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ABSTRACT: Residual circulation from nonlinear interaction of the tidal currents with topography
in channels, fjords and bays can be important to represent the distance traveled by suspended
materials in the water column (e.g. pathogens). Here the role of the semidiurnal tidal excursion was
compared with residual currents, during autumn 2011, to evaluate the connectivity among aqua-
culture production centers in Caucahue Channel (Chiloe Island, southern Chile), which has been
widely occupied by the aquaculture industry. During 2015, around 30 000 t of 3 different species of
salmon were harvested in this channel, representing 3.7 % of the national production. Along- and
cross-channel tidal currents explained around 80 and 40-60 % of the total variance, respectively.
Thus, the major residual circulation came from the cross-channel component (40-60 % of the total
variance) caused by tidal asymmetry. We hypothesized that this asymmetry is related to the nonlin-
ear interaction of the oscillatory flow with the Quemchi constriction. The residual advective dis-
tances (L,qy) were compared with tidal excursion (L) and biological diffusivity (Lq) scales, con-
sidering the distances between centers (L;,;), the size of the centers (L..,) and the length of the south
arm of the Cauchaue Channel (L = 11 km). For 3 d time scales, the L4,/ Ly ratio fluctuated between
1.3 and 8, approximately, implying that, although the advective scale is greater, the tidal flow is still
intense enough to favor the retention of pathogens. For larger time scales that consider longer-lived
pathogens (e.g. greater than 15 d), this ratio grows 1 order of magnitude. In this scenario and in the
event of an outbreak within the channel, pathogens could be exported.
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aquaculture industry - Waterborne pathogens

Tidal asymmetry - Chilean

INTRODUCTION occupied by the aquaculture industry since around
1915-1930 (Rudolph et al. 2010, Bustos 2012) (see
boxes in Fig. 1). The subsequent increase of aquacul-

ture farms in this area has introduced strong environ-

The Chiloe Inland Sea (CIS), located on the west
side of the Southern Cone of South America, extends

from Puerto Montt (41°30'S) to the mouth of Guafo
(43°40'S) along ca. 260 km, and includes a series of
fjords and channels, some of which have been widely
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mental pressures on the carrying capacity of these
semi-enclosed systems, which sustain the industry
(Buschmann et al. 2001, 2006). In 2006, Chile pro-
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duced 647 000 t of salmonids, which in 2009 dropped
by approximately 20 % due to the spread of infectious
salmon anemia virus (ISAV) in southern Chile
(Godoy et al. 2008). In 2011, production was recov-
ered to levels above 2007, and in 2012, production
increased to 827 203 t (Sernapesca 2012).

Although the Chilean Government reacted to ISAV
outbreaks by taking steps to manage the sanitary
crisis (e.g. creating aquaculture neighborhoods and
increased biosecurity measures), it is now known that
the dynamics of water in the channels and fjords of
the CIS can potentially have a greater influence on
waterborne pathogens than previously thought
(Buschmann et al. 2009, 2013). For example, in the
Quoddy region of Maine (USA) and New Brunswick
(Canada), where Atlantic salmon farms are closely
spaced (0.5-4.2 km) (Gustafson et al. 2007), extremely
large tidal currents (Brooks 2004) can drive the ex-
change of water, and potentially waterborne patho-
gens, reaching up to 7 farms within a single tidal cycle
(Chang et al. 2005a). Research on ISAV outbreaks in
Chile (Mardones et al. 2011) and Norway (Lyngstad et
al. 2008) agree that the onset of the disease is slow
and then spreads with epidemic behavior around the
initial outbreak. Clustering of cases supports the as-
sumption that passive transmission in seawater from
ISAV-infected farms (proximity) is a critical factor in
controlling the disease (Mardones et al. 2009). In this
context, the connectivity mechanisms provided by the
local hydrodynamics (tidal excursion and residual
currents) are fundamental to better understand the
distances of dispersion and advection (Largier 2003).

In the case of the CIS, despite the intensive use of
its channels by the aquaculture industry, under-
standing of the hydrodynamics of these inner chan-
nels is still limited. The hydrodynamics of some geo-
graphical areas have been studied in this region (see
Fig. 1), including the Reloncavi Fjord (Castillo et al.
2012, Valle-Levinson et al. 2014), Chacao Channel
(Céceres et al. 2003) and others (Aiken 2008, Caceres
et al. 2008, Marin & Campuzano 2008, Salinas &
Castillo 2012), but the connectivity among aquacul-
ture centers based on tidal excursion and/or residual
currents was not considered.

Unlike the fjords on the east side of CIS, where
gravitational circulation driven by rivers is important,
the coastal area adjacent to Chiloe Island (located on
the west side of the CIS) has no major continental wa-
ter inputs, and thus wind, tides and topography can
be expected to be the main forcings modulating the
hydrodynamics. In this context, our research sought to
clarify the role of tidal and residual currents on the re-
tention and transport of materials in the water column

in a typical channel of the CIS. The study was not in-
tended to describe the non-tidal circulation pattern
inside of Caucahue Channel or to evaluate the La-
grangian transport within it. Instead, we aimed to
compare the advective residual scales with tidal ex-
cursion and biological diffusivity scales to then apply
them to the typical scales of the locations of aquacul-
ture production centers in 1 channel of southern Chile.

