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Abstract

Chromophoric dissolved organic matter (CDOM), the optically active fraction of dissolved organic matter, is
primarily generated by pelagic organisms in the open ocean. In this study, we experimentally determined the
quantity and spectral quality of CDOM generated by bacterioplankton using two different substrates (with and
without photoproducts) and by Antarctic krill Euphausia superba and evaluated their potential contributions to
CDOM dynamics in the peninsular region of the Southern Ocean. CDOM was generated by bacteria in all
experiments, and the presence of photoproducts influenced both the quantity and the spectral quality of the
resultant CDOM. We confirmed a direct link between bacterial production and CDOM generation, which yielded
in situ CDOM duplication times from 31 to 33 d. Antarctic krill as a direct source of CDOM was also confirmed
experimentally. We estimated that CDOM generation by krill would lead to CDOM duplication times from 0.48
to 0.80 d within krill swarms. Our findings highlight the potential significance of bacteria and Antarctic krill
swarms in the generation of CDOM and underscore the dynamic nature of CDOM in this area.

Chromophoric dissolved organic matter (CDOM) in
oceanic waters comprises a broad suite of optically active
compounds (Nelson and Siegel 2002; Coble 2007), and
these compounds play important roles in the cycling of
carbon and other elements as they mediate photochemical
reactions (Mopper et al. 1991). In addition, CDOM
represents a significant component of ocean optical signals
for satellite-based measurements of ocean color and can
interfere in global and regional estimates of primary
production (Siegel et al. 2005). It is well established that
photochemical processes that result in the transformation
of CDOM modify its bioreactivity (Moran and Zepp 1997),
and photobleaching represents the major pathway by which
CDOM is lost in open ocean waters (Mopper et al. 1991;
Nelson and Siegel 2002). Light-mediated processes affect-
ing the dissolved organic matter (DOM) pool, however, can
result also in the generation of CDOM (Kieber et al. 1997),
and recent research suggests that in situ biological
generation of CDOM is likely to be an important source
of optically active compounds (Nelson et al. 2004;
Steinberg et al. 2004). There are few studies, however, that
have quantified the rates of biologically generated CDOM.
Although phytoplankton are, by far, the dominant sources
of organic carbon in the open ocean, the generation of
CDOM appears to occur indirectly as a consequence of
bacterial processing of algal exudates (Nelson et al. 1998;
Rochelle-Newall and Fisher 2002) or through photoaltera-
tion of DOM released by algae (Kieber et al. 1997; Reche et
al. 2001). CDOM may also be generated directly through
extracellular release by prokaryotes (Nelson et al. 2004;
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Steinberg et al. 2004) and excretion by zooplankton
(Steinberg et al. 2004; Urban-Rich et al. 2006).

Bacterioplankton can regulate DOM composition
through the selective consumption of labile compounds
and subsequent release of humic-like (chromophoric)
substances (Tranvik 1993; Kawasaki and Benner 2006)
that are largely biorefractory in nature. The production of
this material can comprise a significant proportion of the
total DOM pool, extending the residence time of organic
carbon in the water column, with obvious consequences for
global carbon cycling (Ogawa et al. 2001). CDOM
generation by bacterial DOM processing appears to be
dependent on several factors, such as substrate quality,
previous photochemical transformations, and/or nitrogen
availability (Kramer and Herndl 2004; Nelson et al. 2004;
Biers et al. 2007). However, the persistence and optical
properties of bacterially generated CDOM appears to vary
considerably, and the role of bacteria in CDOM dynamics
is poorly understood. Similarly, although heterotrophic
organisms such as zooplankton or protozoans also generate
CDOM (Steinberg et al. 2004; Urban-Rich et al. 2006),
published data on CDOM generation by organisms within
the order Euphausiacea in seawater are scarce and not
generally species specific.

In the Southern Ocean, several conditions converge that
facilitate a quantitative assessment of the contribution of
bacterial and krill-generated CDOM and promote a better
understanding of CDOM dynamics in oceanic systems.
First, the Southern Ocean is subject to extreme solar
radiation in the austral summer. During this time,
photochemical reactions can be expected to be important.
Second, CDOM in high latitudes, and particularly in
waters around the Antarctic Peninsula, is abundant, and, in
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Table 1.
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Geographical location, depth, temperature (Temp), salinity (Sal), dissolved organic carbon (DOC), total nitrogen

concentration (Total N), chlorophyll a (Chl @), and bacterial abundance (BA) at the locations and depths selected for the bacterial
regrowth cultures, sunlight dose at 320 nm received in the photoproducts (photo) treatments, and absorption coefficient at 325 nm and

