Depth (Z)

O

Dissolved Organic Carbon in the ocean

The profile of [DOC] with depth

[DOC] M
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Measured by HTCO or
wet chemical oxidation

Surface values are 60-80uM C
deep sea values are 40 uM C

Deep sea values are nearly constant
(implies some tight feedback/control)

Global inventory is 680 GT C. Most
Resides in the deep ocean!
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sargasso Sea DOC
Sargasso Sea DIC
Facifc Ocean DOC
Pacilc Ocegan DIC
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DIC 4C has the same
Value in the Atl and Pac

AA4C of DIC and DOC
is about the same in the
deep Atl and Pac oceans

Deep ocean values are
equal to a RC age of
Several 1000’s years

Either there is a source of
“old” DOC, or DOC lasts
for several ocean mixing
cycles



13C Nuclear Magnetic Resonance Spectrum
of high molecular weight dissolved organic matter

HCOH
(55%)

OCO C/N = 1543
(12%) | |

Same spectrum everywhere
(at a comparable depth)

COOH CH, carbohydrates >
8(8(';”)" (10%) proteins>

° lipids>
nucleic acids(P)




THNMR of high molecular weight DOC

But....

Carbohydrates by NMR
are 50-70% of the total

by molecular level techniques
they are only 15% or less..

HCOH

OCO

[\

CH,CO-

/

‘q CH,

aromatic
L ST \._..L
| ] | ]
8 6 4 2 0



1SN-NMR of HMWDOC. Is HMWDON
from proteins or from amino sugars?

Amide (RCON) amino sugars

(90-100%)
¢

l CH,;CONH
Free amine
(R'NTZ) proteins
(0-10%) RC(O)NC(R)C(O)

\WWWW



Is a large fraction of HMWDOC and HMWDON
from amino sugars or proteins?

proteins Amide amino sugars
(O=C-N)
RC(O)NC(R)C(O) \ ” S’
l CHJCONI
RC(NH,)COOH l
(@amino acids) 4 bR H / \ §

NH,
CH,COOH



Is a large fraction of HMWDOC and HMWDON
from amino sugars?

S AN E%M

300 200 100 O H+ 1 ppm

J\/Xm
~ ™~ ™ CH,COOH

E‘rf..}D . 200 100 0 1 1 ppm




The composition of HMWDON

Sample 2N 2amide(NMR) Aamide AcOH AA 2AcOH+AA 2RN

WH 7.7 7.1 4.4 3.3 1.0 4.3 2.7
MAB 1000m) 7.7 7.7 -1.8 1.3 0.8 2| 5.8
Hawaii@sm) 6.2 6.2 -3.7 -3.3 0.5 3.8 2.4
Hawaii(o0) 6.2 6.2 -3.7 -3.4 0.4 3.8 2.4

The amount of amide lost via hydrolysis equals the amount of
acetic and amino acid released into solution. A large fraction
of HMWDON 1n surface water (up to 50%) 1s amino sugars.
In the deep ocean most HMWDON is uncharacterized.



Dissolved Proteins in seawater

-« 14.4kD
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Proteins

l

SDS+PAGE

l

cut proteins
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N-terminal
sequencing
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protein database

bacterial porins



D/L Ratio
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A) Central Pacific

B) Gull of Mexico

Peptidoglycan in DOC
Amino acid analyses of HMWDOC shows AA
distribution is pretty much the same everywhere.
AA make up only 3-5% of DOC,but are 14-30% of
HMWDON. The distribution of AA does not reveal
much about sources, but the high D/L ratio has
been used to argue that there is a significant
bacterial source for HMWDON, and more
specifically that peptidoglycans from eubacterial
cell walls are a part of HMWDON

A Nedges o all | Organie Gevohensinry 1) 02000 80153 1

B MG — Ghyean —[EH{AHE— Ghyan

Al ——Pepbde o ay
th.;ilu —_— | ‘}Ghl-NHg
QAP——r-Ala [ DA
o e (B
-Glu Glrll :
o-Ala |"|Im,ﬂlu” Gly !
Eschaichiacol |\ oy |

