Water Air Soil Pollut (2009) 204:259-270
DOI 10.1007/s11270-009-0042-8

Environmental Characterization of a Eutrophicated
Semi-Enclosed System: Nutrient Budget (Encerrada Bay,
Tierra del Fuego Island, Patagonia, Argentina)

A. 1. Torres - M. N. Gil - O. A. Amin - J. L. Esteves

Received: 20 October 2008 / Accepted: 2 March 2009 /Published online: 4 April 2009

© Springer Science + Business Media B.V. 2009

Abstract Encerrada Bay (EB) is located in the far
south of Argentina, on the north coast of the Beagle
Channel and is artificially connected with Ushuaia
Bay (UB). This study was carried out between 2004
and 2005; and assesses the impact of Ushuaia city to
the nutrient dynamics in EB. It was focused on
physical and chemical characterization of discharges,
water and sediment quality, nutrient benthic fluxes,
and water exchange with UB. The average ammoni-
um, nitrate, phosphate and silicate concentrations in
the water bay were 99.5+30.7; 10.0+4.2; 2.0+0.7;
23.5+£2.9 uM, respectively. Benthic fluxes showed a
consumption of oxygen (50-450 mg m *h™') and
nitrate (20416 pmol m > h™") by sediment and release
of ammonium (79-4,772 pmol m 2 h™") and phosphate
(27-36 pmol m > h™') into the water column. The
daily contributions of nitrogen and phosphate from the
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effluents to EB were between 102 and 517 kg day '
and between 4 and 22 kg day ' respectively, while the
net average export fluxes to UB were 41.7 kg day ' of
nitrogen and 15.7 kg day ' of phosphate. The
difference between received and exported nutrients is
consumed in EB by primary producers, partially
buffering the impact of wastewater in UB at its own
eutrophication risk.
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1 Introduction

The coastal zones constitute ecosystems which are
generally subjected to antrophic pressure, being estuaries
and shallow environments with low water renewal, the
most susceptible to be impacted. Sewage outflow can
generate nutrient enrichment and promote cultural
eutrophication processes (GESAMP. 1990; Vollenweider
1992), leading to a deterioration of water and sediment
quality, together with biodiversity decrease. Water
turbidity and micro and macroalgae production are
increased, while the superficial sediment may become
anoxic due to excess organic matter. Its degradation
consumes dissolved oxygen (and other electron accept-
ors when it is absent), liberating dissolved nutrients.
Due to that, the benthos plays an essential role in the
control of the trophic state (Clavero et al. 2000) as well
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as in the biogeochemical cycles of coastal marine
environments (Christensen et al. 2000; Niencheski and
Jahnke 2002; Sakamaki et al. 2006).

Considering the particular cases of Ushuaia Bay
(UB), Golondrina Bay (GB), and Encerrada Bay
(EB), these three systems receive the impact of
Ushuaia City through urban and industrial effluent
that reaches the waterline of the bays by runoff,
streams or rivers (Fig. 1a). The purpose of this study
was to assess the potential impact of sewage from
Ushuaia city on nutrients dynamics of EB.

2 Study Area

Ushuaia City, located at 54°49'S and 68°19'W, extends
along the EB-UB-GB system. Its thermal amplitude is
estimated in nearly 21°C, with variations from -7°C
(June and July) to 14°C (January and February). Even if
annual precipitation is near 550 mm (distributed along
the year), daily peaks can reach 40 mm (Iturraspe et al.
1989), generating sudden contributions of freshwater
and suspended material in coastal waters. It may snow
between the months of May and August, with a
monthly average precipitation estimated in 23 mm
(Tturraspe et al. 1989). January and February are the
months with the greatest southwest wind speeds, with
an annual average speed of 14 km h™', and a maximum
of 60 km h™'. The observed semi-diurnal tide
amplitude is of 1.20 m (SHN 2008).

