaf Channel it deeper and thus this fjord 500 

was more ventilated owing enhanced the vertical mixing created by the shallow sill .  501 

• Diel vertical migration (DVM) of zooplankton was detected in both the Puyuhuapi 502 

Fjord and the Jacaf Channel using ADCP backscatter signal and the scientific echo 503 

sounder. However, most of the migrating species in Puyuhuapi Fjord stopped at the 504 

hypoxic boundary layer and apparently did not tolerate the hypoxia conditions, 505 

situation that was not observed in Jacaf Channel. The most important zooplankton 506 

groups detected with in-situ zooplankton net sampling were siphonophores, 507 

euphausiids and copepods, being the copepods probably the taxa registered most 508 

abundantly in deeper waters and inside the hypoxic layer, coinciding  with a 509 

scattering signal. 510 

• A dome-shaped correlation as “optimal windows” was demonstrated between 511 

oceanographic variables and the relative abundance of zooplankton (dissolved 512 

oxygen, R2=0.6, salinity, R2=0.3 and temperature, R2=0.35). This highlighted the 513 

preference of zooplankton for well oxygenated water (3-6 mL L-1, 60-80 % 514 

saturation) with temperatures of 8-10°C, conditions characteristic of SAAW water.  515 

• Scientific echo sounder records showed high aggregation of zooplankton and fishes 516 

around the Jacaf sill, where high dissipation rate of turbulent kinetic energy (ε ∼10-4 517 

W kg-1) and vertical diapycnal eddy diffusivity (Kρ ∼10-2 m2 s-1) were recorded with 518 

microprofiler instruments. Turbulence appears to be the oceanographic process that 519 

contributes to the vertical mixing in the Jacaf channel, helping to the interchange of 520 

nutrient, feeding, prey-predator relationship and to the carbon export.  521 

 522 

 523 

 524 
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 627 

Figure captions 628 

Figure 1. Study area in relation to South America and the Pacific Ocean. The panel to the 629 

right enlarges the study area in Puyuhuapi Fjord and Jacaf Channel and indicates the positions 630 

of the ADCP-1and ADCP-2 mooring, the CTD station and acoustic sampling transects, and 631 

VMP-250 profiles. 632 

Figure 2. (Upper panel) Profiles of temperature, salinity, dissolved oxygen and dissolved 633 

nitrate collected during different oceanographic campaigns in the northern central part of 634 

Puyuhuapi Fjord and (lower panel) in eastern region of the Jacaf Channel. The red cross in the 635 

oxygen subplot of Jacaf Channel represented the concentration of dissolved oxygen in a 636 

discrete in-situ sample, analyzed with Winkler method in order to validate the CTDO data.  637 

Figure 3. Hydrographic measurements undertaken in Puyuhuapi Fjord. (a) Map of the study 638 

area showing the transect conducted on June 16 2016 (b) Conservative temperature, (c) 639 

absolute salinity, (d) dissolved oxygen and (e) oxygen saturation. Black lines denote sampling 640 

profiles. Explain what the acronyms are for the different water masses. Point out the hypoxic 641 

layer (dissolved oxygen below 2 mL L-1 and ∼30 % saturation). Also state that the x-axis is 642 

latitude. 643 

Figure 4. (a) Volume backscattering strength (Sv, dB) calculated from the ADCP-1 backscatter 644 

signal in Puyuhuapi Fjord, deployed at 50 m depth from the 8th to the 26th of May, 2013. (b) 645 

Zoom of the Sv data and the times of in situ zooplankton sampling (black dots) carried out in 646 

the AFIOBIOEX I experiment (May 25-26, 2013). (c) Abundance of main zooplankton 647 

groups (integrated through the water column to 50 m depth) at the sampling hours indicated in 648 

(b). 649 

Figure 5. (a) Volume backscattering strength (Sv, dB) calculated from the ADCP-2 backscatter 650 

signal carried out in the AFIOBIOEX II experiment in Puyuhuapi Fjord from the 22nd to the 651 