443 nm at the initial time of each treatment (t0).*

BA

DOC Total N Chla (X105 Pre-

Depth Temp Sal (umol (umol (ug cells exposure azns to  agus to

Location (m) °C) (o) L1 - L) mL-1) (kJm—2?) Treatment (m~—1) (m-1)
Deception 62°57.09" S, 0 2.11 339  69.0 12.2 5.1 7.9 + 13.89 no photo 0.16  0.63
Island 60°23.16' W photo 0.06  0.46
150 0.17 339 50.1 33.6 0.4 na + 13.89 no photo 0.74 225

photo 0.33 1.12

Livingston 62°29.34" S, 0 1.15 334 753 14.2 0.7 4.3 +7.51 no photo 024 0.78
Island 60°23.16' W photo 0.23  0.68
50 1.04 339 705 31.9 0.6 3.8 + 7.51 no photo 0.38 1.13

photo 0.40 1.22

* na: not analyzed.

fact, accounts for up to 70% of the total non-water light
absorption at 443 nm (Siegel et al. 2002). Finally, krill,
which plays a key role controlling primary production and
recycling processes in the Southern Ocean (Nicol 2006;
Tovar-Sanchez et al. 2007), is abundant (Brierley and
Watkins 2000; Nicol 2006).

In this study, we have determined experimentally the
quantity and optical quality of CDOM generated by
bacterioplankton using two different substrates (with and
without photoproducts) and by Antarctic krill Euphausia
superba. In addition, we have assessed the potential
contribution of these agents to CDOM dynamics in the
peninsular region of the Southern Ocean.

Methods

Bacterial CDOM generation experiments—To quantify
CDOM generation by bacteria, a total of eight bacterial
regrowth cultures were carried out under different condi-
tions of CDOM and nutrient availability (Table 1). The
experiments were carried out during January and February
2004, at the Spanish Base Juan Carlos I (Livingston Island,
South Shetland Islands). Water for the experiments was
collected from two different sites—Port Foster, Deception
Island, and South Bay, Livingston Island—and was
initially filtered through precombusted (3 h, >450°C)
Whatman GF/F filters (nominal pore size 0.5-0.7 um) to
remove phytoplankton and most heterotrophic consumers.
Between 85% and 88% of bacterial cells were removed as a
consequence of the filtering process. At each site, water
from the surface (ca. 5 m) and below the euphotic layer
(150-m and 50-m depth, respectively) was collected to set
up two different treatments (surface and below euphotic
zone) using a Niskin bottle with a conductivity—tempera-
ture-depth (CTD) attached. Because solar radiation can
affect transformations in the structural conformation of
dissolved organic matter and modify its bioreactivity
(Moran and Zepp 1997), we also assessed the potential
changes in bacterial CDOM generation associated with
the presence of photoproducts by including a treatment
with photoproducts for each location and depth. To do so,

GF/F-filtered water for the photoproducts treatments was
placed in quartz bottles at ambient seawater temperature
and under natural sunlight for 27-31 h before setting up all
the regrowth cultures, corresponding to a total dose of
ultraviolet (UV) at 320 nm equal to 7.51 kJ m—2 for the
experiments performed with waters near Livingston Island.
Incident UV was measured with a PUV 2500 Biospherical
Instruments meter. Comparable light data were not
available for experiments involving water from Deception
Island, so we obtained data from the National Science
Foundation UV Monitoring Network, operated by Bio-
spherical Instruments under a contract with the U.S.
National Science Foundation’s Office of Polar Programs
via Raytheon Polar Services Company. We estimated a
cumulative dose at 320 nm over the exposure time of 13.89
kJ m—2 nm. Triplicate 250-mL flasks were filled for each
combination of site, depth, and presence (i.e., pre-exposed
to incident solar radiation) vs. absence of photoproducts.
All treatments were subsequently inoculated (10% of total
volume) with nonexposed water to avoid the use of bacteria
with potential UV damage. All experiments were run for
97-122 h, and were incubated at ambient temperature (2—
5°C) in the dark. Subsamples for bacterial abundance (BA)
and bacterial production (BP) were taken daily; subsamples
for CDOM characterization were taken at the beginning
and at the end of each experiment.

Krill CDOM biogeneration experiments—To quantify
and characterize CDOM released by Antarctic krill, E.
superba, two types of experiments according to the
incubation time were performed: daily experiments (incu-
bation time from 12 to 24 h) and hourly experiments (short-
term incubations of 4 h). For daily experiments, we
performed 15 simple incubations in four sets. Adult krill
were collected west of Anvers Island during January 2004
and maintained in large-volume, flow-through aquaria at
Palmer Station prior to transport and experimentation at
the Antarctic Spanish base Juan Carlos 1. For each
incubation, individual krill were placed in 1-liter glass jars
prefilled with 0.7 liters of 0.2-um-filtered seawater to
minimize bacterial influence. Replicate controls with 0.2-
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um—filtered seawater and without krill additions were
incubated in parallel. Incubations were carried out for 12
to 24 h at ambient light and temperature conditions.
Samples for CDOM characterization were taken at the
beginning and end of each experiment. To assess the
potential growth of bacteria attached to krill or non-
excluded by 0.2-um filtration during the incubations, we set
up another different experiment subject to the same
conditions, and took samples for BA and BP at the
beginning and after 24 h.