MATERIALS AND METHODS
Study area

The Caucahue Channel is located in the north-
eastern sector of Chiloe Island (42°08'30"S, 73°
28' 00" W), on the western edge of the Gulf of Ancud
and just 32 km from the mouth of the Chacao Chan-
nel (41°47'00" S, 73°35'00" W), 1 of the 2 connec-
tions between CIS and the Pacific Ocean (Fig. 1). The
other connection, the Guafo mouth, is located ap-
proximately 165 km to the south, and is considerably
wider and deeper than the Chacao Channel. It is rec-
ognized as the main connection to the Pacific Ocean,
where the propagating tidal waves enter the CIS
(Aiken 2008). The distance between Puerto Montt
(41°28'20" S, 72°56' 00" W), the northern limit of the
CIS, and the Guafo mouth, the southern limit, is
approximately 260 km (Fig. 1).

The Caucahue Channel separates Caucahue Island
from Chiloe Island, forming a channel with 2 arms
connected to the CIS through the northern and south-
ern mouths. These mouths have maximum depths
close to 120 m, and widths ranging from 3.8 km
(northern entrance) to 2.9 km (southern entrance).
The northern and southern arms extend over 7.5 and
11.0 km, respectively, with maximum depths close to
both mouths. Both arms are connected in Quemchi,
the narrowest (0.8 km) and the shallowest (<40 m)
place in this channel (hereafter referred to as the
Quemchi constriction). Therefore, this channel has 3
topographic features that can modify the oscillatory
tidal flow: (1) it is a curved channel; (2) the channel is
shallow in its central part, changing from depths of
around 100 m in its 2 mouths, to less than 40 m in the
Quemchi constriction; and (3) the cross-sectional area
of this constriction (0.017 km?) is reduced by 10 to
20 times, approximately, compared to the southern
mouth (0.21 km?) and the northern mouth (0.38 km?),
respectively (Fig. 1).

On the other hand, the Caucahue Channel hosts 13
concessions for salmon farming that include Atlantic
salmon Salmo salar, Pacific (coho) salmon Onco-



Sobarzo et al.: Hydrodynamics and connectivity between farms

293

rhynchus kisutch and rainbow trout O.
mykiss. In 2015, around 30000 t were
obtained, which represented 7.8 % of re-
gional production and 3.7 % of national
production (Sernapesca 2015). In addi-
tion to the cultivation of salmon, 38 con-
cessions for shellfish and 6 concessions
for the cultivation of seaweed operate in
this channel (see boxes in Fig. 1, indica-
ting production centers). The size of the
production centers (L.e,) fluctuated be-
tween 0.1 and 0.3 km. The distance
between them (L;,;) varied from 1 to
5 km, if only the salmon farming centers
are included, or less, if all the produc-
tion centers are considered. According
to Mardones et al. (2011), during the
ISAV epidemic in southern Chile in
2007-2009, only the south arm of this
channel was infected.
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Observations and analyses

Measurements of currents were made
using an RDI Workhorse 300 kHz
acoustic Doppler current profiler (ADCP)
deployed between 17 April and 21 July
2011 in the southern arm of the Cauc-
ahue Channel at a site with 55 m depth.
The ADCP was installed at about 50 m
depth, with transducers facing upwards,
within a frame of fiberglass anchored at
4 m to the bottom. This instrument re-
corded data every 15 min with a vertical
resolution of 2 m, with valid data be-
tween 4 and 46 m depth. A tide gauge
(SBE 26 SEAGAGE; wave and tide
recorder), installed simultaneously near
the southern mouth (42°12'36" S, 73° 23’
10" W), was programmed to measure with the same
frequency. This study was authorized by the Hydro-
graphic and Oceanographic Service of the Chilean
Navy as stated in Decree No. 13279/24/234 (11 April
2011).

Prior to the analysis of the current time series,
hourly mean values were calculated and were re-
ferred to the geographic North, considering the mag-
netic declination for the study area (9.6°E). Due to
the orientation of the coastline and the 25 and 50 m
isobaths at the ADCP deployment site, currents were
decomposed into their along- and cross-channel axes
(Fig. 1). The new rotated axes were oriented with the
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Fig. 1. Upper inset shows the Chiloe Inland Sea (CIS) located on the west side
of the Southern Cone of South America. Lower inset shows the CIS, extended
from Reloncavi Sound (RS) to the Guafo Mouth. Red circle highlights the
Caucahue Channel located on the west side of the Gulf of Ancud. Amplified

aucahue Channel with the location of the acoustic Doppler

current profiler (ADCP, 300 kHz) between 17 April and 21 July 2011. Red

points show the ADCP and tide gauge locations, and blue triangles indicate

hydrographical stations. Green, red and yellow boxes indicate the location of
salmon, shellfish and seaweed production centers, respectively

y-axis toward 10°N (cross-channel); and the x-axis
towards 100° N (along-channel), which was the major
axis. Cross- and along-channel currents were desig-
nated by v and u, respectively, with u positive to the
east (out of the channel).

The contributions of the principal constituents of
tides for currents and sea level were determined
using harmonic analysis (Pawlowicz et al. 2002). Resi-
dual currents were calculated by subtracting tidal
currents estimated from significant tidal constituents
from the total current. This residual current was fil-
tered using a 30 h Lanczos cosine filter in order to
extract high-frequency fluctuations present in the
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residuals. All analyses were repeated with the g 10
original time series every 15 min. No significant L 190
variations were found between both analyses, so
all data and graphs shown were made using 5 1180
hourlyvalues. 470
After the harmonic analysis and considering Ueo
the predominance of the semidiurnal constit- . : B
uents, a bandpass filter was used with cut-off 13?05 = :\mghuso . B0 5
frequencies of 0.1 to 0.071 cycles h™' (10 to cm s-1 ”408
14 h). This band incorporates M2, S2, N2 and
K2 semidiurnal constituents. This filter was - B
used for the study of the coherence and cross- oo
correlation between currents and sea level.
The above observations were complemented °
by hydrographical data collected along the 12, 20 = =~ o8 oy 0
main axis of the channel and using 10 stations 27.00'