(Gram-nagative) | L=
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Dal'-l'LP D—JT'JE D‘T‘Pl_].
o-Ala DﬁlkP p-Ala G'ih'
p-Glu G
0 i
E"NE Interbridge Gly
|
Gly
Eschenchfa coli E‘.!I
(Gram-negative) e
D—.lfﬂa
DJ?P
[0 ]
o-Glu-MNH,
L
0 cl o-Ala
Staphylococcus aureus

(Gram-positive)

Fig. 5. Schematic representation of the strocure of bacterial peptidoglycan (after Brock etal., 1994} The upper two images illustrate
the linkages of stroctural units within peplidoglycans ol species of Gram-negative and Grame-pogitive bacteria. The network tw the
lower left shows how these units are assembled into a peptidoglyvean sheet (peptide crosslinks in bold) that is relatively resistant to
biodegradation. Abreviations: G= N-acetylglucosamine, M = A-acetylmuramic acid, DAP = meso-diaminopimelic acid, Ala =alanine,
Gly = glycine, Glu= glutamic aad.



The composition of ‘lipid” in HMWDOC

NMR detects functional groups, not biochemicals
CH, can come from more than one biochemical

HCOH

CH,CON

OCO

N

\

CH

Lipid
CH,(CH,),COH

CH,(CH,) . COOH

Deoxy sugars /

H,COH CH,

=3~ A



The hydrolysis of HMWDOC yields only small
amounts (1%) of classical lipids!

Fatty Alcohols
CH;(CH,), CO-C-HMWDOC
CH;(CH,),COH

Fatty Acids
CH;(CH,),COO-C-HMWDOC

\

CH,(CH,) . COOH



We can use chemical techniques such as
periodate oxidation, which selectively oxidizes sugars
to test if lipids are really present in HMWDOC

HCOH CH,CON Llpld

H.. periodate
RCOH — No Reaction

Deoxy sugars

CH,

0o H J ‘ 0 periodate
/ j“\ i:ﬁ—>CHSCOOH




Periodate oxidation of HMWDOQOC Acetic Acid

CH,
A\ )\—> CH,COOH
NalO,
—>
A 80°C
el H




HMWDOC composition summary

Direct chemical analyses show that HMWDOC is 50-70%
carbohydrate, 5-6% acetamide, and 5-6%"lipid”

Chemical hydrolyses techniques find HMWDOC to be
15% carbohydrate, 3-5% protein, and <1% lipid

Indirect chemical analyses show that an additional 25%
IS amino sugars, and 25% is deoxysugars. However,
There is no direct confirmation of this.

For reasons no one understands, HMWDQOC is not
amenable to classical chemical analyses. A good portion
(>25%) remains uncharacterized. Much more (>85%)

at the molecular level.



Terrestrial DOC in the ocean

<-Hudson River

it

L=

Long Island

A small fraction of the DOC added to
the ocean by rivers is colored (colored
dissolved organic matter or CDOM)
that can be tracked by remote sensing.
This DOC interferes with satellite
determinations of ocean productivity,

especially near the coast.




800

700

00

500

DOC (mM)

400

DOC transport through estuaries and the input of
terrestrial organic carbon to the ocean.

Mean gain of
[DOC) =186 %

Mean loss of
[DOC] =6.5 %

5

T T
10 15

DOC concentrations are nearly always
higher in rivers than in the ocean. Rivers
add C to the ocean.

In general, DOC displays conservative
behavior wrt salinity in estuaries.