Because krill empty their gut contents in a short period of
time (i.e., a few hours), we also quantified the release of
CDOM by krill (E. superba) in short periods (4 h) setting up
five additional experiments (hourly experiments). Hourly
experiments (Nos. 16-20) were performed during the ATOS
2009 cruise on board the RV Hespérides in the Bellinghausen
and Weddell Seas, along the Antarctic Peninsula sector of
the Southern Ocean. Krill were detected using a Simrad TM
EK60 multifrequency echosounder, collected within the
upper 100 m at five stations (12 February, 65°17.56'S,
067°19.58'W; 13 February, 67°26.35'S, 70°54.11'W; 16
February, 68°32.35'S, 72°20.75'W; 23 February,
63°02.65'S, 57°32.20'W; and 25 February, 64°56.17'S,
55°47.84'W) using an Isaacs-Kidd-Mid-Water-Trawl net,
with a 1-cm mesh size. For each incubation, four randomly
selected similarly sized krill individuals were placed in 2-liter
cleaned (acid-washed) low-density polyethylene bottles
prefilled with 2 liters of 0.2-um-filtered surface seawater to
minimize bacterial influence. Replicate controls with 0.2-
um—filtered seawater and without krill additions were
incubated in parallel. Incubations were carried out in the
dark in an incubation chamber set at the surface seawater
temperature =1°C for 4 h. Samples for CDOM character-
ization and BA and BP were taken at the beginning and end
of each experiment.

Chemical and biological analyses—Water for CDOM
optical characterization was filtered through precombusted
Whatman GF/F filters and stored in polypropylene flasks
at 4°C in the dark prior to analysis (within a few hours). In
each case, the absorbance spectrum for the resultant filtrate
was measured with a Shimadzu UV-2401 PC spectropho-
tometer using 10-cm quartz cuvettes. Absorbance scans
from 250 to 700 nm were performed, a spectrum of MilliQ
water filtered by GF/F and stored in parallel to the samples
was subtracted as a baseline, and internal backscattering
was corrected by subtracting the absorbance at 700 nm
(Bricaud et al. 1981). Two selected wavelengths (325 and
443 nm) were expressed as Napierian absorption coeffi-
cients (asps and as43) in m~! using the following equation:

2303 Aszs443
s A= ——7 (1)

where 1 is the optical pathlength in meters and Asjs 443 is
the spectrophotometric absorbance at 325 and 443 nm,
respectively. We selected 325 nm as a reference wavelength
within the UVA spectrum (Nelson and Siegel 2002) and 443
nm because it is the reference wavelength for satellite
CDOM determinations. The spectral slopes between 275
and 295 nm (S,75 595) and between 350 and 400 nm were
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calculated by a standard linear regression of the In-
transformed absorption data and the ratio (Sg) of these
two slopes was also calculated as a good proxy for DOM
molecular weight (Helms et al. 2008).

Samples for dissolved organic carbon (DOC) analyses
were collected after filtration through precombusted What-
man GF/F filters into precombusted 10-mL glass am-
poules, acidified with phosphoric acid (final pH <2),
sealed, and stored at 4°C prior to analysis. DOC was
measured by high-temperature catalytic oxidation on a
Shimadzu TOC-5000A analyzer. Standards of 44-45 umol
C L-Tand 2 ymol C L~1, provided by D. A. Hansell and
Wenhao Chen (Univ. of Miami) (unpubl.) were used to
assess the accuracy of the measurements.

BA was measured by epifluorescence microscopy (Porter
and Feig 1980). Water subsamples of 4-10 mL were filtered
onto 0.2-um polycarbonate filters and stained with 4,6-
diamidino-2 phenylindole (DAPI) to a final concentration
of 1 ug mL~1. At least 350 cells in 15 random fields were
counted for each sample.

BP was estimated as the rate of 3H-leucine-protein
synthesis using the microcentrifugation technique proposed
by Smith and Azam (1992). Briefly, 5 uL of L-[4,5-3H]
leucine was added to 1.5-mL samples, yielding a final
concentration of 56 nmol L—!, and incubated for 3-4 h at
ambient temperature. We used a conversion factor from
leucine (leu) to carbon incorporation of 1.5 kg C mol leu—1,
which represents a standard assuming no isotope dilution
(Simon and Azam 1989). Chlorophyll ¢ (Chl @) concentra-
tion was determined fluorometrically (Parsons et al. 1984).