24th of January, 2014. The in situ zooplankton sampling hours are represented by black dots in 652 

the top panel. (b) Depth integrated abundance of zooplankton from surface to 150 m depth 653 

and (c-e) by depth strata (mean and standard deviation) during day (red) and night (black) of 654 

the principal zooplanktons groups.   655 

Figure 6. Along-fjord transect using a scientific echo sounder SIMRAD with 38 kHz 656 

frequency. Distribution indicated by colors representing Sv. (a-c) Day transect carried out in 657 
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Puyuhuapi Fjord from the mouth to the head fjord during January 22, 2014. (d-f). Night 658 

transect carried out from the head to the mouth fjord, starting at 21:57 January 24th through 659 

early in the morning of January 25, 2014. The ADCP-2 mooring location is marked with a 660 

black dot. (b-e) Profilers from the Nautical area scattering coefficient (NASC) to the mouth, 661 

center and head area of Puyuhuapi Fjord.  662 

Figure 7. (a)  Scientific echo sounder transects along Puyuhuapi Fjord and Jacaf Channel 663 

during August 17, 2014. The left panels (a, b, e) showed the zooplankton and fish distribution 664 

with 38 KHz and the right panels (c, d, f) with 120 kHz. Distribution indicated by colors 665 

representing Sv. The black dots in a) and c) represented the entrance to Jacaf Channel.   666 

Figure 8. (a) Transect along Jacaf sill using the scientific echo sounder during August 18, 667 

2014. The left panels (a, b, e) showed the zooplankton and fish distribution with 38 KHz and 668 

the right panels (c, d, f) with 120 kHz. Distribution indicated by colors representing Sv.  669 

Figure 9. Relationships with the relative abundance of zooplankton expressed in Sv values 670 

with the oceanographic variables parameters (a, c, e, g) from Puyuhuapi Fjord and (b, d, f, h) 671 

Jacaf Channel.  672 

Figure 10. Acoustic and turbulence measurements at fixed stations from Puyuhuapi Fjord and 673 

Jacaf Channel. (a-b) Volume backscattering strength, (c-d) Dissipation rate of turbulent 674 

kinetic energy with diapycnal eddy diffusivity (contour black lines). (e-f) Scatter plot between 675 

the volume backscattering strength and the dissipation rate of turbulent kinetic energy. 676 

Figure 11. (a) Microprofilers recorded along Jacaf Channel and sill using VMP-250. (b) The 677 

color bar showed the dissipation rate of turbulent kinetic energy values and the blue lines the 678 

shear probe results. The horizontal scale (-2 to 2 s-1) applied to profiles 160, 162 and 163. (c) 679 

The diapycnal eddy diffusivity profiles, obtained during November 2013. 680 

Figure 12. Conceptual model to show the oceanographic process that contribute to the 681 

distribution and aggregation of zooplankton in Puyuhuapi Fjord and Jacaf Channel. 682 
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 687 

Figure 1. Study area in relation to South America and the Pacific Ocean. The panel to the 688 

right enlarges the study area in Puyuhuapi Fjord and Jacaf Channel and indicates the positions 689 

of the ADCP-1and ADCP-2 mooring, the CTD station and acoustic sampling transects, and 690 

VMP-250 profiles. 691 
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 697 

Figure 2. (Upper panel) Profiles of temperature, salinity, dissolved oxygen and dissolved 698 

nitrate collected during different oceanographic campaigns in the northern central part of 699 

Puyuhuapi Fjord and (lower panel) in eastern region of the Jacaf Channel. The red cross in the 700 

oxygen subplot of Jacaf Channel represented the concentration of dissolved oxygen in a 701 

discrete in-situ sample, analyzed with Winkler method in order to validate the CTDO data.  702 
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 706 