According to the 2001 National Census (INDEC.
2008), the population of Ushuaia is about 46000
inhabitants; however it had an explosive growth during
the last few years. Tourists during the summer months
(January and February) can duplicate the permanent
population. The domestic, industrial, and harbor
activities have caused significant alterations to the
natural environment for over 20 years. Installed sewage
network service is insufficient to meet the demand,
especially concerning pluvial outflow channels and
urban and industrial effluent treatment. The sewage
network collects domestic water in only one part of the
city and it is discharged to the sea through underwater
pipeline in GB. The remaining sewage arrives at EB
and UB through pluvials, streams, and rivers.

EB in particular, is a semi-closed system (Fig. 1b),
which receives three sewage (Onas, Beban, and
Guarani) and the discharge of Buena Esperanza
Stream (BES; which transports thaw water from
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Martial glacier as well as runoff and wastewater from
Ushuaia city). BES has a medium flow of ~0.3 m> sec™!
although it can reach up to 3.0 m® sec”’ during thaw
seasons (Iturraspe pers. comm.). The flow of the other
effluents was estimated in less than 0.01 m® sec™’. BE
has a total area of 0.27 km? and a medium depth of
0.80 m. It is separated from UB by an artificial
pathway, and they communicate through two vents
(P1 and P2 of 4.5 m long each), hence allowing water
exchange in each tide cycle.

3 Materials and Methods
3.1 Characterization of External Contributions

External outflows samples: Buena Esperanza stream,
Onas, Guarani, and Beban (Fig. 1b) were collected in
October 2004 (spring), December 2004 (spring—
summer), March 2005 (summer—fall) and September
2005 (winter—spring). In situ temperature (T) and
dissolved oxygen (DO) were measured using a multi-
probe sensor (YSI model 58). Conductivity, pH, total
suspended solids (TSS), total evaporable waste (TEW),
biochemical oxygen demand to 5 days (BODs) and
nutrients (ammonium: NH,", nitrates+nitrite expressed
as: NOj', phosphate: PO,*>", and silicate: Si032_) were
analyzed in laboratory by standard methods (APHA
1980). Bacteriological analyses were carried out using
the Colilert® method (Yakub et al. 2002).

3.2 Water and Sediment Quality in Encerrada Bay

The water and sediment samples were collected at eight
stations in EB at the same time as those corresponding to
sewages samples. Water T, pH, salinity (S), and DO
were measured on site using a multi-probe sensor
(Horiba), while NH,", NO5;~, PO,*", SiO5*",
chlorophyll-a (chl-a) and phaeopigments were deter-
mined in the laboratory (Strickland and Parsons 1972).

Sediment was collected with a Van-Been dredge.
Redox potential (£},) was measured immediately with a
Pt- electrode (Altronix TPA-1). Physical and chemical
parameters were determined in the laboratory: density
(wet weight/sediment volume ratio), porosity (by
drying the sediment samples at 90°C until reaching
constant weight), organic matter (OM; by dry combus-
tion at 450°C for 4 h), granulometry (dry sifting
process), and total NH, " (Kemp et al. 1990). NH," and
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NO;™ concentrations were determined in pore water
after extraction with a high pressure filter (Sartorius®)
and N, injection (Strickland and Parsons 1972). The
adsorbed NH," concentration was obtained from the
difference between the total and the pore water one.

3.3 Nutrient Flux Across the Sediment—Water
Interface

Benthic fluxes were measured at stations 1 and 3
(Fig. 1b). An opaque PVC chamber was used (Esteves
et al. 1986) with a closed volume of 9.70 1 and a
surface of 0.09 m?. The water inside the chamber was
homogenized by means of a magnetic stirring bar, in
order to avoid the formation of concentration gradients.
Temperature and DO were registered in the closed
volume every 5 min (YSI model 58). In order to
analyze dissolved nutrients, water samples (60 ml)
were aspirated through a syringe from the inside of the
chamber every 30 min, by means of 2-mm internal
diameter tubing. The experiences lasted 2 h and were
carried out by triplicate. After obtaining the concen-
trations, the magnitude and direction of benthic fluxes
were calculated using the following equation:

Fy, = (X—Xo) X VC/SC Xt

Where Fy, is the solute flux across the sediment—water
interface (umol m > h™'"); X, and X are the solute
concentrations in the chamber at start and “7’ time,
respectively; ¥, is the water volume in the chamber,
and S, is the sediment surface area covered by it.
Positive and negative values of F}, correspond to fluxes
out of sediments and into sediments, respectively.