Determination of biogeneration rates—We calculated
daily CDOM increases (Aa;, m~—! d—1) in all bacterial and
krill experiments as follows:

Aa;y _ a;r—ajo (2)
t
where / is the reference wavelength (325 or 443 nm), a; is
the absorption coefficient (m—1!), f is the final time, O is the
initial time, and t is the incubation time in days.
To compare these CDOM increases among the different
treatments and experiments, we calculated the percentage
of Aa; (d—1) using the following expression:

Aai

% Aa; = —* x 100 (3)

a0
where /4 is the reference wavelength (325 or 443 nm), Aa, is
the daily CDOM increase (m~! d—1), a; is the absorption
coefficient (m~1!), and 0 is the initial time.

We determined experimental bacterial CDOM genera-
tion rates (m~! d—! per BA, or BP units) using linear
regressions to relate Aasys 443 to average BA or BP of each
regrowth treatment. Average BA and BP in the regrowth
cultures were determined by averaging all measurements
weighted by the length of the interval between successive
sampling. We forced the regression line to pass through the
origin to avoid the effects of a high-CDOM background.
To extrapolate these experimental rates to field CDOM
bacterial generation rates (m—! d—1), we used a mean BA of
7.14 X 105 cells mL~! and a mean BP of 0.031 ug C L—!



1944 Ortega-Retuerta et al.

4 106
k-.A — control initial B
— - control final

3 \ """ photoproducts initial

--- photoproducts final

acpoy (M)

acpoy (M)

250 300 350 400 450 500 550 600 650
Wavelength (nm)

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 1. CDOM absorption spectra from 250 to 700 nm at initial and final times of each
treatment of the experiments performed with (A) Deception Island waters at 0 m, (B) Deception
Island waters at 150 m, (C) Livingston Island waters at 0 m, and (D) Livingston Island waters at

50 m.

h—1; these values were based on sampling and experimen-
tation in the same area determined during the cruise
ICEPOS 2005 (Ortega-Retuerta et al. 2008).

We expressed experimental krill CDOM generation rates
per organism and per liter as daily increases in asps 443 (m=—!
d—1) subtracted by changes in CDOM per day in the
controls without krill additions, and extrapolating to a
density of one organism per liter correcting by the volume
used in the incubations (0.7 and 2 liters). To extrapolate the
experimental rates to field CDOM biogeneration by krill
(m~—1 d-1), we used krill abundance data from the
literature. We used an average krill density in spring—
summer seasons in Antarctic waters between 1977 and 1996
of 77.78 individuals X 1000 m—3 (Loeb et al. 1997), and a
krill density within swarms of 1000 individuals m—3
(Brierley and Watkins 2000).

We estimated CDOM duplication times attributable to
bacterioplankton or to krill relating field data of asss 443 in
the Antarctic Peninsula area determined during the cruises
ICEPOS 2004 and 2005 (mean az»s = 0.34 m—!, mean asy3
= 0.12 m~1; Ortega-Retuerta et al. unpubl.) to the field
CDOM generation rates derived from the experiments. We
used the following equation:

CDOM, duplication time (d)

_ field CDOM; (m~!)
field CDOM; generation rates (m—! dfl) 4)

where / is the reference wavelength (325 or 443 nm).

Results

The exposure of water to incident solar radiation to
generate photoproducts for bacterial CDOM generation
experiments yielded site-specific differences. Marked
photobleaching of CDOM occurred in waters collected
from Deception Island, irrespective of collection depth
(Table 1, Fig. 1; 26-50% reduction in absorbance at 325
nm and 55-63% reduction in absorbance at 443 nm). The
spectral slope S,75.595 increased in the treatment with
photoproducts (Table 2). In contrast, little (4-12%) or no
decrease in absorbance indicative of CDOM photobleach-
ing was observed in waters collected from Livingston Island
(Table 1; Fig. 1) and no relevant changes in the S,75 595
values in the treatment with photoproduct were detected
(Table 2).

At the conclusion of the incubation periods, increases in
a3rs and agy; absorption coefficients and decreases in the
values of S,75.595 were found in all bacterial regrowth
cultures, irrespective of site, depth, or treatment imposed
(Table 2). However, the magnitude of CDOM daily
increase (Aasssaq3) was highly variable depending on the
initial conditions of each incubation. For those experiments
carried out with water from Deception Island, CDOM
daily increases (Aasss 443 m~1 d—1) were significantly higher
in the regrowth cultures with photoproducts than in those
where photoproducts were absent (ANOVA, p < 0.05). The
values of Aas,s ranged from 0.049 to 0.375 m—! d-! and
Aayyz ranged from 0.015 to 0.142 m—! d—! (Table 2). The
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Table 2.
and 443 nm (m~! d—!) and relative percentage with respect to initial absorption at 325 and 443 nm (d—!) in all bacterial regrowth cultures (mean = standard error). No photo:

treatments without photoproducts; photo: treatments with photoproducts.*

ABP

(ug C
L-1h d-!
0.139 + 0.016
0.214 + 0.017
0.494 + 0.077
0.424 + 0.020
0.064 + 0.055
0.067 = 0.014
0.052 + 0.009
0.061 + 0.001