on 17-19 April 2011 (Fig. 1). Temperature, con-  Fig. 2. Surface (black dots) and bottom (red dots) scatter plots of
ductivity, pressure and dissolved oxygen were  the total current in Caucahue Channel, 17 April to 21 July 2011

measured using a Sea Bird CTDO at all of these

stations. The stratification of the water column was RESULTS

calculated using the Brunt-Vaisala (or buoyancy) fre-

quency N (in cycles h™!). This is defined as N/2r = Mean flow and variability of the total current
(9E)V?/2m, where E = —(1/p)(964/9z), g is the accelera-

tion of gravity, p is density, o, is sigma-{, and z is the Consistent with the local bathymetry, the disper-
depth, considered negative towards the bottom sion of the total current tended to be elliptical, with
(Pond & Pickard 1983). its major axis oriented approximately along the chan-

a) Along-channel (cm s7") b) Cross-channel (cm s™')  ¢) Variance (cm? s?) d) Maximum variance (%)
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Fig. 3. (a,b) Mean vertical structure (continuous black line), standard deviation (error bars) and maximum and minimum val-

ues (*) of the total current in the along- (AC) and cross-channel (CC) axes, respectively. (c) Variance in both components. (d)

Mean flow direction (black dots), percentage of explained variance by major principal axis (MPA, i.e. the maximum variance
of the total current; blue line) and orientation of the MPA (black line). Caucahue Channel, 17 April to 21 July 2011
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nel, and with total surface currents trending east-
ward (black points) and bottom currents trending
westward (red points), with values that did not ex-
ceed 30 cm s7! (Fig. 2). Within the first 24 m depth,
currents along the channel showed an eastward ten-
dency (positive); below 34 m there was a westward
predominant flow (negative), with mean values, in
both cases, below 3 cm s™! (Fig. 3a). The maximum
values along the channel and throughout the water
column ranged from —28 to 30 cm s~!, approximately.
Across the channel (approximately north—south direc-
tion), maximum values were lower, showing a mean
flow northward within the first 35 m depth (Fig. 3b).
The variance of the total currents was greater along
the channel than across the channel, showing a grad-
ual reduction of the kinetic energy with depth, espe-
cially in the cross-channel component (Fig. 3c).

The major principal axis or maximum variance of
the total current at each level explained about 80 %
of the flow variability and was virtually constant
throughout the entire water column. The orientation
of this axis also remained constant throughout the
water column (about 100°) and aligned with the axis
of the channel (Fig. 3d). Meanwhile, the mean flow
direction showed a counterclockwise rotation with
depth from ~60° (surface) to ~280° (at 47 m depth)
(Fig. 3d). A summary with the descriptive statistics of
the total and subtidal currents is provided in Table 1.

Harmonic analysis of sea levels and tidal currents
Harmonic decomposition of the sea level measured

from a tide gauge (see Fig. 1) showed the predomi-
nance in amplitude of 3 semidiurnal constituents

(M2, S2 and N2) over diurnal and shallow-water con-
stituents (K1, O1, M4 and others). The percentage of
the total variance explained by M2, S2, N2, K1 and
O1 was 82.8, 7.1, 4.4, 1.9 and 0.7 %, respectively.
Thus, the explained variance by predicted sea level,
using all significant constituents, was 99% and F =
(K1 + O1)/(M2 + S2) was equal to 0.18. This value
indicates that the predominant tidal regime within
this channel was semidiurnal. The phase of the main
semidiurnal constituents M2, N2 and S2 was of 64.2°,
78.8° and 30.7°, respectively.

The harmonic analysis of the total current revealed
that significant constituents (including semidiurnals,
diurnals and shallow-water constituents) explained
about 80% of the along-channel current variability,
except within the first 15 m depth, where the per-
centage was slightly lower (solid red line in Fig. 4a).
In contrast, in the cross-channel component, the vari-
ance explained by the significant constituents fluctu-
ated only between 40 and 60 %. Of these significant
constituents, the one of greater amplitude was M2,
reaching an average of 8 cm s™! (range 7-9 cm s™%) for
the entire water column. S2 reached amplitudes be-
tween 2 and 3.5 cm s}, and N2 was below 2.5 cm s~
(not shown). Along-channel detided currents ex-
plained about 20 % below 15 m depth (Fig. 4a) and
near 36 % in the surface 5 m. On the other hand, the
explained variance of the cross-channel detided cur-
rents fluctuated between 44 and 63 %. Amplitudes of
K1, O1 and M4 were much less energetic and did not
exceed 1 cm s~! throughout the water column. Virtu-
ally all constituents showed changes in their phases
near the bottom (Fig. 4b). M2 showed elliptical orbits
with the major axis oriented along the channel and
with amplitudes close to 8 cm s™! throughout the

Table 1. Statistics of total and subtidal currents in Caucahue Channel during the period between 17 April and 21 July 2011.