3.4 Nutrient Exchange Between Encerrada and
Ushuaia Bays

By using one of the pathway vents, water samples were
collected as it was flowing out of EB at low tide, as well
as that entering during high tide. Water height in the
vent, pH, T, conductivity, and DO were measured every
15 min in a whole tide cycle in November 2005 and
samples were collected for analysis of NH,*, NO; ™, and
PO,>". Daily nutrients import and export mass fluxes
from and to UB, respectively, were estimated in a tide
cycle through the following equations:

F; = ZMH and F, = ZMH

@ Springer

Where: M,_;(umol) = C, [pmol - 1] x Av;(em?) x 0.001

M,; is the imported mass of
nutrients from UB at time
interval (Af=15 min) at
high tide.

C, is average concentration

of the nutrient in the

time interval At.

is the volume of water

imported from UB in

each time interval At.
AH is absolute value of
height difference in the
water column measured
in the pathway vent
during At.
EB area

e is the exported mass of
nutrient towards UB at
time interval (A7=15 min)
at low tide.

Av; = AH(cm) x A(cm?)

gh;

M,_.(umol) = C, [umol . 1’1] - Av, (cm3) x 0.001

is the volume of water
exported towards UB in
each time interval Atr.

Av, = AH(cm) x A(cm?)

Exchanged mass flux in a tide cycle: F' = F, — F;F>0
implies a net contribution from EB to UB, F<O0
implies a net contribution from UB to EB

3.5 Statistical Analysis

Comparative analyses of benthic fluxes were carried
out by means of a non-parametric test (Kruskal—
Wallis by ranking p<0.05) after verifying the absence
of homoscedascity. By means of principal component
analyses (PCA), sampling date and site in the Bay
was evaluated. In all the cases, InfoStat (2008)
statistical package was used.