ABA
(X105 cell
mL-1d-1)

YoAayy;
d-1

%Aa325
(d=1

Aayys
(m~1d-1)

Aasys
(m~1d-1)

te
2.19
2.50
1.99
2.07
2.46
2.35
2.33
2.18

Sr

S
to

ty
0.0231
0.0242
0.0178
0.0186
0.0192
0.0197
0.0200
0.0213

S275-295

to
0.0249
0.0347
0.0216
0.0336
0.0231
0.0227
0.0213
0.0228

S575.295
* BA, bacterial abundance; BP, bacterial production.

Depth
(m) Treatment

Location

3.69 = 0.04
0.87 = 0.08
2.25 = 0.37

13.8 = 0.8
76.9 = 2.6

+ 1.7

8.9

0.023 = 0.001
0.048 = 0.002
0.099 = 0.023
0.142 £ 0.007
0.056 * 0.018
0.052 £ 0.020
0.057 £ 0.005
0.015 = 0.001

0.056 = 0.011
0.099 = 0.003

1.91
1.96
2.27
3.29
2.22
2.81
2.45
2.21

no photo
photo

0

Deception

21.6 £ 0.7
11.8 = 1.9

33413

13.3 £ 32
433 £2.0
231+ 7.3

224 = 8.7

0.265 = 0.044
0.375 £ 0.014
0.126 = 0.048
0.148 = 0.057
0.172 = 0.019
0.049 = 0.010

no photo
photo

150

1.06 = 0.06
0.34 = 0.12
0.40 = 0.10
0.32 = 0.05
0.73 = 0.20

16.2 = 6.2
21.8 £ 8.3

152 = 1.7
4.0

no photo
photo

0

Livingston
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Fig. 2. Bacterially generated CDOM spectra from 250 to 700
nm (final — initial per day) in the different treatments using (A)
Deception Island waters and (B) Livingston Island waters.

percentage of generated CDOM with respect to the initial
absorption (%Aas»s 443) exhibited similar patterns.

In addition to the quantitative differences in CDOM
generation observed in the different regrowth cultures, the
spectral shape of bacterially generated CDOM also differed
markedly. In the incubations carried out with water
collected near Deception Island, where marked CDOM
photobleaching was detected prior to the onset of the
regrowth cultures (see Table 1; Fig. 1), CDOM spectra
generated by bacteria showed distinctive peaks between 290
and 295 nm in the treatments with photoproducts
(Fig. 2A). In comparison, the treatments without photo-
products exhibited the characteristic negative exponential
shape (Fig. 2A). However, in the experiments performed
using water from Livingston Island, where photobleaching
was negligible, all CDOM spectra generated by bacteria
were similar, with less-marked shoulders in the UVB region
(Fig. 2B).

CDOM daily increases (Aasps 443) attributed to bacteria
in the incubations were significant ( p < 0.05) and positively
related to daily increases in BP (2 = 0.59 and r2 = 0.62,
respectively). Likewise, daily CDOM increases were related
to average BP in the incubations (Fig. 3), but not to BA.
The slopes of the regression lines passing through the
origin, not significantly different from the regression lines
with the intercept, were used as estimates of bacterial
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Fig. 3. Relationships between (A) Aazys or (B) Aayys in all

regrowth experiments and average BP. Open symbols: treatments
with photoproducts. Filled symbols: treatments without photo-
products. Solid lines represent the regression lines passing through
the origin, and dashed lines represent the regression lines with the
intercept. In no case are the two equations significantly different
(p > 0.05). The slopes of the solid lines represent the experimental
bacterial CDOM generation rates (m—! d—1 per ug C L—! h—1; see
Table 3).

CDOM generation rates without reference to the CDOM
baseline (intercept) and, hence, extrapolable to other ocean
areas (Table 3). An extrapolation of these experimental
rates (Aasys 443 per unit of BP) to field BP average values
yielded estimates of CDOM generation rates of 10.2 X

Table 3. Bacteria CDOM generation rates of absorption at
325 nm and 443 nm obtained experimentally and calculated from
BP (m—!d~! per ug C L—1 h—1), field bacterial CDOM generation
rates at 325 and 443 nm (m~! d—!) estimated for field conditions
in the Southern Ocean, and CDOM duplication times (d).

Reference wavelength (nm)
325 443

Experimental a, generation rate

(m-1d-!per ug CL-1h-1) 0.3275 = 0.07 0.1241 = 0.07
Field Aa; (X103 m~! d-1) 10.2 3.8
Field a; duplication time (d) 33 31
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Fig. 4. CDOM absorption spectra from 250 to 700 nm at
initial and final times of krill experiments (A) 9 and (B) 13 with
their respective controls without krill additions.