Upean @Nd Viean (Usp @and vsp) are the mean flow (standard deviation) of the along and cross-channel currents, respectively. Kg

is the kinetic energy. The orientation of the major principal axis (MPA) and mean flow (magnitude in cm s™!/direction in
degrees) are defined with respect to the geographical north

Depth (M)  Upean (€M 571 Vigean (cm s ugp (ems™)  vgp (ems™)  Kg (cms™)2  MPA Mean flow

Total 4 2.9 0.9 8.7 4.6 4.6 109 3.0/72°
currents 12 2.3 2.4 8.4 4.1 54 108 3.3/44°
24 0.3 1.9 7.9 3.6 1.9 103 1.9/8°

36 -2.0 0.8 7.4 3.0 2.4 101 2.2/292°

46 -3.0 0.2 7.2 3.1 4.3 98 3.0/273°

Subtidal 4 3.0 0.9 3.5 1.8 4.8 103 3.1/73°
currents 12 2.4 2.3 2.1 1.4 5.6 105 3.4/46°
24 0.4 1.9 1.8 1.2 1.9 86 1.9/13°

36 -1.8 0.8 1.8 1.1 2.0 79 2.0/294°

46 2.6 0.2 1.8 1.1 3.8 83 2.7/275°
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Fig. 4. (a) Vertical structure of the percentage of variance explained (red lines) by tidal along- and cross-channel currents

(ACt and CCr, respectively) and detided along- and cross-channel currents (ACy and CCy, respectively), and of the ampli-

tudes of the main tidal constituents (M2, S2, K1,01, M4, black and grey lines). (b) Vertical structure of the phase of the main
tidal constituents. (c) Semidiurnal tidal ellipses for M2. Caucahue Channel, 17 April to 21 July 2011

water column. This constituent rotated counterclock-
wise, with the exception of the bottom layers (41.8 to
45.8 m) (Fig. 4c).

In order to link current meter data coming from the
ADCP with the sea level measured by the tide gauge
(both instruments located about 8 km away, Fig. 1),
the phase difference between both instruments was
calculated through the cross-correlation analysis
between original series (both series sampled every
15 min) of sea level and the surface backscatter
recorded by the ADCP. The correlation was maxi-
mum at 0 lag (r = 0.8), and therefore it was assumed
that tidal phase was the same in both instruments.
This is consistent with a tidal wave that will travel as
a shallow water wave in an unstratified channel at a
speed given by c¢ = (g h)2. Considering h (depth) =
50 m for Caucahue Channel and g (acceleration due
to gravity) = 9.8 m s72, the tidal wave travels with ¢ =
93.5 km h~!. With this speed, the time it takes the
wave to travel from the tide gauge to the ADCP is
only 5 min.

Considering the predominance of the semidiurnal
constituents, a bandpass filter was applied to the sea
level and tidal currents to separate the semidiurnal
band located between 10 and 14 h. With these fil-
tered time series, the relationship between sea level
and tidal currents in the semidiurnal band was ex-

plored. Progressive tides have maximum current
speeds at high and low tides (in opposite directions).
When the progressive tide meets a reflection, a
standing wave can arise. When this happens, the
strongest tidal currents occur when sea level is near
its mean value. For example, using a typical day of
spring tides, major eastward and westward semidiur-
nal tidal currents at 5.8 and 45.8 m depth occurred
during ebb and flood tides, respectively (Fig. 5a,b),
which is approximately consistent with a standing
wave. However, the higher speed showed a delay of
about 1 h from the mean sea level. During neap tides,
the maximum values of currents showed a delay of
1 to 2 h in relation to the mean sea level (Fig. 5¢,d).
To expand this analysis to both components
(along and cross-channel), cross-spectral and cross-
correlation analyses were performed between semi-
diurnal currents and sea level (Fig. 6). Using the
complete time series, the coherence between sea
level and along-channel tidal currents (AC) at each
level of depth was close to 0.96, and the phase varied
between 4 and 5 h (considering the peaks in sea level
and tidal currents). On the other hand, the coherence
between sea level and the cross-channel tidal cur-
rents (CC) fluctuated between 0.93 (surface) and 0.65
(bottom). The phase was between 3 and 4 h in the
first 30 m depth. Below this depth the phase de-
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Fig. 5. Semidiurnal sea level anomalies (SLA, solid red line)

and semidiurnal along-channel (AC) tidal currents (black

arrows). During spring tides (16 May 2011): (a) surface and

(b) bottom. During neap tides (26 May 2011): (c) surface and
(d) bottom

creased to 0 h near the bottom (Fig. 6a,b). That is,
the tidal wave was close to a standing wave. Cross-
correlation between sea level and along-channel
tidal currents (AC) at each level of depth during the 6
periods of spring tides was around 0.91-0.97 with a
lag of 4 and 5 h (Fig. 6¢,d). During neap tides, cross-
correlation was around 0.90-0.96 and the lag for all
neap tide events was 3 h (Fig. 6f). Separate analyses
for spring and neap tides in the cross-channel axis
did not show marked differences in the cross-correla-
tion (not shown). In this way, the tidal wave behaves

like a standing wave during neap tides, changing its
phase from 1 to 2 h during spring tides, probably due
to the intensifications of tidal currents.

Role of tidal excursion and residual currents in the
retention and advection of water out of the channel

The above analyses showed the predominance of
the barotropic semidiurnal tidal currents of the
Caucahue Channel and fortnightly tidal changes that
affected the vertical structure of the water column. In
this section we compare the advective length scales
(Lagy) associated with the residual current with the
tidal excursion length scales (Lexo). While the advec-
tive distances are more related to the export of sus-
pended materials from one place to another, the tidal
excursions contribute directly to retention processes.
First notice that temporal changes in the observed
sea level (semidiurnal and spring—neap tides) (Fig. 7a),
were related to the increase and decrease of the
along-channel total current (Fig. 7b). As we have
already noted, flood and ebb cycles were accompa-
nied by westward (negative) and eastward (positive)
currents, respectively (Fig. 5). On the other hand, the
total cross-channel current showed a predominant
northward flow (Fig. 7c).