4 Results and Discussions

4.1 Characterization of External Contributions

The physical, chemical, and microbiological charac-
teristics of the four outflows are shown in Table 1.
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The highest thermal amplitude and the lowest 7 were TE
observed in the BES (range, 4-10.2°C), while in the 2 a =
others, T varied from 9.6 to 14.1°C. The pH was = = o o l?g
neutral or slightly alkaline in all the cases and DO é "o~ A ooy o 2 o N E + o &
remained close to saturation. The presence of TSS 2 AFc T e gC
and TEW could be associated mainly to the transport 3
of dissolved and particulated solids from the conti- A
nent. Conductivity presented typical levels of fresh- o
water and was correlated positively with the TEW i 2 _ = )
(R*=0.98). BODs was not detected or low (for the g § EF ‘;I‘ %
three minor eftluents, but values o+f up to 80 mg 1! ; ST2eg2nesS eI
were measured in the BES); NH, presented maxi- =~ = A
mum values typical of weak or medium sewage “
(Metcalf and Eddy 1991) in BES and Onas. The — ) S =
simultaneous presence of low BODs and high NH," 3 o o & o 3 w Z o o :ﬁ
and DO concentrations suggests the development of T 288 ET R LSS
aerobic degradation processes of the OM being % %
transported. Even when the presence of NOj; _
indicates the existence of nitrification processes, the % = ~ @ §
average nitrate concentration was around two orders (:: DI N SR (R
of magnitude lower than those of NH,'. The Q|- " cd g Fg
minimum nutrient concentration in BES was mea- _ ~| o
sured in December (coincident with the thaw period) \23 = & & ¥ %
and the maximum concentration was measured in S 2 o w i ) ~ o E 8
September. The mass fluxes of each nutrient were % fZgdYeradaan g g ;
higher in BES than in the other effluents (Table 1) due o — —_ — 3
to the difference between flows (0.03 m® seg' vs. § %: E ; ; E ;E
0.01 m® seg ', respectively). Total and fecal coliforms ‘éf el ;\ s o E o — E w o ol\\o é
were detected in all the effluents with typical values Q % 5 2 g AR Q % § %2; § § ® ;
of weak sewage. The highest fecal coliforms level E = £
was found in the Guarani effluent and the lowest in g = —~ <) - % g
the Onas. 2l g ;‘ :‘ g, = g
El |- n e 0o o 8
21 O AP S S P XXX S S K =)
4.2 Water Quality in Encerrada Bay .%" a - - %
3 2 S S e g
Table 2 summarizes the results obtained for the E‘ < < Z o o 0,\\0 . [:': <+ 0_\0 é
environmental parameters measured in EB waters. gla|TT e o s e ® x| 3
Temperature followed a seasonal pattern and ranged g = = a S| g
from 4.6°C (September) to 12.9°C (December). gl = a B = & ?é
Salinity ranged from 0.4 to 26.0 (psu), with a weak slE&l22T28gTI IR g
horizontal gradient towards the vents. The pH was gl =TT = Tate %D
neutral or slightly alkaline and the DO remained close § = § = = %
to saturation. Nutrients, chl-a, and phaeopigments il e i T 2 T8
. o IR B A A - 7
concentration were found within the range of values E St reoddgaae sy e
cited for eutrophicated coastal environments (Kontas ; . =
et al. 2004; Saunders et al. 2007). The phaeopig- § = §
ments/chl-a ratio was always greater than 1 with the ~| & § § § § £
exception of December, typical of more degraded = % < r: ; ‘; °
systems (Pinto et al. 2001). Figure 2a shows the gl &3 a = A 2
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seasonal variability of the system. The lowest 7 and
the highest S were registered in September (when the
lowest income of freshwater from the land is
expected); the highest of nutrients, phaecopigments,
DO and pH were also measured at this time,
suggesting an intense development of primary pro-
duction with nutrients at non-limiting levels.

PC1 (37.5%)

During September, monthly-integrated irradiance
increases significantly in the visible band at these
latitudes (400—600 nm where photosynthesis occurs;
Diaz et al. 2001), which could become the main
trigger for phytoplanktonic activity, even with the low
temperatures found during the sampling period.
October sampling was identified as the period with
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the highest environmental stability, as appreciated by
its central location in the principal component (PC) 1
and PC 2 plan (Fig. 2a; explained variance 72.5% and
18.6%, respectively).

Figure 2b shows spatial variability of the system.
The sample sites were divided in two groups, at each
side of PC 1 (explained variance 37.5%): stations
closer to the freshwater discharge go left (stations 3,
4, 6 and 7, with negative values on the PC 1 and
enriched in nutrients) while those closer to the vents
go right (stations 1, 2 and 8, with positive values over
PC 1, high S and phytoplankton development). The
extreme points are occupied by station 3 (maximum
values of NH," and PO,’") and by station 2
(maximum values of chl-a, phacopigments, and T).
These facts suggest a high influence of BES in the first
case, and favorable conditions for phytoplankton bio-
mass development or accumulation (considering the
higher T of the site) in the second case. The exceptional
development of macroalgae (such as: Ulva rigida
(C. Agardh, 1824); Enteromorpha intestinalis (Linnaeus,
1753), Cladophora falklandica (J.D. Hooker and
Harvey, 1845);, Porphyra woolhouseae (Harvey,
1863), and Pilayella littoralis (L. Kjellm.)) observed
in March within this station may support this
hypothesis. Station 1 in particular, on the positive
part of PC 2 (explained variance 27.7%), presents the
highest S levels which would be related to the
influence of UB and/or to a lower reach of continental
water. High NO;  concentration and low DO level
were also observed in this site, which suggests the
development of sediment nitrification processes.
Station 5 was placed at the center of the axis, what
makes it the most stable of the system in relation to all
the measured variables.