103m~-1d-1at325nmand 3.8 X 1073 m~1d-!at443 nm
(Table 3). These CDOM generation rates suggest CDOM
duplication times of 31-33 d (Table 3).

Significant (p < 0.05) increases in CDOM (as indicated
by changes in absorbance at 325 and 443 nm) were detected
in most daily incubations (12 of 15) with adult krill when
compared to changes in control treatments, where no
changes or decreases in CDOM were observed (Fig. 4). In
those incubations with krill where an increase in CDOM
was observed, Aasys ranged from 0.132 to 1.535 m—1! d—!
and Aayys ranged from 0.043 to 0.524 m—! d—! (Table 4).
We detected increases at 325 nm in all hourly incubations
(Nos. 16-20), with Aas,s ranging from 0.525 to 1.416 m~—!
d—1. However, increases at 443 nm were detected in only
three of five hourly incubations (Table 4). The shapes of
the CDOM spectra differed markedly between daily and
hourly experiments. CDOM generated by krill in daily
incubations tended to exhibit higher absorption coefficients
at shorter wavelengths (<300 nm), with a shoulder at 290—
295 nm (Fig. 5A). By contrast, CDOM generated by krill in
hourly experiments consistently exhibited two distinct
peaks, at 270-280 nm and at 340-345 nm (Fig. 5B). These
peculiar spectral shapes prevented the calculations of
S»75.095 at the end of incubations, and only the initial
values are reported in Table 4.



CDOM biogeneration in the Southern Ocean

1947

Table 4. Initial values of Chl «, dissolved organic carbon (DOC) concentration, as,s, the spectral slope S,75 595, the ratio of slopes
Sg, and the daily CDOM increases (m—! d—!) and percentages of CDOM increase (d—!) at 325 and 443 nm in all krill incubations
(Inc No.).*

Inc time Chl a DOC as3ns 82757295 SR Aa325 Aa443 %Aa325 %Aa443
Inc No. Inc type (h) (ug L= (umol L-1)  (m~1) t0 t0 (m-1L-td-) (m-tL-1d-1) (d-}) (d-1

1 daily 21 10.4 72 1.101 0.013 1.35 —1.348 —0.403 —-119 —-107

2 daily 21 10.4 72 1.101 0.013 1.35 -1.299 —0.432 -95 -92

3 daily 21 10.4 72 1.101 0.013 1.35 —1.114 —0.385 —138 —130

4 daily 19 9.7 176 1.453 0.018 2.07 0.651 0.229 45 44

5 daily 19 9.7 176 1.453 0.018 2.07 0.360 0.115 25 22

6 daily 19 9.7 176 1.453 0.018 2.07 0.192 0.043 13 8

7 daily 19 9.7 176 1.453 0.018 2.07 0.540 0.150 37 29

8 daily 12 5.65 70 0.901 0.020 2.02 0.646 0.315 64 101

9 daily 12 5.65 70 0.901 0.020 2.02 1.059 0.453 119 161

10 daily 12 5.65 70 0.901 0.020 2.02 0.132 0.122 14 42

11 daily 13 2.55 68 0.326 0.024 1.92 0.496 0.084 137 60

12 daily 13 2.55 68 0.326 0.024 1.92 1.535 0.524 509 785

13 daily 13 2.55 68 0.326 0.024 1.92 0.593 0.264 157 310

14 daily 13 2.55 68 0.326 0.024 1.92 0.302 0.132 71 115

15 daily 13 2.55 68 0.326 0.024 1.92 0.655 0.185 154 130

16 hourly 4 0.12 na 0.198 0.023 1.15 1.416 —0.028 715 —60

17 hourly 3 0.45 na 0.196 0.032 1.12 0.525 0.046 268 95

18 hourly 4 1.12 na 0.385 0.026 2.48 0.864 0.193 225 165

19 hourly 4 0.64 na 0.219 0.030 2.04 1.099 0.014 502 27

20 hourly 4 7.69 na 0.573 0.023 1.15 1.092 —0.276 190 -316

* na, not analyzed.

To assess the potential effect of bacterial growth on
CDOM generation in the krill incubations, and then to
correct the values of CDOM generated and attributed
exclusively to krill, we monitored BP and BA in parallel. In
daily experiments, BP showed hourly increases of 0.0086 ug
C L-! h—! and BA showed hourly increases of 656 cells
mL~1!. Thus, even correcting for bacterial contributions
due to BP, 12 of the 15 daily incubations showed CDOM
daily increases at as»s; and as43. Bacterial growth was not
detected in hourly experiments.

