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1. Introduction

ABSTRACT

The Chilean Patagonian fjords region (41-56°S) is characterized by highly complex geomorphology and
hydrographic conditions, and strong seasonal and latitudinal patterns in precipitation, freshwater
discharge, glacier coverage, and light regime; all of these directly affect biological production in the
water column. In this study, we compiled published and new information on water column properties
(primary production, nutrients) and surface sediment characteristics (biogenic opal, organic carbon,
molar C/N, bulk sedimentary 513C0rg) from the Chilean Patagonian fjords between 41°S and 55°S,
describing herein the latitudinal pattern of water column productivity and its imprint in the underlying
sediments. Based on information collected at 188 water column and 118 sediment sampling sites, we
grouped the Chilean fjords into four main zones: Inner Sea of Chiloé (41° to ~44°S), Northern Patagonia
(44° to ~47°S), Central Patagonia (48-51°S), and Southern Patagonia (Magellan Strait region between
52° and 55°S). Primary production in the Chilean Patagonian fjords was the highest in spring—summer,
reflecting the seasonal pattern of water column productivity. A clear north-south latitudinal pattern in
primary production was observed, with the highest average spring and summer estimates in the Inner
Sea of Chiloé (2427 and 5860 mg C m~2d~') and Northern Patagonia (1667 and 2616 mg Cm~2d~1).
This pattern was closely related to the higher availability of nutrients, greater solar radiation, and
extended photoperiod during the productive season in these two zones. The lowest spring value was
found in Caleta Tortel, Central Patagonia (91 mgCm~2d~"), a site heavily influenced by glacier
meltwater and river discharge loaded with glacial sediments. Biogenic opal, an important constituent of
the Chilean fjord surface sediments (Siopar ~1-13%), reproduced the general north-south pattern of
primary production and was directly related to water column silicic acid concentrations. Surface
sediments were also rich in organic carbon content and the highest values corresponded to locations far
away from glacier influence, sites within fjords, and/or semi-enclosed and protected basins, reflecting
both autochthonous (water column productivity) and allochthonous sources (contribution of terrestrial
organic matter from fluvial input to the fjords). A gradient was observed from the more oceanic sites to
the fjord heads (west-east) in terms of bulk sedimentary 6'3Corg and C/N ratios; the more depleted
(513C0rg —26%0) and higher C/N (23) values corresponded to areas close to rivers and glaciers. A
comparison of the Chilean Patagonian fjords with other fjord systems in the world revealed high
variability in primary production for all fjord systems as well as similar surface sediment geochemistry
due to the mixing of marine and terrestrial organic carbon.

© 2010 Elsevier Ltd. All rights reserved.

extensive coastline composed of a large number of islands, fjords,
sounds, and gulfs that were formed by glacial erosion during the

The Chilean Patagonian fjords region, located between 41° and
56°S, cover roughly 241,000 km?, an area characterized by an
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Quaternary and tectonic sinking of the central Chilean valley
(Borgel, 1970; Rabassa, 2008). The complex topography limits or
controls the exchange of waters between coastal regions and the
open ocean, creating micro-environments with oceanographic
conditions that sustain unique ecosystems. These are character-
ized by complex marine-terrestrial-atmospheric interactions that
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result in high biological production. Strong seasonal climatic
changes (e.g., solar radiation, wind, precipitation) as well as
different physical regimens (mixing and/or stability of the water
column) impose an external influence on the phytoplankton,
which displays seasonal changes in biomass, primary production,
and species composition (e.g., Saggiomo et al., 1994; Pizarro et al.,
2000; Iriarte et al., 2007).

At present, Patagonia has three main glacial systems: the
Northern Patagonian Icefield (46-47°S), Southern Patagonian
Icefield (48-52°S), and the Darwin Mountains Icefield in Tierra
del Fuego (54-55°S). The inventoried glaciers in Patagonia total
16,159 km?, of which the Northern and Southern Patagonian
Icefields contribute 4200 and 9659 km?, respectively (Rivera et al.,
2002) and the Darwin Icefield ~2300 km? (Lliboutry, 1998). The
Patagonian Icefields are dominated by calving glaciers that release
icebergs and introduce clay and freshwater plumes into the fjord
heads. The main continental freshwater sources, however, are
several rivers that discharge into the fjords. Averaged gauged
river flows of the principal rivers are: Baker (1133 m® s~ !), Pascua
(753 m3s~1), and Bravo (112m3s~!) in Central Patagonia;
Aysén (283 m®s~!) and Cisnes (253 m? s~ 1) in Northern Patago-
nia; Puelo (678 m3®s~') and Petrohué (278 m®s~!), which
discharge into the Reloncavi fjord; and Yelcho (363 m3s~1),
which flows into the Corcovado Gulf (Direccién General de Aguas,
www.dga.cl).

The terrestrial organic matter in the inlets originates from the
surrounding evergreen rainforest (e.g., Villagran, 1988). The
vegetation distribution is controlled latitudinally and altitudinally
by sharp temperature and precipitation gradients (Abarzaa et al.,
2004, and references therein). The anthropogenic input of organic
matter is largely confined to the region’s main cities: Puerto
Montt, Castro, Coyahique, Puerto Aysén, and Punta Arenas.
However, population density is very low in Patagonia, which is
one of Chile’s least populated regions (Instituto Nacional de
Estadistica, http://www.ine.cl).

Intense use of the area began in the 1980s with activities
related to aquaculture, fisheries, tourism, and human settlements.
Aquaculture is one of the activities that has experienced the
largest growth and development in the last decade, especially in
Regions X (De los Lagos, 39°15'-44°04'S) and XI (Aysén, 43°38'-
49°16'S). Salmon-cage farming is one of the most important
export commodities of the country.

Most of the oceanographic information for the Chilean fjords
and channels (from Puerto Montt at 42°S to Cape Horn at 56°S)
comes from the CIMAR Program (Cruceros de Investigacion
Marina en Areas Remotas; Marine Research Cruises in Remote
Areas). This is an ongoing program of the Comité Oceanografico
Nacional (CONA; National Oceanographic Committee) that started
with its first cruise in 1995. During all CIMAR cruises, the water
column and surface sediments were sampled intensively and, on
some occasions, sediment cores were also collected. This yielded a
large database of physical (temperature, salinity, light penetra-
tion, currents, tides), chemical (dissolved oxygen, nutrients), and
biological (phytoplankton, chlorophyll-a, zooplankton, red tides)
characteristics of the water column along with a characterization
of the sediments in terms of grain size, porosity, carbon, nitrogen,
trace metals, stable and radioactive isotopes, and organic
components (see Silva and Palma (2008) for the history of the
CIMAR Program).

In this study we compiled published and new information on
water column properties (primary production, nutrients) and
surface sediment characteristics (biogenic opal, organic carbon,
molar C/N, bulk sedimentary §'3Cg) in the Chilean fjord region,
describing the latitudinal pattern (41-55°S) of water column
productivity and its imprint in the underlying sediments. We use
the contents of biogenic opal and organic carbon in the sediments

as proxies of export production, and the molar C/N and stable
carbon isotope signature for tracing the sources of organic matter
in this coastal sedimentary environment. We discuss the observed
sediment patterns in relation to latitudinal differences in
precipitation, river discharges, and glacier coverage. Finally, we
compare the Chilean fjords to other fjord systems in the world.

2. Study area
2.1. Climate

The southeast Pacific and southern Chile (south of 40°S) are
strongly influenced by the Southern Westerly Winds (SWW).
These, in turn, are affected by the strength of the Subtropical
Pacific Anticyclone and the position of the Antarctic Convergence,
resulting in strong latitudinal temperature and precipitation
gradients (Strub et al., 1998). There is a marked contrast between
the maritime climate of the western coastal ranges and the dry
climate of the Argentinean plains of eastern Patagonia. Miller
(1976) sub-divides southern Chile at 42°S, with a cool temperate
band to the south and a warm temperate band to the north of this
latitude. The southern band comprises prevailing SWW year-
round, with little seasonality. The north-south pressure gradient,
the SWW, and precipitation are at a maximum around 50°S, with
over 300 days of rainfall in some places and mean annual cloud
cover of more than 0.85 tenths (Kerr and Sudgen, 1994).