The along-channel residual circulation showed 2
layers with variable thickness: (1) an eastward sur-
face layer (south mouth of the Caucahue Channel),
(2) a bottom layer with westward currents (Quemchi
town, Fig. 7e). The cross-channel residual circulation
showed persistent northward currents at surface and
mid-waters and southward currents near to the bot-
tom (Fig. 7f). Although the wind measured in Quem-
chi showed an eastward direction (positive values), it
was of low intensity (<5 m s7!) and without an appar-
ent relationship with the residual surface circulation
(Fig. 7d). Similarly, the northward residual trend in
the cross-channel component was not correlated
with the cross-channel wind.

The advective length scales were evaluated by
means of comparative progressive vector diagrams
and using 3 d during each of the neap (Table 2) and
spring tides (Table 3). In each table, the start date of
the neap or spring tides is shown (month/day) and
the distance (km), speed (km d!), direction (referred
to the geographical north) and the stability (con-
stancy) of the total and residual currents for 3 levels
of depth (surface, mid-water and bottom) are indi-
cated. As an example, the spring tide of 2 June and
neap tide of 25 May are shown in Fig. 8. Residual and
total currents showed the 2 layers of circulation
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a) Coherence (all series) b) Phase (all series) fluctuated between 1.8 and 3.2 km d!
. " , g » . (Tables 2 & 3). Using the definition from
5 i3 Largier (2003), this implies that the
oo e e advective length scales reached values
20 s 20 o of Logy =5.410 9.6 km, with Log, = t Taqy,
IO s where u is the residual velocity. Here,
30 et : 30 . e T.qv is an approximation to the duration
46 s : i K : of spring or neap tides (3 d). Three days
o * . o . * AC is a good approximation of T.4q, be-
. . o . o CO ) Ca )
50 50 cause the hydrodynamic conditions in
04 05 06 07 08 09 1 01 23 45 6 7 8 9 ihe channel change with the spring—
Coherence squared Time h) neap tidal cycle. Considering that the
¢) Cross-correlation (Spring) d) Lag (Spring) southern arm of the Caucahue Channel
0 ‘ 0 e is ca. 11 km long and 2.5 km wide, the
10 ; 10 § longest surface L,4, values are compa-
;‘ (el rable to the scale of this basin.

20 'f’ 20 E On the other hand, the tidal excur-
4 $oo= esp sion estimated from progressive vector
30 Z 30 e 22; diagrams of the tidal currents showed
40 {i 36 o o distances slightly greater than 2 km
{4 = ° .ggg during spring tides, and around 1 km
50 50 during neap tides (Fig. 8c,(f). Using
04 05 06 07 08 09 1 0123 45 6 7 8 9 e definitions of Valle-Levinson (2013),

Correlation coefficient Time (h) . .
the tidal excursion length scales along-
e) Cross-correlation (Neap) f) Lag (Neap) channel (D,) and cross-channel (D,)
0 0 = were defined as: D, = U,T\n/mt and
10 10 E D, = V,T\po/m, where Ty, is the semidi-
- urnal tidal period in seconds (44712 s)
20 20 = and U, and V, are the maximum along-
= * Net and cross-basin current, respectively.
30 20 E ‘ Eié Using these equations, maximum semi-
40 , 40 = Ne4 diurnal tidal excursion ellipses for the
i = . siz case of Caucahue Channel were calcu-
50 50 lated. Considering maximum values of
44 06 08 ) i 0'.8. a8 1 01k 8 .4 iersn U, between 12 and 15 cm s7¢, D, fluctu-

Correlation coefficient Time (h)

Fig. 6. Statistical relationships between sea level and semidiurnal currents.

(a,b) Analysis of coherence and phase using the complete time series for both

components (AC: along-channel; CC: cross-channel). (c,d) Along-channel cross-

correlation analysis during spring tides. (e,f) Along-channel cross-correlation

analysis during neap tides. Spl to Sp6: chronologically, the 6 spring tides of
the series. Nel to Ne6: chronologically, the 6 neap tides of the series

already mentioned in the previous section. In 3 d, the
surface residual current reached 11 km towards the
east during spring tides (Fig. 8b). During neap tide of
25 May, the surface distance was smaller (8.4 km)
and towards the north (35°) (Fig. 8e). The bottom
layer penetrated about 9 km westward (278°) during
spring tides and also changed direction towards the
north during neap tides. On average, the residual
velocities were slightly lower during spring tides and
more intense in the surface layer, varying between
1.9 and 2.6 km d!. Mean velocities during neap tides

ated between 2.4 and 4.0 km, being
greater in the surface layer (blue
ellipses in Fig. 9). Because this maxi-
mum excursion is typical of the spring
tides, the percentage of occurrence is
rather low, i.e. less than 3.0% of the
entire record.

During spring tides, the mean tidal excursion was
more elliptical at the bottom and decreased to values
close to 2 km (black ellipses in Fig. 9). Considering
typical mean velocities for spring tides, this mean
excursion represented approximately 30% of the
entire record. During neap tides, along-channel ex-
cursion reached near 1.2-1.8 km (red ellipses in
Fig. 9). Therefore, considering the spring-neap cycle,
Ley. fluctuated between 1.2 and 4 km. The greatest
excursions are observed in the surface layer and dur-
ing the greater tidal ranges.
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Table 2. Residual distances, velocities, directions and stability coming from
progressive vector diagrams during 6 neap tide periods. T: total currents and
F: filtered currents. Each of these periods spans 3 d starting on the date
shown. Each cell includes surface (upper), midwater (center) and bottom

(lower) currents. —: not applicable

beginning of the current sampling
period, the gradient Richardson num-
ber (R) was lower than 0.5 x 1073,
indicating a channel of low stratifica-
tion compared to the flow turbulence.