Biogeneration rates by krill, after corrections for potential
CDOM bacterial contributions and extrapolated to a density
of one organism per liter, averaged (daily and hourly
experiments) 0.715 m—1 d—! for as»s and 0.151 m—! d—!
for ayy3 (Table 5). Extrapolating krill CDOM generation
rates to field data, we estimated field Aas»s of 0.055 X 10-3
m-! d-! and field Aagy; of 0.012 X 10-3 m—! d-1,
considering average krill densities around the Antarctic
Peninsula of 77.8 individuals in 1000 m3 (Loeb et al. 1997)
(Table 5). The application of these average CDOM gener-
ation values to the study area would yield a CDOM
duplication time of years. Considering 1000 organisms per
cubic meter as a representative density of krill swarms
(Brierley and Watkins 2000), field CDOM generation would
be analogous to the experimentally determined krill CDOM
generation rates (Aaspsaqs per org L—1), and would imply
CDOM duplication times from 0.48 to 0.80 d (Table 5).

Discussion

Bacterial generation of CDOM was evident in all
regrowth cultures and confirms the potential role of
bacteria as a CDOM source in the Southern Ocean. Field

work based on CDOM seasonal dynamics (Nelson et al.
1998), fluorescent DOM dynamics and distribution (Ya-
mashita et al. 2007; Yamashita and Tanoue 2008), and
changes in BA within phytoplankton cultures or meso-
cosms (Rochelle-Newall and Fisher 2002) had previously
inferred this linkage. In fact, bacterial CDOM generation
has been experimentally confirmed (Kramer and Herndl
2004; Nelson et al. 2004; Biers et al. 2007). However,
quantitative bacterial CDOM generation rates are hardly
comparable among these published studies, because differ-
ent analytical approaches were employed (absorbance vs.
fluorescence, different reference wavelengths). The percent-
ages of CDOM increase (d—!) reported hercin are
consistent, however, with values reported by Nelson et al.
(2004) for BP rates (from 12 to 120 d—!) during the
exponential growth phase.

The consistent CDOM generation by bacteria and net
decrease in the S,75 595 values in all treatments of the
different regrowth cultures (Table 2) indicate that CDOM
bacterial generation could be associated with an increase of
DOM molecular weight, as has been previously reported
(Helms et al. 2008). The magnitude and spectral quality of
generated CDOM was, however, different depending on
the presence or absence of photoproducts as a substrate. In
those treatments where marked photobleaching was
evident (incubations carried out with water collected near
Deception Island), CDOM generation was greater, sug-
gesting that photoaltered CDOM is more susceptible to
further bacterial processing. In addition, bacterially gener-
ated CDOM from photoaltered DOM exhibited a distinct
spectral shape, with maximum absorbance at 290-295 nm,
providing additional insight into the nature of the
transformations. This particular spectral shape might be
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Fig. 5. Kirill-generated CDOM spectra (daily CDOM in-
creases per organism and day, normalized by daily changes in the
control treatments) in three representative krill daily incubations
(inc) (numbers 5, 9, and 13, upper panel) and two representative
krill hourly incubations (numbers 18 and 19, bottom panels; see
also Table 4).

attributed to the selective growth of specific bacterial
populations. In this sense, the percentage of the assemblage
that would have passed through the GF/F filters, and,
hence, been subjected to irradiation, although minor (12—
15%), could be responsible of some of the generated
CDOM. On the one hand, the spectral shape of bacterially
generated CDOM could be related to unique properties of
the initial DOM. Indeed, Deception Island is a semi-

Table 5. Experimental average of generation rates by krill in
the incubations (m~! d—! per organism L-1), estimated field
CDOM generation rates at 325 and 443 nm (m~! d—!), and field
CDOM duplication times within swarms (d). Krill CDOM
generation rates are corrected by potential bacterial contribu-
tions using bacterial production.

Reference wavelength (nm)

325 443
Krill a, generation rate 0.715 £ 0.099 0.151 = 0.045
Field Aa; (X103 m~! d-1) 0.055 0.012
Field a; duplication time (d)
within swarms 0.48 0.80

Ortega-Retuerta et al.

enclosed bay with high Chl a levels (see Table 1) where
DOM is likely to be of recent algal origin and, thus, likely
more photo- and bioreactive. On the other hand, the lack
of significant CDOM photobleaching observed in waters
from Livingston Island is possibly attributable to the more
refractory nature of DOM or to the lower cumulative
sunlight dose received in the photoproduct treatments of
the Livingston Island experiments. There was a similar
response in bacterially generated CDOM generation in all
treatments, irrespective of the presence or absence of
photoproducts, showing more typical negative exponential
absorption spectra.