Precipitation in the Chilean Patagonian fjords region ranges
from 1000 to 7000 mm yr~! on the western side of the Andes
(Fig. 1). Conversely, the eastern side of the Andes receives less
rainfall (300-700 mm yr~!), with Tierra del Fuego recorded as the
driest region (380 mm in Punta Arenas at 53°08’ S) (Direccion
General de Aguas Chile, www.ine.cl; GeoClima, www.dgf.uchile.
cl/geoclima). The annual temperature range is typically small for a
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Fig. 1. Precipitation map for Patagonia. The vertical color bar represents the
average annual precipitation for the period 1960-1991; information taken from
New et al. (2002). The inset figure represents average monthly insolation values
(Wm~2) for every 5° latitude between 40° and 55°S for the year 2004 as an
example (http://aom.giss.nasa.gov/srmonlat.html).
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maritime climate and the mean temperature oscillates between
5.5 °Cin the extreme south (54°S) and 11 °C at 42°S (Miller, 1976).

Insolation has a marked latitudinal and seasonal pattern.
Annual mean values are the highest at 40°S and the lowest at 55°S
(Wm~2, Atmosphere-Ocean Model, http://aom.giss.nasa.gov/
srmonlat.html). On a seasonal scale, insolation values are higher
in austral spring-summer (October-January) than in winter
(June-August) (Fig. 1, inset).

2.2. Oceanography

The southern Pacific coast of the South American continent is
under the oceanic influence of the West Wind Drift Current,
which divides into two branches upon reaching the Chilean coast,
transporting sub-Antarctic water along the coast. The northern
branch is known as the Humboldt or Peru-Chile Current and the
southern branch as the Cape Horn Current (Silva and Neshyba,
1979). Driven by the West Wind Drift, sub-Antarctic water
penetrates the inlets (Silva et al., 1998).

The three main glacial fields and especially several major
rivers mentioned above incorporate fresh waters into the fjord
system, inducing estuarine conditions with a stratified two-layer
water column (Silva et al, 1995), with net movement in the
surface layer towards the adjacent ocean and in the deep layer
towards the fjords. This onshore flow delivers oceanic nutrients to
the nearshore region below the surface waters (sub-Antarctic
Water, loaded with macronutrients). The upper 20-30 m of the
water column have very low salinity and are usually devoid of
nutrients other than dissolved silicon derived from river runoff
(Silva and Neshyba, 1979; Iriarte et al., 2007); this surface layer
deepens offshore (Pickard, 1971; Strub et al., 1998; Davila et al.,
2002). Strong vertical gradients (pycnocline, oxycline, nutricline)
separate the upper layer from the deep layer (Sievers and Silva,
2008), and mixing is necessary to bring nutrients up into the
euphotic zone (Montecino et al., 2004). The interaction between
sub-Antarctic waters and the diluted waters from the fjords
define a coastal salinity front between 42° and 56°S (Silva and
Neshyba, 1979; Davila et al., 2002). The front is present during the
whole year, with the strongest gradients in summer (Acha et al.,
2004). Details on the water masses in the Chilean fjord region and
schematic models of general circulation patterns can be found in
Sievers and Silva (2008).

It is important to remark that circulation and water mass
exchange between basins is limited by important submarine
topographical features (i.e., Desertores, Meninea, Angostura
Inglesa, and Carlos III constrictions). These impose important
contrasts among the four oceanographic zones in terms of organic
matter production due to differences in nutrient availability
(Sievers and Silva, 2008).

2.3. Plankton

Published information on chlorophyll-a and primary produc-
tivity show that the fjord area between 41° and 56° S is highly
variable. Values reported for the Inner Sea of Chiloé and the head
of the fjords (41-43°S) range from 1-25mgChl-am~3 and
1-23mgCm 3 h~!, respectively (Iriarte et al., 2007); further
south, values for the area between Penas Gulf and the
Magellan Strait (47-50° S) range from 0.1-15 mg Chl-am—2 to
1.5-96 mg Cm~> h~!, respectively (Pizarro et al., 2000).

Phytoplankton assemblages show high spatial and temporal
heterogeneity (Alves-de-Souza et al., 2008, and references therein).
Diatoms are the most frequent and abundant group year-round
(predominance of R-strategist species), whereas dinoflagellates are
only important on some occasions (when they form blooms), and

nanoflagellate abundances are highest in summer and autumn in
the most southern area. Paredes and Montecino (this issue) show
that the dominant size fraction depends on total chlorophyll-a:
small phytoplankton cells dominate in winter or at stations with
continental influence when total chlorophyll-a values are low,
whereas the larger micro-phytoplankton fraction prevails in spring
when total chlorophyll-a values are high.

The high rates of phytoplankton growth in spring-summer
(Avaria et al., 1999; Pizarro et al., 2000) favor the abundance of
planktonic herbivores and carnivores (e.g., Palma and Silva, 2004).
Planktonic crustaceans (copepods, euphausiids) are the most
abundant in the fjords and channels, followed by chaetognaths
and gelatinous carnivores (Palma and Silva, 2004). A recent study
on the fate of primary production in the pelagic food web of the
Inner Sea of Chiloé (Gonzalez et al., 2010) reveals contrasting
grazing pressure of zooplankton and export production for spring
and winter: zooplankton grazing on diatom-dominated micro-
plankton and the relative dominance of the classical food web
with increased export production vs. zooplankton grazing on
nanoplankton and the relative dominance of the microbial loop
with lower export production, respectively.

2.4. Sediments

Silva and Prego (2002) spatially segregate the whole Patago-
nian Region into three large macro-zones (each having several
sub-zones) according to the distribution of the carbon and
nitrogen concentrations in the sediments: Northern (Puerto
Montt to Peninsula Taitao), Central (Golfo de Penas to Strait of
Magellan), and Southern (Magellan to Cape Horn) zones. These
macro-zone have mean organic carbon values of 0.38-1.75%
(Northern Zone), 0.44-1.43% (Central Zone), and 0.29-0.90%
(Southern Zone) (see Silva, 2008). In general, the terrigenous
organic matter content in the sediments increases from the
oceanic area to the heads of the fjords due to local river discharges
(Pinto and Bonert, 2005). Sediments influenced by glaciers have
very low organic matter due to dilution by the large amounts of
inorganic matter contributed by glaciers (Silva, 2008, and
references therein). Based on carbon:nitrogen ratios, Silva and
Prego (2002) observe values between 5.4 and 11.4 (for the entire
Patagonia fjords area), and Sepilveda et al. (this issue) reports
ratios of 9.6-16.9 (in fjords from Northern Patagonia). Both works
show that this ratio increases from the open ocean sediments to
inner fjord areas.

Sedimentation rates are high in the Chilean fjords. Estimated
values based on 2'°Pb are 0.26-0.36 cmyr~' for Aysén Fjord
and Costa Channel (Rojas, 2002; Salamanca and Jara, 2003);
0.15cmyr~' for Cupqueldn Fjord, 0.67 cmyr~! for Quitralco
Fjord (Salamanca and Jara, 2003); and 0.25-0.75cmyr~! for
Puyuhuapi Channel (Rebolledo et al.,, 2005; Sepilveda et al.,
2005). For the oceanic area off Chiloé and the western entrance of
the Magellan Strait, estimated sedimentation rates are 0.22-
0.29 cm yr~! (Mufioz et al., 2004) and 0.25 cm yr~ ! (Mufioz, pers.
comm.), respectively.

During the CIMAR 7 Fiordos cruise, sediment cores encom-
passing the last 2000 years of sedimentation were retrieved from
Northern Patagonia. The study of these records reveals periods of
variable marine and continental contributions, temperature, and
humidity intimately linked to SWW intensity at interdecadal/
multi-decadal scales (e.g., Rebolledo et al. 2008; Sepulveda et al.,
2009). Recent works on marine and lake sediments from Northern
Patagonia and the adjacent oceanic area also demonstrate that
fluctuations in El Nifio Southern Oscillation (ENSO) activity and
associated low-latitude climate systems have a strong control
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over the climatic variability of this region (e.g., Ariztegui et al.,
2007; Mohtadi et al., 2007; Rebolledo et al., 2008).

In the past six years, several international cruises have taken
place in the Chilean fjords and adjacent oceanic area. These
cruises, which aimed to recover high-resolution long sediment
cores encompassing the time period since the Last Glacial
Maximum, were: JAMSTEC Beagle expedition 2003, Palmer cruise
NBP0505 2005, PACHIDERME cruise 2007, and Mirai MR0O8-06 leg 2
in 2009, which also included present-day observations of water
column chemistry and biology as well as pelagic-benthic
coupling.