Distance Velocity Direction Stability Ri 18 a}.measure of the pOtentléq .for
(km) (km d) ©) (%) instability of a sheared, stratified
T F T F T F T F fluid. This is a dimensionless number
. defined as the square of the ratio of
Neap tides
25 April 88 57 30 20 63 21 47 70 the buoyancy frequency, N, to the
94 84 3.2 2.9 21 6 51 89 vertical shear (this latter quantity also
68 6.1 2.3 2.1 4 335 41 80 having the dimensions of a fre-
10 May ?Z ig (2)2 (1"51 ;(152 :1;15(1) fg %i quency) (Apel 1987). Therefore, it is
25 May 12.6 8.4 4.3 29 62 35 63 68 (autumn and early winter], the buoy-
112 8.2 3.8 2.8 35 7 62 95 ant flow within the channel was of
45 67 1.5 23 34 290 34 88 less importance.
10 June 213 176 7.2 59 94 90 76 99
3.1 4.1 1.0 1.4 28 23 21 66
8.7 7.8 2.9 2.6 257 264 60 97
25June 106 7.6 3.6 26 78 64 75 64 DISCUSSION
7.2 2.8 24 0.9 61 329 57 69
1.0 93 03 32 225 250 10 90 Appropriate knowledge of the tem-
10 July 204 164 69 56 95 91 84 97 poral variability of coastal flows on
3.5 4.2 1.2 1.4 50 54 25 99
60 413 20 15 255 270 12 01 the scale of'an aquféflcul.ture produc-
Mean 134 95 45 3.2 3 _ 63 68 tion center is an effective managg-
6.0 54 2.0 1.8 _ _ 38 82 ment tool to reduce potential detri-
55 7.1 1.8 24 - - 40 91 mental impacts on the environment,
Standard 56 538 1.9 1.9 - - 17 29 to control outbreaks of infectious dis-
deviation 3.6 21 1208 - - 19 13 eases by water transport and to
2.4 1.6 0.8 0.6 - - 16 6 . . . . .
improve the relationship with neigh-

Hydrography of the Caucahue Channel

The energy of the tidal currents in this channel,
coupled with the low contribution of inland waters
and weak incoming solar radiation during this season
of the year led to a vertically mixed water column, in
terms of temperature, salinity and dissolved oxygen
(Fig. 10). Water temperatures fluctuated around 0.5°C
between 11.2 and 11.7°C. Salinities fluctuated from
32.5 to 33.1, with lower values over the northern arm
of the Caucahue Channel. These values identify
Modified Subantarctic Waters (with salinities be-
tween 31 and 33) due to mixing with freshwater, but
do not reach the range of estuarine waters (<31)
(Sievers & Silva 2006). This led to stratification values
lower than 8 cycles h™! along the channel (i.e. buoy-
ancy frequency, Fig. 10e). In terms of oxygen and
density, this channel showed oxygenated waters with
values from 4 to 5 ml I"! and a practically uniform
density structure along the channel and its vertical
axis. Using Station 5 (close to the ADCP), at the

boring centers. This is relevant in

Chile, which is the second largest
producer of salmon in the world (Buschmann & Fortt
20095), affected for the first time by the ISAV in June
2007 at a center off Lemuy Island, about 60 km south
of the Caucahue Channel (Godoy et al. 2008,
Kibenge et al. 2009). In Norway, this virus was
detected in 1984, probably introduced by infected
salmon and fish waste (Ellis et al. 2005). Seawater
may also be a major route for disease transmission
(Vagsholm et al. 1994, Jarp & Karlsen 1997). Proxim-
ity of a farm to an ISAV-infected farm, especially
when the distance between them is less than 5 km,
was found to be among the greatest risk factors for
the spread of the virus (Gustafson et al. 2007, Mar-
dones et al. 2011). In 2013, 75% of Chile's salmon
farming concessions were located in a territory of no
more than 300 km?, with a minimum distance be-
tween farms of 2.27 km (Buschmann & Fortt 2005,
Campos 2013). This contrasts with the 1700 km? used
in Norway where the farms do not have the spatial
density that exists in Chile (lizuka & Katz 2011).
Other studies on epidemics in Chile identified clus-
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Table 3. Residual distances, velocities, directions and stability coming from
progressive vector diagrams during 6 spring tide periods. T: total currents
and F: filtered currents. Each of these periods spans 3 d starting on the date
shown. Each cell includes surface (upper), midwater (center) and bottom (lower)

currents. —: not applicable

the concepts of L.q, and Ly for esti-
mating larval dispersal distances
related with marine protected areas.
The values found for the Caucahue
Channel were L,g, = 5.4 to 9.6 km