Table 3 Sediment characteristics of Encerrada Bay

4.3 Sediment Quality in Encerrada Bay

Average density of sediment was 1.26+0.07 g cm >,
porosity of 63.1+4.7% and the granulometry was
predominantly fine. The high OM content (from 7.8
to 18.9%) showed dependence with sediment physical
characteristics (+*=0.82 p<0.05 for OM vs. porosity).
Similar OM levels were found in estuarine environ-
ments with high anthrophogenic influence (Clavero et
al. 2000; Cotano and Villate 2006). Anoxic conditions
(En ranged from —261.8 to —416.2 mV, black
coloration due to H,S production by sulfate-reducing
bacteria) were always observed (Table 3). Pore water
NO;  concentration was not detected in all the
stations. Total NH," concentrations varied from 0.41
to 0.92 pmol cm > wet sediment while those in pore
water ranged from 0.14 to 0.59 pmol cm > wet sediment
(~191.38 and 786.23 uM, respectively). The latter
were similar to the ones determined in other impacted
coastal environments of high latitude (Pollehne 1986;
Conley et al. 1997; Tuominen et al. 1999;
Maksymowska-Brossard and Piekarek-Jankowska
2001; Graca et al. 2006).

4.4 Nutrient Flux Across the Sediment—Water
Interface in Encerrada Bay

The benthic fluxes study was carried out during October
2005, regarded as the season with the highest environ-
mental stability within the studied periods (Fig. 2a). On
the other hand, stations 1 and 3 were chosen for
presenting different features in relation to water mass
quality (Fig. 2b). In both cases, NH, " and PO,>~ were
liberated towards the near-bottom water layer while
DO and NO; were incorporated by the sediment

Station Density (g cm'3) Porosity (%) O.M. (%) Ep (mV) NH," porewater (M) NH," adsorbed (uM)
1 1.22 57.4 8.5 —326.2 259.7 356.6
2 1.38 55.7 7.8 -307.0 262.2 345.9
3 1.29 61.1 9.0 —378.0 477.1 294.7
4 1.30 62.7 8.9 —416.2 481.9 117.3
5 1.22 63.7 12.0 —298.0 507.2 228.8
6 1.18 68.3 18.9 -302.7 336.2 329.6
7 1.27 64.7 12.4 -261.7 339.8 415.5
8 1.18 67.2 12.0 -330.5 416.1 133.3

E), redox potential, O.M. organic matter
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(Table 4). This pattern is indicative of highly impacted
sediments, where oxygen is not enough for OM
mineralization and NO; is used as an electron
acceptor. Phosphate liberation from sediment is favored
by anoxic transformation of oxyhydroxides of iron on
which they remained adsorbed in aerobic environments
(Graca et al. 2006), and/or by frequent salinity changes
in the system (Clavero et al. 2000).

Significant differences (Kruskal-Wallis p<0.05)
between both sites were only obtained for NH, " fluxes.
The NH," liberated and NO5™ consumed in station 3
were around two times higher than the fluxes supplied
by BES in the same season 2,780 pmol m 2 h™' and
144 pmol m > h™', respectively.

According to literature, DO and NH," benthic
fluxes measured in this study were between 1 and 2
orders of magnitude higher than those obtained by Gil
(2001) in four continental Patagonian coastal stations
(Nueva Bay, Argentina). Besides that, our fluxes are
higher or equal to those reported for other coastal
marine environments with eutrophication signs
around the world (Kemp et al. (1990) in USA; Conley
et al. (1997) in Sweden; Nicholson et al. (1999) in
Australia; Clavero et al. (2000) in Spain; Niencheski
and Jahnke (2002) in Brazil; Graca et al. (2006) in the
southeast Baltic Sea and Sakamaki et al. (2006) in
Japan).