3. Material and methods

Our study area covered 14° of latitude (41-55°S) and included
water column and surface sediment data (see below). The
diversity of the Chilean fjord system in terms of sedimentary
environment was mainly derived from its geomorphology, rainfall
type and patterns, glacier coverage, and productivity related to
nutrient and light availability. Given this heterogeneity and based
on the initial spatial segregation defined by Silva and Prego
(2002), we grouped the Chilean fjords into four main zones:
(1) Inner Sea of Chiloé, from Reloncavi Fjord (41°S) to the Guafo
Mouth (~44°S); (2) Northern Patagonia, from the north entrance
of Moraleda Channel to Cupquelan Fjord, also including oceanic
sites (44°-~47°S); (3) Central Patagonia, from ~48°S to Concep-
cion Channel (51°S); and (4) Southern Patagonia, which includes
the Magellan Strait region between ~52°S and Marinelli Fjord
(~55°S) (Fig. 2).

In order to summarize and characterize each fjord, sound, and/
or channel system, water column and sediment data were
averaged first by location (using all stations within each location)
and then locations were averaged by zone in order to describe a
general zonal productivity pattern and its imprint in the
sediments of the Chilean fjords. All locations in tables and figures
are organized from north to south.

3.1. Water column data

Primary production (PP) and/or nutrient concentration data
were available for a total of 188 water column stations. This
information was summarized by location within each zone
(Table 1), as mentioned above, in order to give an overview of
the patterns of PP and nutrients in spring (and summer when
available) in the four zones of Patagonia. The Inner Sea of Chiloé
was represented by 49 water column stations, whereas Northern,
Central, and Southern Patagonia were composed of 101, 17, and
21 water column stations, respectively.

Published data was obtained from the CENDHOC reports
(Centro Nacional de Datos Hidrograficos y Oceanograficos de
Chile) for the spring legs of the CIMAR cruises 8, 9, and 10 (Inner
Sea of Chiloé); 4, 7, 8 and 9 (Northern Patagonia); 2 (Central
Patagonia); and 3 (Southern Patagonia) carried out in the Chilean
fjord region between 1995 and 2004 onboard the AGOR Vidal
Gormdz (http://www.shoa.cl/cendhoc/organizacion/datareport_ci
mar.htm). In addition, we included new unpublished information
from the more recent spring CIMAR cruises: 12 (Inner Sea of
Chiloé), 13 (Northern Patagonia), and 14 (Central Patagonia)
carried out in 2006, 2007, and 2008, respectively. For the new PP
estimates, water samples were collected at depths of 0, 5, 15, and
30 m using 5-L PVC Go-Flo bottles. The retrieved samples were
incubated in 125-mL borosilicate polycarbonate bottles (two
clear+one dark bottle) and placed in a natural-light incubator for
ca. 4 h (mainly between 10:00 AM and 14:00 PM). Temperature
was regulated by running surface seawater over the incubation

=75° =74 -73° =27 =71° 1 - 69°

.
* % I Inner Sea of Chiloé
vy ~
1. Reloncavi Fjord
2. Reloncavi Sound —42°
3. Comau Fjord
4. Ancud Gulf
5. Desertores Islands
6. Corcovado Gulf
# 4 1- Guafo Mouth
« 8. Guafo Mouth(oceanic) - 43°

9. N entrance Moraleda Channel
. 10. Moraleda Channel
«™11. Costa Channel -45°
12. Jacaf Fjord
#3. Jacaf / Puyuhuapi
14. Puyuhuapi Fjord
Aysén Fjord
6. Quitralco Fjord
17. Elefantes Guif - 46°
18. Cupquelan Fjord

- 47°
lll. Central Patagonia
9. Tortel
20. Steffen Fjord
21. Mitchell Fjord - 48°

2. Baker Channel
. Messier Channel

4. Paso del Indio
25, Penguin Sound
26. Europa Sound
27. Icy Channel - 49°
28. Eyre Sound
29. Angostura Inglesa
30. Concepcion Channel

NPI: Northern Patagonian Icefields
SPI: Southern Patagonian Icefields IR

IV. Southern Patagonia

31. W entrance Magellan Strait £

32. Paso del Mar "

33. Skyring Sound A = 14" . . ib _ 54°
34. Otway Sound -

35. Carlos Il Island )

36. Central Magellan Strait

37. Inutil Bay

38. Marinelli Fjord

DMI: Darwin Mountain Icefields

Fig. 2. Map of the Chilean Patagonia (NASA World Wind 1.4) and the locations
studied in each of the four zones, from N to S: Inner Sea of Chiloé; Northern,
Central, and Southern Patagonia.

bottles. Sodium bicarbonate (20-40 uCi-NaH!*C03) was added to
each bottle. Primary production was measured using the method
described by Steemann-Nielsen (1952). Samples were manipu-
lated under subdued light conditions during pre- and post-
incubation periods. Filters (0.7 pm) were placed in 20-mL plastic
scintillation vials and kept at -15 °C until reading (15 days later).
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Table 1

Water column. Averaged primary production and nutrient concentrations for each location within each of the four zones: Inner Sea of Chiloé; Northern, Central, and

Southern Patagonia. Blank spaces=no data.

Zone Location No. of stations PP (mgCm~2d~1) Nutrients in spring
Spring Summer NO5 (uM) PO;3 (UM) Si(OH)4 (LM)
Inner Sea of Chiloé Reloncavi Fjord 8 4754.41 9406.84 5.48 0.85 23.81
Reloncavi Sound 4 8.38 1.14 9.02
Comau Fjord 4 1147.83 2313.50 5.02 0.79 7.13
Ancud Gulf 18 5.97 1.17 3.74
Corcovado Gulf 6 2228.41 12.04 1.57 5.58
Guafo Mouth 4 134.10 6.11 0.96 3.42
Guafo Mouth (oceanic) 5 3875.13 432 0.70 2.25
Northern Patagonia N entrance Moraleda Channel 5 4812.64 7.81 0.91 6.75
Moraleda Channel 25 3504.43 2687.30 7.70 0.89 9.53
Costa Channel 2 1424.00 11.50 1.30 27.25
Jacaf Fjord 4 235.80 4.50 0.69 7.29
Jacaf/Puyuhuapi 1 289.80 2.36 0.47 9.60
Puyuhuapi Fjord 6 869.49 1975.14 243 0.47 13.28
Aysén Fjord 20 540.55 4381.00 9.29 0.95 34.03
Quitralco Fjord 5 2295.00 11.40 1.23 14.95
Elefantes Gulf 6 793.58 10.67 1.17 24.75
Cupquelan Fjord 1 7.58 0.87
Oceanic Sites 26 6.37 0.90 5.81
Central Patagonia Tortel 1 91.00 2.03 0.31 19.50
Steffen Fjord 2 345.29
Baker Channel 2 1.57 0.38 6.50
Messier Channel 4 463.16 4.20 0.47 1.75
Paso del Indio 1 994.50
Penguin Sound 1 0.30 1.52 4.00
Europa Sound 1 3.60 0.67 2.00
Eyre Sound 1 799.00 7.28 0.52 2.75
Icy Channel 1 1093.50 3.85 0.79 1.25
Concepcién Channel 3 977.58 5.64 0.97 1.00
Southern Patagonia W entrance Magellan Strait 3 344.61 5.70 0.78 6.88
Paso del Mar 5 106.00 407.43 5.64 0.78 7.25
Otway Sound 1 1704.00
Carlos III Island 3 238.64 5.83 0.75 2.50
Central Magellan Strait 7 1741.67 681.48 5.19 0.80 4.38
Inutil Bay 1 5.28 0.77 3.33
Marinelli Fjord 1 0.75 0.43 2.00

To remove excess inorganic carbon, filters were treated with HCl
fumes for 24 h. A cocktail (8 mL, Ecolite) was added to the vials
and radioactivity was determined in a liquid scintillation counter
(Beckmann).

Depth-integrated values of PP (mg C m~2 h~!) were estimated
using trapezoidal integration over the euphotic zone (25-30 m),
with the exception of Central Patagonia, where the sampling
depth reached only the upper 10 m. Integrated production rates
per hour were multiplied by daily light hours for the Chilean
fjords and are given in mgCm~2d~' (spring-summer: 9 h;
Iriarte et al., 2001, 2007). Integrated production rates given per
hour in the literature were multiplied by daily light hours. For
nutrients, nitrate, orthophosphate, and silicic acid concentrations
(M) were averaged for the upper 25 m of the water column in all
four zones.

Although most information on PP and nutrients was available
for the spring period (September through December) in all areas,
we also included summer PP data published by Magazzu et al.
(1996) for Southern Patagonia and unpublished summer PP data
for the Inner Sea of Chiloé and Northern Patagonia.