and Ley. = 1.2 to 4 km. Major values

Distance Velocity Direction Stability
(km) (km d™") ) (%) of Ley. predominated in surface lay-
T F T F T F T F ers and occurred during spring tides.
Spring tides Lo, fluctuated between 0.1_ and
02 May 31 86 1.0 29 105 103 12 73 0.3 km, and L, was more variable,
91 6.0 3.1 20 50 45 42 84 ranging from 1 to 5 km, if only
2105 07 02 61 357 9 1 salmon culture is considered, or less,
16 May 3.0 3.5 1.0 1.2 332 62 11 64 ; ; S
88 63 30 21 331 s 28 98 if all prgductlon centers are cc.)ns?d
16.7 9.4 5.7 3.2 265 275 56 98 ered. It is expected that well-distrib-
02 June 75 11.0 25 3.7 48 68 38 99 uted centers meet the condition of
63 6.5 21 22 34 28 31 93 Lexe < Linti Lagr < Liny and Ly, >
9.0 94 3.0 3.2 278 278 49 99 (Lagy — Lexc). In this way, the centers
16 June 23 82 08 28 83 95 10 91 do not share the same water column
7.7 6.4 2.6 2.2 335 31 34 98 . . . 1
135 63 46 21 264 279 63 99 thce a day with th§ semidiurnal
02 July 101 6.5 3.4 2.9 308 333 43 79 tidal excursion and neither the scale
42 5.1 1.4 1.7 330 350 18 77 of biological dispersion will reach
37 29 12 1.0 279 304 18 72 neighboring centers. Lays = (K Tais) "2
16 July 80 85 27 29 350 38 30 74 and cannot be evaluated in this
9.0 3.9 3.0 13 308 324 37 93 investigation because it depends on
103 51 35 17 275 271 47 94 gator : D
Mean 57 77 19 26 3 B o4 29 the 1oca.l d1§p.er51on coefficient (K)
75 57 2.5 1.9 _ _ 32 91 (eddy diffusivity) for pathogens of
10.3 5.6 3.1 1.9 - - 40 79 interest for aquaculture. Here, Ty
Standard 33 25 1.1 08 - - 15 13 are the aggregation times in obtain-
deviation 1.9 1.0 0.7 0.4 - - 8 8 ; B :
56 35 19 19 - _ 29 35 ing K values (Largier, 2003). Using a

weak diffusion (K < 100 m? s7') and

tering of ISAV-infected farms within a 15 km radius
(Mardones et al. 2009). Similarly, adjacent farms
within a seaway distance <10 km in Norway (Lyn-
gstad et al. 2008) and <7 km in the epidemic in Scot-
land (Murray et al. 2005) have been epidemiologi-
cally linked. Considering these spatial scales, the
Caucahue Channel with its 2 north and south arms of
7 and 11 km, respectively, would be within these lim-
its of epidemiological dispersion. However, accord-
ing to Mardones et al. (2011), of all salmon farms
present in this channel, ISAV affected only those in
the southern arm. This is consistent with the south-
ward surface residual flow and the Quemchi con-
striction described in this work.

In this context, the design and distribution of
aquaculture production centers within any coastal
marine basin will depend critically on: (1) the phys-
ical scales like L.q, and L (2) the scales of dis-
tances between centers (L;,;) and size of centers
(Leen); and (3) the degree of dispersal of propagules
of marine organisms (Lgy). Largier (2003) applied

Tas = 3 d, the dispersive scales
reach 5 km, approximately.

In this way, short-range connectivity occurs when
Logv/Laiss << 1 and L,qy/Leye << 1. In this case, the dif-
fusive and oscillatory flow scales will be strong and
pathogens will tend to remain for longer in the vicin-
ity of the centers. In the case of the Caucahue Chan-
nel, L,qy/Leyc fluctuated between 1.3 and 8, approxi-
mately. Although L,4, is greater than L., this value
is rather close to 1, which implies that this channel is
dominated by the tidal oscillatory flows most of the
time. This added to the fact that the length of its
southern arm (L = 11 km) is greater than L,qy, Lex. and
Lgis, implying that the channel would tend to retain
pathogens, at temporary life scales of 3 d.

On the other hand, a long-range connectivity will
occur when L,q/Lgigs > 1 and Lygy/Lexc >> 1. In this
case, the diffusive and oscillatory flow scales will be
weak and the mean advective flow will dominate the
export of material from a local center (the channel
will behave like a river). In the case of the Caucahue
Channel, L,4, is not vertically homogeneous. The
surface layer will affect the centers located east of the
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Fig. 8. Progressive vector diagrams constructed using 3 d of (a,d) total currents, (b,e) residual currents and (c,f) tidal currents:
(a—c) during spring tides, beginning on 2 June 2011 and (d—f) during neap tides, beginning on 25 May 2011. Colors indicate
the depth of measurements of the currents

ADCP location, while the bottom layer will be
advected westward.

In all of these cases of greater or lesser proximity
between aquaculture production centers, the physi-
cal and biological mechanisms involved in the con-
nectivity among them can be summarized as: tidal
excursion, residual advection, turbulence and bio-
logical diffusive scales (Largier 2003, Murray et al.
20095). In general, L (circular or elliptical) has re-
ceived increasing attention related to management
policies on farms (Chang et al. 2005b, Page et al.
2005, Campos 2013, Cornejo et al. 2014). However,
L,4y may be as or more important than L. Every-
thing will depend on the time scale used and the
structure of the residual flow. In the case of the
Caucahue Channel, it is not easy to determine the
origin of this flow considering the topographic com-
plexity of this channel and that the currents were
measured at only 1 point. Xuan et al. (2016) pointed
out that the residual flow can be separated in 2
components: first, a non-tidal residual current in-
duced by non-tidal residual forcing, such as wind
stress, buoyancy forcing and/or external flow at the
open boundary, and second, a tidal residual current
induced by non-linear effects of oscillatory tidal cur-
rents with bottom topography. As we have shown in

this work, the input of buoyancy and the wind influ-
ence were not the essential factors that explained
the residual flow. In addition, the residual flow was
more important in the cross-channel component
(60% of the variance of the total currents) than in
the along-channel component (only 20 %). This in-
tense cross-channel residual current was consistent
with the northward trajectories (shown in Fig. 8b,e).
The origin of this particular pattern of the residual
trajectories is not easy to determine and goes
beyond the objectives of this work. However, the
following can be hypothesized. It is expected that,
due to the low depth at the Quemchi constriction
and the reduction of the cross-sectional area in this
sector (compared to the rest of the channel), the ebb
tides (eastwards) will be faster than the flood (west-
ward). Due to friction with the bottom, it is also
expected that the ebb tides will have more velocity
in the surface layer than in the bottom layer. This is
observable in Fig. 2, which shows, on the surface
layer, higher ebb speeds than floods tides. This fun-
nel effect in the Quemchi constriction will modify
the duration of effective ebb and flood tides. This
can be demonstrated by calculating the tidal asym-
metry index described by Mantovanelli et al. (2004)
and defined as: Alpy = Ap + Ay, which considers the
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Fig. 9. Semidiurnal tidal excursions (D and D,) at (a) the sur-
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tidal currents during spring tides and neap tides, respec-