4.5 Nutrient Exchange with Ushuaia Bay

Water exchange assessment between UB and EB was
carried out in October 2005: a season with high
environmental stability (Fig. 2a). Figure 3a shows the
tide relative amplitude in the vent at high tide (water
income from UB) and low tide (water outcome from

Table 4 Benthic fluxes measured in Encerrada Bay median
and standard error

Station Benthic fluxes

NH," (umol m 2 h™") 1 158+51

3 40614390
NO;™ (pmol m 2 h™") 1 —148+43

3 —264+54
PO,* (umol m > h™") 1 35+3

3 —
DO (mgm >h" 1 —-143+17

3 —251+54

EB), respectively. Ammonium concentration in water
incoming into EB at high tide (Fig. 3b) remained in
87.9+8.5 uM for the first 45 min. During the next
15 min it decreased to 1.6+0.2 puM, remaining in
stationary state until the change of flux direction.
Similar behavior was observed for PO4*~ (0.8+0.1—
0.4+0.1 pM) and inverse for conductivity (26.08+
0.31-32.63+0.29 mS cm'; Fig. 3c). This evolution
suggests that water incoming at the beginning of a
high tide is nearly the same that out coming from EB
along the last phase of at low tide. The remaining
parameters measured remained homogeneous in time
(Fig. 3c¢).

At low tide, NH,” and PO,> concentrations
showed an increasing tendency with time (Fig. 3d);
the values ranged from 45 to 104.6 pM and from 2 to
3.5 uM, respectively. Temperature and DO displayed
slight variation, whereas conductivity remained in
about 33 mS cm™ ' until the last sampling hour, when
it decreased to 25.7 mS cm !, due to dilution with
freshwater (Fig. 3e).

F; and F, fluxes for NH," and PO,>  were
estimated both at high as well as at low tide. There
was a net contribution from EB to UB of 74.4 kg of
NH4" and of 11.4 kg of PO,* for the tide cycle
studied (Table 5). This means that EB exports a total
of 41.7 kg day ' and 15.7 kg day ', respectively. If
we compare these to the income from continental
waters (Table 1), we may say that exist a positive
budget that remains in the EB promoting eutrophica-
tion. In the same sense, it is a clear evidence of
nutrient input and contamination from EB to UB.

5 Conclusions

This study shows that Encerrada Bay is a receptor of
wastewater transported by four discharges (Buena
Esperanza Stream and three pluvials), holding typical
features of sewage. BES in particular, is the main
nutrients source to the Bay, with a daily inorganic N
contribution higher than 100 g N m > year ' which
makes the system highly disturbed (Boynton et al.
1982). The shallowness of EB, the strong southwest
winds and the daily exchange with UB favor mixture
and oxygenation of the water column. Notwithstanding,
high nutrient and phaeopigments concentrations regis-
tered in the water mass, the high phaeopigments/chl-a
ratio, the sediment anoxia (with high OM and NH,4"
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Fig. 3 a Water column height variation (cm) during high and bay during high and low tide respectively. Salinity, temperature,
low tide in the vent that communicates Encerrada and Ushuaia conductivity, pH and DO distribution in ¢ water income from
Bays. Ammonium and phosphate concentrations in b water Ushuaia bay and e water outcome from Encerrada bay
income from Ushuaia bay and d water outcome from Encerrada
Table 5 Nutrient masic flux exchanged in each tide cycling between Encerrada and Ushuaia Bays
Nutrient F; (kg/tide cycle) F, (kg/tide cycle) F.—F; (kg/tide cycle) Contribute daily to UB (kg day ')
NH," 53.6 74.4 20.8 41.7
PO 3.6 11.4 7.9 15.7
NO;z 18.5 7.4 -11.1 -22.2
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values, DO and NO;~ demands and NH," and PO,>
liberation), as well as the great development of macro-
algae, show the severe impact that the system is
undergoing. Encerrada Bay is acting as a stabilization
pond, reducing the impact that direct sewages outflow
would produce in Ushuaia Bay, but at its own
deterioration risk.

Strong population growths in Ushuaia City and
scarce planning have left a large number of homes
without sewage network. This favored illegal waste-
water outflows to runoff and streams across the city,
which finally discharges into the coastal systems. A
proper wastewater management in Ushuaia city would
permit to mitigate the impact on BES and other
effluents, and in consequence to improve the envi-
ronmental condition in Encerrada Bay. This study
supplies background information that will contribute
to the development of management and control
measures to preserve the coastline of Ushuaia city.
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