3.2. Sediment data

The sedimentological characterization of the Chilean fjords
was based on a total of 118 sediment stations. The major
contribution to this information came from 74 stations sampled

by the CIMAR cruises 7 and 10 (Inner Sea of Chiloé); 4, 7, and 8
(Northern Patagonia); 2 (Central Patagonia), and 3 (Magellan
Strait). Additionally, new data were included for 26 sediment
stations that were sampled by other cruises in the fjord region:
Beagle expedition (2003), Palmer NBP0505 (2005), Gran Campo Il
(2005 and 2007), PACHIDERME (2007), Reloncavi (2008),
Baker/Tortel (2008), and Mirai MR0O8-06 leg 2 (2009) (Table 2).

Table 3 presents the stations and locations within each of the
four zones: 37 stations in the Inner Sea of Chiloé, 33 in Northern
Patagonia, and 24 stations each in Central and Southern
Patagonia. For the first two zones (Inner Sea of Chiloé, Northern
Patagonia), published data were used for biogenic opal (Rebolle-
do, 2007; Silva et al.,, 2009), organic carbon (Cog), molar C/N
(Sepilveda, 2005; Rojas and Silva, 2005; Silva, 2008; Silva et al.,
2009), and bulk sedimentary §'3Co (Pinto and Bonert, 2005;
Sepulveda, 2005; Silva et al., 2009; Rebolledo et al., this issue).
Information for Central and Southern Patagonia relied on the
publications of Baeza (2005) and Silva (2008), and largely on
unpublished data (Table 2). For these zones, biogenic opal data
were new and are reported as %Sippar.

Biogenic opal was determined following the methodology of
Mortlock and Froelich (1989), which consists of the extraction of
silica with an alkaline solution at 85 °C for 6 h, and measuring
dissolved silicon concentrations in the extracts by spectrophoto-
metry at 812 nm.

Most of the sediment information reported here refers to
surface sediments collected with box-, multi-, Rhumor-, or Haps
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Table 2

Sediment stations and data sources used for biogenic opal, organic carbon (Cog), molar C/N, and carbon stable isotope &13C in surface sediments from Patagonia. Data
sources: 1: Silva et al. (2009), 2: Rebolledo et al. (this issue), 3: Rebolledo et al. (2005), 4: Rebolledo (2007), 5: Rebolledo et al. (2008), 6: Septlveda (2005), 7: Silva (2008),
8: Caniupan (pers. comm.); 9: Harada (pers. comm.); 10: Kilian (pers. comm.); 11: Bertrand (pers. comm.); 12: Baeza (2005), 13: Rojas and Silva (2005; *data taken from
figures); 14: Pinto and Bonert (2005).

Zone Location Cruise Station Ref opal Ref C/N and Corg Ref 6'3C
Inner Sea of Chiloé Reloncavi Fjord CIMAR 10 4 1 1 1
Reloncavi Fjord CIMAR 10 5 1 1
Reloncavi Fjord CIMAR 10 6 1 1 1
Reloncavi Fjord CIMAR 10 7 1 1 1
Reloncavi Fjord Reloncavi 6B This study This study 1
Reloncavi Sound CIMAR 10 1 1 1 1
Reloncavi Sound CIMAR 10 2 1 1
Reloncavi Sound CIMAR 10 3 1 1
Reloncavi Sound CIMAR 10 8 1 1 1
Reloncavi Sound PACHIDERME MD07-3102CQ This study This study
Ancud Gulf CIMAR 10 10 1 1 1
Ancud Gulf CIMAR 10 12 1 1 1
Ancud Gulf CIMAR 10 13 1 1
Ancud Gulf CIMAR 10 14 1 1
Ancud Gulf CIMAR 10 15 1 1
Ancud Gulf CIMAR 10 16 1 1 1
Ancud Gulf CIMAR 10 17 1 1 1
Ancud Gulf CIMAR 10 20 1 1 1
Ancud Gulf CIMAR 10 21 1 1
Ancud Gulf CIMAR 10 22 1 1 1
Ancud Gulf CIMAR 10 24 1 1 1
Ancud Gulf CIMAR 10 25 1 1
Ancud Gulf CIMAR 10 26 1 1
Ancud Gulf CIMAR 10 27 1 1 1
Ancud Gulf CIMAR 10 28 1 1
Ancud Gulf CIMAR 10 29 1 1 1
Ancud Gulf CIMAR 10 30 1 1
Ancud Gulf CIMAR 10 41 1 1
Ancud Gulf PACHIDERME MDO07-3109H 2 2
Comau Fjord CIMAR 10 18 1 1 1
Comau Fjord CIMAR 10 19 1 1 1
Corcovado Gulf CIMAR 10 35 1 1 1
Corcovado Gulf CIMAR 10 37 1 1 1
Corcovado Gulf CIMAR 10 39 1 1 1
Corcovado Gulf CIMAR 10 43 1 1 1
Corcovado Gulf CIMAR 10 46 1 1
Guafo Mouth (oceanic) CIMAR 7 1 1 1 1
Northern Patagonia N entrance Moraleda Channel CIMAR 7 6 1 1 1
N entrance Moraleda Channel CIMAR 8* 6 13
N entrance Moraleda Channel CIMAR 4 6 14
Moraleda Channel CIMAR 8* 8 13
Moraleda Channel CIMAR 8* 9 13
Moraleda Channel CIMAR 8* 11 13
Moraleda Channel CIMAR 8* 14 13
Moraleda Channel CIMAR 4 11 14
Moraleda Channel CIMAR 4 14 14
Jacaf Fjord CIMAR 7 BC 33 3 6 6
Jacaf Fjord CIMAR 7 PC 33 5 6 6
Jacaf Fjord CIMAR 7 36 6 6
Puyuhuapi Fjord CIMAR 7 BC 35 3 6 6
Puyuhuapi Fjord CIMAR 7 BC 40 3 6 6
Puyuhuapi Fjord CIMAR 7 42 6 6
Puyuhuapi Fjord CIMAR 7 39 6 6
Aysén Fjord PACHIDERME MDO07-3113H This study This study
Aysén Fjord CIMAR 8* 17A 13
Aysén Fjord CIMAR 4 17A 14
Aysén Fjord CIMAR 4 19 14
Aysén Fjord (head) CIMAR 4 21 14
Quitralco Fjord CIMAR 7 PC 29A 4 4
Quitralco Fjord CIMAR 7 BC29 A 4 6 6
Quitralco Fjord CIMAR 7 29 6 6
Quitralco Fjord CIMAR 7 30A 6 6
Quitralco Fjord CIMAR 7 30 6 6
Cupquelan Fjord CIMAR 7 28 6 6
Cupquelan Fjord CIMAR 7 27 6 6
King Channel CIMAR 8* 51 13
King Channel (Oceanic) CIMAR 8* 53 13
Memory Channel CIMAR 8* 54 13
Chacabuco Channel CIMAR 8* 72 13
Pulluche Channel CIMAR 8* 76 13
Central Patagonia Tortel Baker/Tortel 8 This study This study This study
Steffen Fjord CIMAR 2 11 7

Steffen Fjord CIMAR 2 12 7
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Zone Location Cruise Station Ref opal Ref C/N and Corg Ref 6'3C
Steffen Fjord CIMAR 2 13 7
Steffen Fjord CIMAR 2 14 7
Mitchell Fjord (head) CIMAR 2 16 7
Baker Channel (head) CIMAR 2 10 7
Baker Channel Mirai MUC 40 This study This study This study
Baker Channel CIMAR 2 6 7
Baker Channel CIMAR 2 7 7
Baker Channel CIMAR 2 8 7
Baker Channel CIMAR 2 9 7
Baker Channel (oceanic) CIMAR 2 5 7
Penguin Sound CIMAR 2 34 7
Europa Sound CIMAR 2 36 7
Europa Sound CIMAR 2 39 7
Icy Channel Palmer JPC 42 This study 7
Icy Channel Palmer KC 41 This study 7
Icy Channel CIMAR 2 31 7
Icy Channel CIMAR 2 35 7
Concepcién Channel PACHIDERME MDO07-3124 This study 8
Concepcion Channel CIMAR 2 40 7
Concepcién Channel CIMAR 2 42 7
Concepcion Channel (oceanic) CIMAR 2 43 7
Southern Patagonia W entrance Magellan Strait Beagle MUC 3 This study 9 9
W entrance Magellan Strait Beagle PC3 This study 9 9
W entrance Magellan Strait CIMAR 3 12 7
W entrance Magellan Strait CIMAR 3 13 7
Paso del Mar Gran Campo Il CHRR This study 10
Paso del Mar Gran Campo Il TA-1 12
Skyring Sound Gran Campo Il SKY-E1 12
Williams Bay Gran Campo Il BW 12
Escarpada Gran Campo Il ES 12
Vogel Gran Campo Il VO-1 12
Inutil Bay in Skyring Sound Gran Campo Il IN-1 12
Gajardo Channel Gran Campo Il CG-1 12
Zanartu Island (central) Gran Campo Il ZA-CE 12
Zafartu Island (south) Gran Campo Il ZA-SU 12
Andrés Inlet Gran Campo Il AN-1 12
Carlos III Island CIMAR 3 10 7
Central Magellan Strait CIMAR 3 54 7
Central Magellan Strait CIMAR 3 55 7
Central Magellan Strait PACHIDERME MDO07-3132 This study 10
Central Magellan Strait Beagle MUC 4 This study 7
Central Magellan Strait Beagle PC 4 This study 7
Inutil Bay CIMAR 3 56 7
Inutil Bay CIMAR 3 57 7
Marinelli Fjord Palmer JPC 67 This study 11 11

corers. In a few cases, it also includes the uppermost cm of
sediments collected with gravity and/or piston corers (e.g., MDO7-
3102CQ, MD07-3124, MD07-3132, JPC 42, JPC 67; Table 2).