tively. The blue ellipses indicate the tidal excursions calcu-

lated with the maximum semidiurnal currents. The horizon-
tal axis is oriented in the east—west direction

combined effect of the tidal asymmetries in duration
(Ap) and in mean velocity (Ay) between the ebb and
flood period (along-channel flows). The Ap and Ay
parameters are described by:

to +tr u, +Iuyl

where t, and f; are the duration of the ebb and flood
tides, respectively, computed based on the direction
of the tidal currents (sign of the currents during ebb
and flood). u, and u; correspond to the average veloc-
ity during each ebb and flood, respectively. Positive
and negative Alpy values indicate the domain of the
ebb and flood tides, respectively. The Alpy index was
applied for each depth level and using along- and

cross-channel tidal currents (Fig. 11). The Alpy
varied with the spring—neap cycle (Fig. 11a). During
spring tides, the ebb currents, excepting bottom
currents, dominated the along-channel flow due to
the accelerated flow in the Quemchi constriction
(Fig. 11b). During neap tides, the along-channel flow
was dominated by flood tides. In the cross-channel
component, the Alpy was vertically more homoge-
neous, favoring the southward and northward cur-
rents, during spring and neap tides, respectively. The
northward residual flow therefore comes from the po-
sitive predominance of the Alpy in the cross-channel
component, especially during neap tides (Fig. 11c).

Unlike Ly, Lagy Will grow rapidly with the increase
in the pathogen survival rate in the water column. In
the particular case of ISAV, Falk et al. (1997) reported
that the virus remains infectious for 14 d at 4°C and
for 10 d at 15°C in cell culture supernatant, while
others showed different values (Nylund et al. 1994,
Rimstad & Mjaaland 2002). The virus could survive
for extended periods in freshwater at low tempera-
ture; however, the survival of ISAV was greatly
decreased in seawater independently of the water
temperature (Tapia et al. 2013). Tapia et al. (2013)
also showed that salinity would be the most restrictive
variable with a survival probability of 50 % for times
between 8 and 30 d. Considering just 8 d, Lyg, will be
greater than the length of the southern arm of the
Caucahue Channel, which would allow arguing thata
pathogen such as ISAV located at the surface layer
could be advected out of the channel through the
south mouth. In the case of the spread of infectious lar-
val sea lice Lepeophtheirus salmonis, the lifespan of
the planktonic stages can last approximately 14 d at
10°C, and significant transport and dispersion within
surface currents are possible (Johnson & Albright
1991, Amundrud & Murray 2009).

Considering the regions affected by the crisis of
ISAV in southern Chile in 2007-2009 (Mardones et
al. 2011), it is very difficult to explain its dispersion
pattern solely based on hydrodynamic bases (see
Fig. 1, from Mardones et al. 2011). The extent of the
epidemic in the 3 phases described by these authors
(initial spread, epidemic growth and stasis) during
150 wk (covering the 10th and 11th Regions of Chile)
requires more additional information. Even the con-
cept of internal borders (Forrest et al. 2009) is very
difficult to apply in this case. The ISAV spread over-
came several internal borders that could be consid-
ered natural (freshwater fronts, the oceanographic
barrier imposed by the Corcovado Gulf, multiple geo-
graphical barriers imposed by the shape of channels
and fjords, etc.).
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Therefore, the decision for the location of a new
aquaculture center in relation to other existing cen-
ters is a matter that must be carefully evaluated and
will depend on the tidal excursion, residual trans-
port and biological diffusive scales. A better under-
standing of the connectivity mechanisms between

aquaculture production centers will require a greater
knowledge of the local L,q, and Lgy. scales and bio-
logical dispersal scales (Lgisf). Also, the dispersion of
longer-lived pathogens will be better modeled using
a more sophisticated advection—diffusion model
(Largier 2003, Murray et al. 2005).
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CONCLUSIONS

The mean flow of the total current located near to
the center of Caucahue Channel showed 2 layers
(eastward at the surface and westward at the bottom)
with speeds that did not exceed 30 cm s™'. Along-
channel tidal currents behaved, approximately, as a
standing wave, explaining around 80 % of the total
variance. In contrast, the cross-channel tidal currents
explained between 40 and 60 % of the total variance.

The input of buoyancy and the wind influence
were not the essential factors that explained the high

cross-channel residual flow. We propose that this
flow was generated by tidal asymmetry as a result of
the oscillating tidal flow passing through the Quem-
chi constriction. This hypothesis should be evaluated
with new studies that incorporate more observations
of currents and high-resolution numerical models.
For 3 d time scales, the L,4,/Lexc ratio fluctuated
between 1.3 and 8, approximately, implying that this
channel is dominated by tidal oscillatory flows most
of the time. Additionally, as the length of the south
arm of this channel (L = 11 km) is greater than L,gs,
Loy and Ly, pathogens will tend to be retained in
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this channel. For longer-lived pathogens (e.g. greater
than 15 d), this ratio will grow 1 order of magnitude,
which means that, in case of an internal outbreak,
the Caucahue Channel may become a source of
pathogens for the CIS.

Residual circulation coming from non-linear effects
of tidal currents with bottom topography must be
considered in the study of connectivity patterns
between aquaculture production centers.
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