In this work, we demonstrate a direct link between
bacterial activity and CDOM biogeneration, irrespective of
initial CDOM, mineral nutrient concentration, or the
presence or absence of photoproducts, explaining about
60% of the variance in ACDOM by BP (Fig. 3), and we
provide equations potentially applicable to other ocean
areas. This link confirms the predominant role of bacterial
DOM processing over other potential processes affecting
CDOM generation, such as viral lysis or cell death. This
key role of bacterial activity has been also suggested by
Yamashita and Tanoue (2008), who found a tight
relationship between apparent oxygen utilization and
fluorescent DOM in the deep ocean.

Extrapolation of our rates to field conditions predicts a
CDOM duplication time of 31-33 d, considering average
BP values in the Antarctic Peninsula area during austral
summer (Ortega-Retuerta et al. 2008). However, in areas
where high BP values were reported (e.g., in the western
Weddell Sea during ice-free periods, where BP can reach
0.111 ug Ch—1 L), CDOM duplication times of about 10
d are possible. Thus, we have demonstrated that bacteria
can generate significant amounts of CDOM on a short (i.e.,
less than a week) timescale. The effect of bacteria on
CDOM dynamics will depend on the persistence of the
bacterially generated CDOM in the environment, which
can range from labile material, consumed or degraded in a
few days (Nelson et al. 2004; Biers et al. 2007), to refractory
material (Ogawa et al. 2001), a feature that appears to be
dependent on nitrogen availability (Biers et al. 2007). The
study of the persistence of the CDOM generated by
bacteria into the water column has relevance for ocean
DOC storage and deserves further investigation in the
context of global carbon cycling.

Our results also provide the first evidence for the
potential of Antarctic krill, E. superba, to contribute to
the CDOM pool in the Southern Ocean. Previous studies
have reported the release of CDOM and fluorescent DOM
by different zooplankton species (Steinberg et al. 2004;
Urban-Rich et al. 2006) indicating that these organisms
could be responsible for unique CDOM and fluorescent
DOM signatures. In this study, we observed two different
spectral shapes for krill-generated CDOM, depending on
incubation time. Considering hourly incubations (less than
4 h), CDOM spectra showed two distinct peaks at =290
and 340 nm (see Fig. 5B). By contrast, in daily incubations
we did not observe the peak at the 330-340-nm region, and
a shoulder at 290 nm was visible but less evident. This
difference in the spectral shape between the hourly and
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daily incubations could be related to the release of specific
compounds such as urea (Glibert 1998) that may disappear
quickly. This finding is consistent with a previous report of
CDOM excretion by euphausiids (Steinberg et al. 2004). In
the daily incubations, higher initial CDOM values, along
with a greater bacterial influence (generating CDOM at
shorter wavelengths) could have masked CDOM attributed
exclusively to krill release.

All krill incubations showed CDOM production except
for one complete set of incubations (daily experiments 1-3;
see Table 4). This result suggests that CDOM production
by Antarctic krill is likely dependent on other factors, such
as ambient conditions, the nutritional status of the
organisms, or short-term cycling of CDOM during the
incubation. These factors merit further attention because
only single measurements were made in our study. Indeed,
in the aforementioned set of incubations, abnormally
high background levels of CDOM at time 0 were observed
(data not shown), which could have masked the krill
contribution.

The relevance of estimating the potential contributions
of Antarctic krill to CDOM dynamics is underscored by
their status as a keystone species in the Southern Ocean;
krill are both important grazers (Ross et al. 1998) and
preferential prey for most higher-order consumers, includ-
ing seals, penguins, whales, and seabirds (Croxall et al.
1999), and they affect biogeochemical cycling as well
(Tovar-Sanchez et al. 2007). Accordingly, CDOM duplica-
tion times attributable to krill would be generally an order
of magnitude longer than CDOM duplication times
attributable to bacteria when considering average seasonal
krill densities in waters around the Antarctic Peninsula
(Loeb et al. 1997). Whereas this could suggest a minor role
of krill on CDOM dynamics, these organisms can form
large swarms with hundreds to thousands of organisms per
cubic meter (Brierley and Watkins 2000), where CDOM
duplication times would be shorter than a day (Table 5).
Therefore, an intense and unique CDOM signal is expected
in association with krill swarms or areas recently occupied
by krill swarms. Because krill activity releases large
amounts of labile organic carbon, ammonium, and other
limiting elements such as phosphate or iron (Quetin et al.
1994; Tovar-Sanchez et al. 2007), krill activity could greatly
stimulate bacterioplankton growth, fueling further bacteri-
al CDOM generation.

Overall, our findings highlight the potential significance
of bacteria and Antarctic krill swarms in the generation of
CDOM in the Southern Ocean. CDOM duplication times
from days (considering CDOM in krill swarms) to months
(considering bacterial activity) or years (considering
average krill densities) in the area underscore the dynamic
nature of CDOM. Additional studies will be required to
assess the persistence of biologically generated CDOM in
order to evaluate the realized effect of bacteria and krill on
the spatial and temporal dynamics of CDOM and DOC
cycling in the Southern Ocean.
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