In order to represent the spatial distribution of selected
variables (i.e. silicic acid, %Siopar, %Corg, and bulk sedimentary
513Corg) the software Ocean Data View 4 was used with a coastline
extracted from the optional package odvOP_coast_SouthAmer-
ica_w32.exe. The graphic representation of the data was con-
structed with a VG gridding. This exercise was restricted to the
Inner Sea of Chiloé and Northern Patagonia zones since these two
zones have the best sampling coverage.

4. Results
4.1. Water column

Water column primary production (PP) and nutrient concen-
trations are described for the four zones for the spring period
(Table 1; Fig. 3). Water column data for each station were
averaged by location: 7 locations in the Inner Sea of Chiloé, 11 in
Northern Patagonia, 10 in Central Patagonia, and 7 in Southern
Patagonia (Table 1).

Following the transect from 41° to 55°S (Table 1; Fig. 3), very
high PP values were measured at locations within the Inner Sea of
Chiloé (range in spring=~1100-4800 mg Cm~2d~!; range in
summer=~2300-9000 mg Cm~2d~') with the exception of
the Guafo Mouth, where the lowest spring production was
observed (134mgCm~2d~"). In Northern Patagonia, maxima
(>2200mgCm~2d~"') corresponded to Moraleda Channel
(spring and summer), Aysén Fjord (summer), and Quitralco Fjord
(spring), and the lowest spring values were observed in Jacaf fjord
and in the confluence between the Jacaf and Puyuhuapi fjords
(<300 mg C m~2d~1). In Central Patagonia, the lowest spring PP
(91 mg Cm~2d ') was recorded in Caleta Tortel. Moderately low
values characterized Steffen Fjord and Messier Channel (345 and
463 mgCm~2d~!, respectively), whereas all other locations
within this zone were more productive (>800mgCm~2d~1).
No data were available for the summer period in Central
Patagonia. Within the Magellan Strait region in Southern
Patagonia, PP values were high in spring (~1700 mg Cm~2d 1),
with the exception of Paso del Mar, where estimates were one
order of magnitude lower. Summer values ranged between 344
and 681 mgCm—2d~".

With respect to the north-south spatial distribution of
nutrient concentrations in spring (Table 1; Fig. 3), nitrate
and orthophosphate were highest in the Inner Sea of Chiloé
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Table 3

Sediments. Averaged values of biogenic opal (%Siopar), organic carbon (Corg%), molar C/N, and carbon stable isotope &13C for surface sediments of each location within each
of the four zones: Inner Sea of Chiloé; Northern, Central, and Southern Patagonia. Blank spaces=no data.

Zone Location No. of stations %SiopaL Corg (%) C/N (molar) 5 13C (%)
Inner Sea of Chiloé Reloncavi Fjord 5 6.47 1.26 10.73 —23.99
Reloncavi Sound 5 10.26 1.62 8.59 —20.81
Comau Fjord 2 5.56 1.89 12.10 —23.92
Ancud Gulf 19 6.29 1.18 8.71 —20.95
Corcovado Gulf 5 334 0.50 8.44 -21.09
Guafo Mouth (Oceanic) 1 1.00 9.59 -19.11
Northern Patagonia N entrance Moraleda Channel 3 1.57 8.42 —-18.53
Moraleda Channel 6 1.54 7.70 -16.81
Jacaf Fjord 3 8.79 2.97 12.08 —22.76
Puyuhuapi Fjord 4 4.47 2.53 13.89 —24.60
Aysén Fjord 5 11.78 1.72 8.22 —-22.90
Quitralco Fjord 5 12.75 1.62 12.07 —23.04
Cupquelan Fjord 2 0.67 15.06 —-25.13
Oceanic Sites 5 1.00 7.06
Central Patagonia Tortel 1 1.25 0.79 2293 —26.09
Steffen Fjord 4 0.25 11.10
Mitchell Fjord (head) 1 0.40 6.67
Baker Channel (head) 1 0.34 7.93
Baker Channel 5 3.51 0.77 10.80 —20.34
Baker Channel (oceanic) 1 1.07 7.80
Penguin Sound 1 0.45 6.56
Europa Sound 2 0.38 6.77
Icy Channel 4 4.24 1.10 8.00
Concepcion Channel 3 3.55 2.14 6.96
Concepcién Channel (oceanic) 1 0.92 6.31
Southern Patagonia W entrance Magellan Strait 4 1.38 1.23 8.21 -19.77
Paso del Mar 2 4.68 10.32 13.47
Skyring Sound Area 9 3.40
Carlos III Island 1 1.10 8.02
Central Magellan Strait 5 4.90 1.21 8.00
Inutil Bay 2 0.98 7.70
Marinelli Fjord 1 3.14 1.03 10.89 —22.17

(Reloncavi Sound: 8.38 uM for NO; and 1.14puM for POL3;
Corcovado Gulf: 12.04 and 1.57 uM) and in Northern Patagonia
(Costa Channel: 11.50 and 1.30 pM; Quitralco Fjord: 11.40 and
1.23 pM; Elefantes Gulf: 10.67 and 1.17 uM). In Central Patagonia,
Eyre Sound had the highest nitrate concentration (7.28 pM), and
orthophosphate was maximal in Penguin Sound (1.52 uM). In
Southern Patagonia, these nutrients were higher in the western
and central section of the Magellan Strait (>5 puM for NO3 and
>0.7 uM for PO;>), whereas the lowest values corresponded to
Marinelli Fjord in the eastern section of the strait. High silicic acid
concentrations characterized the locations at the fjord heads and
close to important river discharges in the Inner Sea of Chiloé and
Northern and Central Patagonia: Reloncavi (23.81 uM) and Aysén
fjords (34.03 uM), and Tortel (19.50 uM). Compared to the previous
three zones, values were much lower (~2-7 uM) in Southern
Patagonia.

4.2. Sediments

The four zones were also described in terms of Corg and Sigpar
contents, molar C/N, and the carbon stable isotope 5'3C of surface
sediments (Table 3; Fig. 4). Sediment data for each station were
averaged by location, with 6 locations for the Inner Sea of Chilog,
eight for Northern Patagonia, 11 for Central Patagonia, and seven
for Southern Patagonia (Table 3). All locations were organized
from N to S in the same fashion as was done for the water column
(transect from 41° to 55°S).

Corg and Sigpay. served as proxies of export production from the
water column to the sediments, whereas molar C/N and the stable
carbon isotope signature 6'3C were used as proxies of the origins

of sedimentary organic matter (Sepilveda et al., this issue). Stable
isotope (6'3C) information was very scarce and mainly restricted
to the sediments of the Inner Sea of Chiloé and Northern
Patagonia; only two values were available for each Central and
Southern Patagonia (Table 3).

The Sigpar content was generally >5% in the Inner Sea of
Chiloé and Northern Patagonia and > 10% in Reloncavi Sound and
the fjords Aysén and Quitralco. In Central and Southern Patagonia,
SippaL contents decreased abruptly (range 1-5%), with maxima
in the Icy Channel and in the Central Magellan Strait (Table 3;
Fig. 4).

The Chilean fjords were rich in Cog and high values (> 1%)
were observed in all zones except Central Patagonia, where such
values were limited to locations far away from glacier influence
(e.g., Concepcion Channel). In each of the other three zones,
locations within a fjord (e.g., Comau, Jacaf, Puyuhuapi, > 1-3%)
and/or in the semi-enclosed and protected basins of Paso del Mar
and Skyring Sound (>3-10%) had the highest C,g contents
(Table 3; Fig. 4).