Figure 3. Hydrographic measurements undertaken in Puyuhuapi Fjord. (a) Map of the study 707 

area showing the transect conducted on June 16 2016 (b) Conservative temperature, (c) 708 

absolute salinity, (d) dissolved oxygen and (e) oxygen saturation. Black lines denote sampling 709 

profiles. Explain what the acronyms are for the different water masses. Point out the hypoxic 710 

layer (dissolved oxygen below 2 mL L-1 and ∼30 % saturation). Also state that the x-axis is 711 

latitude. 712 
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 713 

Figure 4. (a) Volume backscattering strength (Sv, dB) calculated from the ADCP-1 backscatter 714 

signal in Puyuhuapi Fjord, deployed at 50 m depth from the 8th to the 26th of May, 2013. (b) 715 

Zoom of the Sv data and the times of in situ zooplankton sampling (black dots) carried out in 716 

the AFIOBIOEX I experiment (May 25-26, 2013). (c) Abundance of main zooplankton 717 

groups (integrated through the water column to 50 m depth) at the sampling hours indicated in 718 

(b). 719 
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 720 

Figure 5. (a) Volume backscattering strength (Sv, dB) calculated from the ADCP-2 backscatter 721 

signal carried out in the AFIOBIOEX II experiment in Puyuhuapi Fjord from the 22nd to the 722 

24th of January, 2014. The in situ zooplankton sampling hours are represented by black dots in 723 

the top panel. (b) Depth integrated abundance of zooplankton from surface to 150 m depth 724 

and (c-e) by depth strata (mean and standard deviation) during day (red) and night (black) of 725 

the principal zooplanktons groups.   726 
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 727 

Figure 6. Along-fjord transect using a scientific echo sounder SIMRAD with 38 kHz 728 

frequency. Distribution indicated by colors representing Sv. (a-c) Day transect carried out in 729 

Puyuhuapi Fjord from the mouth to the head fjord during January 22, 2014. (d-f). Night 730 

transect carried out from the head to the mouth fjord, starting at 21:57 January 24th through 731 

early in the morning of January 25, 2014. The ADCP-2 mooring location is marked with a 732 

black dot. (b-e) Profilers from the Nautical area scattering coefficient (NASC) to the mouth, 733 

center and head area of Puyuhuapi Fjord.  734 
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 736 

Figure 7. (a)  Scientific echo sounder transects along Puyuhuapi Fjord and Jacaf Channel 737 

during August 17, 2014. The left panels (a, b, e) showed the zooplankton and fish distribution 738 

with 38 KHz and the right panels (c, d, f) with 120 kHz. Distribution indicated by colors 739 

representing Sv. The black dots in a) and c) represented the entrance to Jacaf Channel.   740 
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 743 

Figure 8. (a) Transect along Jacaf sill using the scientific echo sounder during August 18, 744 

2014. The left panels (a, b, e) showed the zooplankton and fish distribution with 38 KHz and 745 

the right panels (c, d, f) with 120 kHz. Distribution indicated by colors representing Sv.  746 
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 751 

Figure 9. Relationships with the relative abundance of zooplankton expressed in Sv values 752 

with the oceanographic variables parameters (a, c, e, g) from Puyuhuapi Fjord and (b, d, f, h) 753 

Jacaf Channel.  754 
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 755 

Figure 10. Acoustic and turbulence measurements at fixed stations from Puyuhuapi Fjord and 756 

Jacaf Channel. (a-b) Volume backscattering strength, (c-d) Dissipation rate of turbulent 757 

kinetic energy with diapycnal eddy diffusivity (contour black lines). (e-f) Scatter plot between 758 

the volume backscattering strength and the dissipation rate of turbulent kinetic energy. 759 
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 768 

Figure 11. (a) Microprofilers recorded along Jacaf Channel and sill using VMP-250. (b) The 769 

color bar showed the dissipation rate of turbulent kinetic energy values and the blue lines the 770 

shear probe results. The horizontal scale (-2 to 2 s-1) applied to profiles 160, 162 and 163. (c) 771 

The diapycnal eddy diffusivity profiles, obtained during November 2013. 772 
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 781 

Figure 12. Conceptual model to show the oceanographic process that contribute to the 782 

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