Molar C/N showed the highest values (~10-23; Table 3) at
locations adjacent to the continent with an important river
influence and/or in the vicinity of glaciers, especially in the
Reloncavi (10.73), Comau (12.10), Jacaf (12.08), Puyuhuapi
(13.89), Quitralco (12.07), and Cupquelan (15.06) fjords of the
Inner Sea of Chiloé and Northern Patagonia; in Caleta Tortel
(22.93) and Steffen Fjord of Central Patagonia (11.10); and in
Marinelli Fjord (10.89) and the protected area of Puerto Churruca
(13.47) in Southern Patagonia. Bulk sediment 513C0rg ranged
between -16.81 (Moraleda Channel) and —26.09 (Caleta Tortel)
(Table 3; Fig. 4); in general, more negative values were observed
at the fjord heads.
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Fig. 3. Water column. Primary production and nutrient concentrations in spring for the four zones. The locations are organized from N to S, from 41°S (Reloncavi Fjord) to
55°S (Marinelli Fjord). The values are averages of all the stations within each location (see Table 1).

5. Discussion

The Chilean Patagonia coastal area is a vast region that
represents a junction between the coastal ocean and the fresh-
water systems on the continent. The river regimen varies with
latitude, and three kinds of regimens can be found, i.e., winter-
centered pluvial (to the north of 43°S), summer-centered nival
(south of 47°S), and mixed pluvial-nival (43-47°S) (Fernandez
and Troncoso, 1984; Davila et al., 2002).

The area has a typical estuarine circulation pattern determined
by an offshore surface flow of freshwater over an onshore flow
of oceanic water. The surface freshwater layer is separated
from the marine layer by a strong pycnocline, resulting in

overlapping brackish and marine characteristics in the
fjord ecosystem. The productivity of the Chilean fjords is
influenced by the combined effect of important contributions of
dissolved silicon from freshwater discharge (river runoff,
glacial melting) as well as the vertical entrainment of
sub-Aantarctic Water, which carries macronutrients (nitrate,
orthophosphate) from the adjacent oceanic area (Silva et al,,
1997, 1998; Iriarte et al., 2007; Vargas et al., this issue). In
spring-summer, a north-south decreasing trend in the average
particulate organic carbon concentrations of the upper 50 m of
the water column has been observed from the Reloncavi area
(200-600 mg C m>; Gonzalez et al., 2010) to the Magellan Strait
(76 Cm?; Fabiano et al., 1999). In general, the organic carbon
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Fig. 4. Sediments. Percent biogenic opal (Siopa.) and organic carbon (Cog), molar C/N, and bulk sedimentary 513C (black diamonds) for the four zones. The locations are
organized from N to S, from 41°S (Reloncavi Fjord) to 55°S (Marinelli Fjord). The values are averages of all stations within each location (see Tables 2 and 3).

content in the surface sediments reflects this southerly decrease
(Silva and Prego, 2002).

We summarize all water column and sediment data with the
aim of characterizing each of the four zones (Inner Sea of Chiloé;
Northern, Central, and Southern Patagonia) in terms of produc-
tivity and its imprint in the surface sediments. For this purpose,
all locations are averaged by zone (Table 4; Fig. 5).

5.1. Water column

The Inner Sea of Chiloé and Northern Patagonia are the zones
with the highest PP spring and summer values (2428-5860 and
1667-2617 mg Cm~2d~!, respectively), and also with the high-
est nutrient concentrations (Table 4). In the literature, these two
zones are considered to be very productive marine systems in
terms of phytoplankton and zooplankton biomass (e.g., Iriarte
et al., 2007; Palma, 2008). Here, the latitudinal changes observed
in PP seem to be tied to seasonal patterns in the light regime
(Gonzalez et al., 2010). In the Inner Sea of Chiloé, for example,
Gonzalez et al. (2010) show that the higher solar radiation and

extended photoperiod of spring promote the growth of chain-
forming diatoms in the water column. During spring in the Inner
Sea of Chiloé, Iriarte et al. (2007) and Gonzalez et al. (2010) note
that micro-phytoplankton (mainly the chain-forming diatoms
Skeletonema, Chaetoceros, and Thalassiosira) account for a sig-
nificant portion of the biomass ( > 60%), whereas nanoplankton
dominate during post-bloom events and winter months. In Aysén
fjord in Northern Patagonia, the micro-phytoplankton fraction
contributes 77% and 40% to the mean total chlorophyll concen-
trations in spring (6.9+3.3mgm~3) and summer (3.1+1.2
mgm~>) and the dominant diatom species are Skeletonema
costatum and Guinardia delicatula (Pizarro et al., 2005).

Central Patagonia, on the other hand, shows the lowest
average PP value for the entire Patagonia (spring PP=~680 mg
Cm~2d~1; Table 4), although this may be an underestimation
since information is only available for spring and the integration
depth reaches only the upper 10 m of the water column (see
Section 3). In general, mean chlorophyll concentrations in spring
for the area between 47° and 52°S are lower (1.3 +3.3 mg m—3)
than further north, although highly variable (Pizarro et al., 2005).
Given sufficient light for photosynthesis in spring-summer,
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Summary of water column and sediment data in the four zones (mean, standard deviation, minimum,and maximum values). Primary production, nitrate, orthophosphate,
and silicic acid represent spring values. Summer primary production data are not available for Central Patagonia.

Zone PP (mgCm~2d~1) Nutrients in spring %SiopaL Corg (%) C/N (molar) 313C (%o)
Spring Summer NO5 (uM) PO;> (uM) Si(OH)4 (M)
Inner Sea of Chiloé Mean 2427.98 5860.17 6.76 1.03 7.85 6.39 1.24 9.69 —21.64
Std. dev. 1900.46 5015.75 2.65 0.30 7.41 2.50 0.48 1.46 1.93
Min. 134.10 2313.50 4.32 0.70 2.25 3.34 0.50 8.44 —023.99
Max. 4754.41 9406.84 12.04 1.57 23.81 10.26 1.89 12.10 —-19.11
Northern Patagonia Mean 1667.66 2616.86 7.42 0.89 15.32 9.45 1.70 10.56 —-21.97
Std. dev. 1702.03 1284.77 3.27 0.28 9.89 3.72 0.75 3.08 3.11
Min. 235.80 1424.00 2.36 0.47 5.81 447 0.67 7.06 —-25.13
Max. 4812.64 4381.00 11.50 1.30 34.03 12.75 2.97 15.06 —16.81
Central Patagonia Mean 680.58 3.56 0.70 4.84 3.14 0.78 9.26 —-23.21
Std. dev. 382.66 2.26 0.40 6.19 1.30 0.54 4.82 4.07
Min. 91.00 0.30 0.31 1.00 1.25 0.25 6.31 —26.09
Max. 1093.50 7.28 1.52 19.50 4.24 2.14 22.93 —-20.34
Southern Patagonia Mean 1183.89 418.04 4.73 0.72 4.39 3.52 2.75 9.38 —-20.97
Std. dev. 933.67 188.94 1.97 0.14 2.23 1.63 3.44 2.32 1.70
Min. 106.00 238.64 0.75 0.43 2.00 1.38 0.98 7.70 —-22.17
Max. 1741.67 681.48 5.83 0.80 7.25 4.90 10.32 13.47 —-19.77
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Fig. 5. Comparison between spring primary production (PP) and silicic acid (Si(OH),) in the water column, and biogenic opal (%Siopa.) and organic carbon (%Cqg) from
surface sediments in the four zones: Inner Sea of Chiloé, Northern, Central, and Southern Patagonia. All locations were averaged by zone (see Table 4).

diatom concentrations may reach 1.8 x 10° cells L™ !, as they did
in spring in Golfo Almirante Montt (51°46’'S 72°57'W) (Alves-
de-Souza et al., 2008). This value falls within the ranges of spring
values from the Inner Sea of Chiloé (3-10x 108cellsL™! in
Reloncavi Fjord) and between Desertores Islands and the Guafo
Mouth (0.1-1 x 106 cells L~ '; Gonzalez et al., 2010).

Central Patagonia is an interesting area that differs from
the Inner Sea of Chiloé and the Northern Patagonia zones in terms
of its extensive ice coverage and major rivers. On the mountain
side, this zone includes the Northern and Southern Patagonian
Icefields, with several glaciers that descend towards the coastline,
breaking up at the fjord heads and creating icebergs that
dilute the salty waters upon melting (Silva and Calvete, 2002).
These icebergs release inorganic matter known as glacial silt
(giving the appearance of milky fjord waters) that attenuates PP
due to decreased light penetration (Montecino and Pizarro, 2008).
In fact, the lowest spring PP value is observed in Caleta
Tortel (91 mgCm~2d~"'; Table 4). The area also includes the
Baker River (1133 m?s~'), which empties into Baker Channel
near the village of Caleta Tortel and the Pascua River
(753 m? s~ 1), which flows into Mitchell Fjord. The Baker River
is Chile’s largest river in terms of water volume, and its

characteristic turquoise-blue color is due to the glacial sediments
deposited therein.

Data for the Southern Patagonia zone includes the western
(from the Pacific Ocean opening to Carlos III Island) and central
(from Carlos III Island to Segunda Angostura) microbasins of the
Magellan Strait and an adjacent sound (Otway), bay (Intil), and
fjord (Marinelli) (Fig. 2). The constriction-sill (about 100 m deep)
located off Isla Carlos III acts as a physical barrier that impedes the
entry of Modified sub-Antarctic Water and sub-Antarctic Water
from the Pacific into the central microbasin (Valdenegro and Silva,
2003). The Magellan Strait region is affected by strong winds from
the northwest or west and is characterized by a marked W-E
gradient in precipitation and by light limitation (normally cloud-
covered for 6-8 months) (Iriarte et al., 2001, and references
therein; Schneider et al., 2003).

Average PP values for spring and summer are ~1184 and
418 mg Cm~—2d ™', respectively. The lowest PP is observed in spring
in Paso del Mar (106 mgCm~2d~') and the highest
off Punta Arenas (3322mgCm~2d~!) (Table 4). The highest
concentrations of phytoplankton are recorded in spring-summer
(~1 x 10 cells L—!; Alves-de-Souza et al., 2008). Iriarte et al. (1993)
and Magazzu et al. (1996) report dominant micro-phytoplankton in
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spring and pico- and nanoplankton in summer-autumn. In this area,
the important diatom genera include Chaetoceros, Thalassiosira,
Rhizosolenia, Leptocylindrus, Pseudo-nitzschia, and Thalassionema.
Both biomass and primary production distributions are influenced
by exchange mechanisms with the ocean at the western opening of
the Magellan Strait and along the Pacific arm, tidal dynamics, glacio-
fluvial contributions, and the presence of a thermohaline front near
Carlos III Island (Magazzu et al., 1996; Torres et al., this issue). This
physical scenario might have direct effects on the structure and
functioning of the phytoplankton assemblages (Torres et al., this
issue) and the export of PP out of the euphotic zone.

Nitrate and orthophosphate concentrations in the Magellan
area are rather uniform (~5 and ~0.7 uM, respectively), with the
exception of Marinelli Fjord, where the lowest concentrations are
measured (Table 1). In contrast, silicic acid shows a W-E gradient,
with relatively higher concentrations in the western section
(~7 puM) than in the central Magellan microbasin (2.5-4.4 uM),
and the lowest value in Marinelli Fjord (Table 1).

The data on inorganic nutrients in the four zones reveal waters
with a low NO3 :PO;3 ratio ( < 9), as previously reported by Iriarte
et al. (2007) for the Inner Sea of Chiloé; these authors suggest that
the phytoplankton assemblages (diatoms) would first deplete
NO; (as opposed to orthophosphate) from the water column.
Therefore, nitrogen physiology may be important to the dynamics
of phytoplankton blooms in spring and summer in the Patagonian
fjords. Iriarte et al. (2007) propose that the low concentration of
inorganic nitrogen through the water column may be explained
by phytoplankton uptake and/or by the mixing of freshwater with
low nutrient contents, as documented along the shelf margin of
southern Chile (Silva et al., 1997). On the other hand, the lower
silicic acid concentration in the Magellan area results in a
decreased Si:N ratio ( < 1) in spring and summer, suggesting that
diatoms could deplete silicic acid from the water column before
nitrate, thereby acting as a limiting nutrient for diatom growth in
these coastal waters of Southern Patagonia, probably leading to
less silicified diatom cells (Iriarte et al., 2001) or to proliferations
of other phytoplankton groups such as dinoflagellates (Torres
et al., this issue).

5.2. The sedimentary signal

Surface sediment C,y content for the entire study area range
between 0.25% (Steffen Fjord) and 10.32% (Paso del Mar) (Table 3).
Previous studies in the Patagonian fjords system conclude that the
surface sediments are mostly marine in origin, with contributions
from terrestrial materials that increase towards the heads of the
fjords (e.g., Silva et al., 2001; Rojas and Silva, 2005). A recent study
by Septlveda et al. (this issue) in Northern Patagonia shows that
the contribution of marine-derived organic carbon varies widely,
from 13% in Puyuhuapi Fjord at the Cisnes River outlet, to 75-90%
at the mouths of the Jacaf, Puyuhuapi, and Quitralco fjords, to a
maximum of 96% of the organic pool (at the northern entrance of
Moraleda Channel). It is very common to find zones with high
concentrations of organic matter in the sediments associated with
high water column primary productivity (Silva and Prego, 2002).

Our results indicate that the overall PP pattern follows the
patterns of organic carbon and biogenic opal contents in the
sediments, i.e., the two zones with highest PP (Inner Sea of Chiloé
and Northern Patagonia) are associated with high concentrations
of Corg and Siopar (Fig. 5). This overall picture agrees with the
findings of Silva and Prego (2002). The exception is Southern
Patagonia, where the average C,, is higher than in any other zone
(2.75%; Table 4) due to the high organic carbon contents in Paso
del Mar (Table 3), specifically at two sheltered sites: Tamar Island
and Puerto Churruca. Sigpa;, contents in the surface sediments are

almost twice as high in the Inner Sea of Chiloé and Northern
Patagonia (6.39% and 9.45%, respectively) as in the other two
zones (Table 4), and follow the latitudinal trend of Co, (except for
Southern Patagonia) and the nutrients in the water column.
Specifically, the silicic acid concentration agrees with the Sigpar in
the sediments, showing the highest values in Northern Patagonia
(Fig. 5), probably due to the close relation of diatoms with water
column productivity and, hence, the preservation of Sigpa. in the
sediments. The water column silicic acid-sediment %SiopaL
relation is also graphically represented in the maps of Fig. 6
(upper panel) for the Inner Sea of Chiloé and Northern Patagonia
zones.

Organic carbon is lowest ( <0.5%) in the sediments of the
Central Patagonian channels and fjords influenced by glaciers
(Table 3) that deliver both cold freshwater (enhancing vertical
stratification) and large amounts of clay and silt (diluting the
organic content of the sediments) (Silva et al., 2001). On the other
hand, Cog values > 1% characterize the sites beyond the glacial
influence and adjacent to the ocean (e.g., Baker, Icy, and
Concepcion channels). The environmental conditions in this
western area are less extreme than those previously mentioned:
the western sites are free of cold freshwater and silt, light
penetration is greater, and important nutrient input from the
ocean favors primary production (Silva and Neshyba, 1979;
Pizarro et al., 2000; Silva et al., 2001).

Circulation and water mass exchange between fjords and
channels is limited by the presence of shallow sills (i.e.,
Desertores, Meninea, Angostura Inglesa, and Carlos IIl constric-
tions; Sievers and Silva, 2008), which may impose important
contrasts among the four zones in terms of nutrient availability,
primary production, and its export to the seafloor. Our compila-
tion of data, however large, is too spotty and composed of many
measurements taken in different years. Thus, it does not allow us
to discuss the impacts that these topographic features may exert
on both water column productivity and the imprint of this in the
surface sediments. According to previous works, the signal of
organic matter in the sediments seems to be more associated with
the sediment texture than with the physical settings (e.g., Pinto
and Bonert, 2005; Silva, 2008) - coarse sediments with low levels
of total organic matter vs. fine sediments with high levels of total
organic matter - except for clay-mud sediments in the vicinity of
glaciers, where the contribution of inorganic matter from the
erosion of rocks is highly significant (Silva, 2008 and references
therein).

The elemental (C/N ratio) and stable isotope composition of
organic carbon (6'3C) in the surface sediments can be used to
trace the provenance of organic matter (e.g., Meyers, 1994, 1997).
Although these two parameters are highly variable in the Inner
Sea of Chiloé and the Northern Patagonian zones (Table 4), a
simple linear regression shows a significant, positive association
between molar C/N and 6'3Cqyq (r*=0.76, p=0). These two zones
include stations located at the fjord heads (e.g., Comau, Puyu-
huapi) with important rivers that discharge allochthonous organic
and inorganic material, translating into high C/N ratios and a
more negative isotopic signal in the surface sediments (Table 3).
This is clearly visualized in Fig. 6 (lower panel). Our results agree
with previous studies that have shown that the carbon isotopic
signal becomes lower towards the fjord heads (Pinto and Bonert,
2005), proving that the main input of organic matter at those sites
originates in the fluvial discharge, whereas at sites with an
oceanic influence, the prevailing source is marine (Table 3; Silva,
2008; Sepulveda et al,, this issue; Silva et al., this issue). In Central
Patagonia, the highest molar C/N and most negative 6'>Co, values
are found in Caleta Tortel (22.93%, and —26.09%., respectively;
Table 3), a site directly influenced by the Steffen and Baker rivers
and the Steffen Glacier. Relatively high C/N values (10.89) also
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Fig. 6. Graphic representation (ODV 4) of the spatial distribution of silicic acid (Si(OH)4, pM) in the water column, and sediment proxies percent biogenic silica (%SiopaL),
percent organic carbon (%Corg), and bulk sedimentary 513C°,g (%o) in the Inner Sea of Chiloé and Northern Patagonia zones.

characterize the Marinelli Fjord location in Southern Patagonia,
where the Marinelli and Ainsworth glaciers are found, and the
highest C/N corresponds to the Puerto Churruca site in Paso del

Mar (13.47). The only two carbon isotopic values available for the
Magellan Strait area show a strong influence of marine organic
matter (—19.77%o to —22.17%.; Table 3).
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Comparison of spring primary production (PP) and geochemistry of surface sediments from the Chilean fjord region (41-55°S, oceanic sites excluded) with other selected
fjord systems. Primary production comparisons are limited to those areas where PP was measured in spring and given as integrated daily values over the euphotic zone
since measurements from other fjord systems are very difficult to convert due to variable light and ice coverage.

Location Reference PP %SiopaL %Corg C/N O13C (%)
(mgCm~2d~1)
Balsfjord (Norway) Archer et al. (2000) 1902-3820
Malangen Fjord (Norway) Archer et al. (2000) 1350-2480
Ullsfjord (Norway) Archer et al. (2000) 2060-4310
Korsfjorden (Norway) Erga and Heimdal (1984) 1200-1400
Boknafjorden (Norway) Erga (1989) 100-900°
Gullmar Fjord (Sweden) Lindahl et al. (1998) 600-1200
Saanich Inlet (Canada) Grundle et al. (2009) 1650-2440
Inner fjords and off Spitsbergen Winkelmann and Knies, 2005 0.5-2.7 6.3-14.8 —21.1to —25.2
(Norway)
Nordasvannet Fjord (Norway) Miiller (2001) ~2bc 124 12.7 —-23.9
Framvaren Fjord (Norway) Velinsky and Fogel (1999) 11.9 9.3 -25.1
Kolj6 Fjord (Sweden) McQuoid and Nordberg (2003) 6
Havsters Fjord (Sweden) Gustafsson and Nordberg 2-4.1 9.6-11.4
(2000)
Kiel Fjord (SW Baltic Sea) Nikulina et al. (2008) 0.1-8 1-7.8 4-15
Flensburg Fjord (Germany and Nikulina and Dullo (2009) 2.3-5.2 7.1 10.5
Denmark)
Upper Muir Inlet (SE Alaska) Walinsky et al. (2009) 1.9° 0.3 115 -204
Lower Muir Inlet (SE Alaska) Walinsky et al. (2009) 1.2° 0.3 9.9 -214
Upper Lynn Canal (SE Alaska) Walinsky et al. (2009) 6.1° 0.8 10 -21.2
Lynn Canal (SE Alaska) Walinsky et al. (2009) 15° 2.4 9.6 -204
Effingham Inlet (Canada) Hay et al. (2009) ~18°¢ 7.6 12.2 —23.3¢
Saanich Inlet (Canada) Calvert et al. (2001) 45°¢ 3 9
Saguenay Fjord (Canada) St-Onge and Hillaire-Marcel 1.2-2.0¢ 15-25°¢ —204 to —26.5°
(2001)
Chilean fjords
Inner Sea of Chiloé This study 1147-4754 3.3-10.3 0.5-1.9 8.4-12.1 —20.8 to —23.9
(54769)
Northern Patagonia This study 235-4812 4.5-12.8 (0.5%) 0.7- 7.7-15.0 —16.8 to —25.1
2.9 (349 (20.5%) (—28.29)
Central Patagonia This study 91-1094 1.3-4.2 0.2-2.1 6.3-22.9 —20.3 to —26.1
Southern Patagonia This study 106-1742 1.4-4.9 0.9-10.3 7.7-13.4 —19.7 to —22.1

2 Taken from graph (April through June).

b Reported as OPAL=2.4 x %SiopaL.

¢ Surface sediment data taken from graphs.
4 From Gonzalez et al. (accepted).

€ From Sepilveda et al. (this issue).

5.3. Comparison with other fjord systems

Given the importance of high-latitude fjords as sites for carbon
burial and CO, sequestration (e.g. Silva and Prego, 2002; Winkel-
mann and Knies, 2005; Sepilveda et al., this issue; Torres et al.,
submitted), we compare our results from the Chilean fjord region
with those of other fjord systems in the world (Table 5). Although
published water column production data are scarce, high variability
in primary production is evident for all fjord systems. The range of
the Norwegian fjords (100-4310 mg C m~2 d~!) falls within that of
the spring values for the Chilean fjords (91-4812mgCm~2d~1).
High variability is also seen in the C, contents of the surface
sediments of most fjords, and the overall range in the Chilean
fjords (0.2-10.3%) is most similar to that of the Norwegian
fjords (0.5-12.4%). On the other hand, it is interesting to note that
the Core range in Central Patagonia resembles that of the Alaskan
inlets, both fjord areas being strongly influenced by glaciated
terrain (Table 5).

Biogenic silica produced by organisms with a siliceous
skeleton (e.g., diatoms, silicoflagellates, radiolarian, sponges) is
an important constituent of the Chilean fjord sediments (Sigpar
overall average for all locations: 5.7 + 3.4%, range: 1.3-12.8%)
since diatoms are the most abundant group in the plankton
(Alves-de-Souza et al., 2008, and references therein). The average
SippaL Value is comparable to that of Flensburg Fjord, higher than
at the sites in SE Alaska, and much lower than the values recorded

in laminated sediments from Canada’s Saanich and Effingham
inlets (Table 5).

The C/N ratios and the §'3C signature of surface sediments in
the Chilean fjords are very variable and similar to those reported
for other fjords (Table 5), where marine and terrestrial organic
carbon mix, and a clear gradient from the open ocean to the fjord
heads reflects the increased contribution of terrestrial organic
matter.

6. Concluding remarks

We aimed at describing a general latitudinal pattern of
productivity and its imprint in the sediments of the Chilean
Patagonian fjords region between 41°S and 55°S. Based on water
column properties (primary production, nutrients) and surface
sediment characteristics (biogenic opal, organic carbon, molar
C/N, bulk sedimentary §'3C,,), we grouped the study area into
four main zones: the Inner Sea of Chiloé and Northern, Central,
and Southern Patagonia. A clear north-south decreasing trend in
spring-summer primary production emerged (highest in the
Inner Sea of Chiloé and in Northern Patagonia). Biogenic opal
contents in the surface sediments mimicked this overall latitu-
dinal pattern in primary production and were directly related to
water column silicic acid concentrations. Thus, biogenic opal may
be considered to be a suitable proxy for reconstructing climate-
induced productivity changes during the Holocene. The higher
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C/N values and the more negative carbon isotopic signal reflected
an important influence from the continent, especially at the head
of the fjords.

The surface silicate:nitrogen ratio ranged from >1 in the
fjords of the Inner Sea of Chiloé and Northern and Central
Patagonia to ~1 in Southern Patagonia, suggesting that a nitrate-
deficiency may be responsible for the spring bloom shutdown.
Experimental studies are required to establish the surface water
nutrients (nitrate, silicic acid) that favor the occurrence of key
phytoplankton species in the Patagonian fjords and channels.

Finally, significant reductions in the hydrological regimes of
Patagonian rivers have already taken place (Lara et al., 2008) and
the rapid increment of anthropogenic activity in the Chilean
Patagonia may lead to changes in the fjord’s nutrient inputs,
primary production, key species, and the magnitude of the
particulate organic carbon exported to the sediments.
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