Some estuaries add carbon, some
remove it.
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Potential contribution of rivers to marine DOC

DOC concentrations in rivers

River [DOC] (uM)

North Dawes (Alaska) 42

Alpine streams 125-400
Amazon 150-500
Columbia 250
Mississippi 300-600
Missouri 150-700
Yukon 1300
Williamson 2500

Sopchoppy (FLA) 4200

Global River DOC Inputs

DOC Flux (GT C/ yr)

0.15 (Duce and Duursma, 1977)

0.18 (Williams, 1975; Mopper and Degans, 1979)
0.22 (Maybeck, 1981)

0.30 {Handa, 1977)

0.36 {Alekin, 1978)

0.76 {Mantoura and Woodward, 1983)

1.0 (Richey, 1981)




Extraction of marine “humic substances”
from lakes, rivers, and seawater

Seawater
(pH =2)
0.1IN NaOH

l or 1. Chemical basis for sampling
'NH,OH/MeOH

2. Hydrophobic compounds

XAD-8

3. 5-10% of DOM

XAD-4 4. OIld RC age

i i sample



Humic substance in Amazon River water

Sample %00 CMN HIC CHx HCOH C=C COD HC=0O C-13
Rio Megro FA 521 85.0 055 3z 15 33 16 4 -28.0
Rio Megro HA 520 581 0.79 27 g 41 18 5] -28.2
rmain branch FA 51.4 60.0 1.00 3z 13 31 17 T -28.0
COOH ~_ HCOH
C=C
HC=0 CH

X

N i rw

w
T
L In-

250,00 20000 150,00 100,00 30.00  0.00 -50.00 -100.00

A
N | W | e
\




The characteristics of humic substances in the
Amazon River and North Pacific Ocean

Sample 2L0C G HIZ CHx HCOOH C=C CO02 HC=0O C-13

Amazon River samples

Rio Megno FA 52 85 0.95 32 15 33 16 4 -29.0
Rio Megro HA 52 58 0.79 27 9 41 158 & -29.2
main branch FA 51 G 1.00 32 13 31 17 7 -29.0
Pacific Ocean samples
EEP (5 m) 51 36 1.6 45 18 18 15 5 -2
MCP (10 m) 48 45 1.2 a4 20 20 16 HND -22
MCP (4200) 50 43 1.2 45 17 19 15 3 -2
Pa Ci"': Amazﬂn
300.00
(d)
(a)
(b)

(e)

. . . (c)
200.00 100.00 Q.00 36000 20000 10000 000 -100.0d"




3CNMR of XAD and Ultrafiltered DOC in the Pacific Ocean

L

ol

300,00 200.00 100.00

Chemical (ppm)



A comparison of humic substances and
HMWDOM in seawater

Humic substances

5-10% of DOC

C/N =40

lots of aromatic C
“hydrophobic”
random assemblage ?

HMWDOC

25-35%0f DOC
C/N =15

little aromatic C
hydrophilic

fixed composition ?



Radiocarbon in riverine DOC...ages vary from
Very new to old, pre-bomb values....

Tabils 1 Concantrations and isotope data for fiverine DOC

Flkvir Do Doc a"c Fadocrbon age i+
M ) ) )

Amazon 191 235 2848 Modem -28.0
Hudsar De98 108 -15827 1,384 -255
Yok 0998 701 21825 Modarm -23.8

1196 443 @25 Modam -9

oaar 330 2747 WModam -28.0

[ 435 1505 Modeam -28.0

Farkar 0698 Q88 1086 WModarm -28.3

PFolomac 1972 364 +161 Modam -39
Susuaharna’ 1972 202 81 [ ND

Rappahannock” 1973 125 a1 66 =318

. Modam =280

v 1873 167 sl
P—— dfnm-nwﬁmnmwmfmmuu‘t ﬂ;h-:fmr.m wooid, §' tvmﬁmuﬂutﬁ_wiﬁ;#ﬂ]- UE T ap— “dr“r:.
i the s ianc i s e P Dos Bolemnile, DOS sampies [ 100 mial 0.7- - fbeeed dver wistes) wers coit ad 1050, by high- energy &, 400 W) uliravDlist W) macimtion for 2h el 3, 5), Tha 00, samgles
wibel Thancony aned 1o graphiie and analysed ko A"°C by sccalerattr mass specirametny (AMS) ™. AILA"C valuas wore comectd ko samphe §''C fel, 31), Emers|= Yo aasockaied witha “C AMS analyses
weniagic = % =60 yoars lormckocarbon age), whils thoss lor b 'C anakmm mergad =0.1%  Concentrations ol DOG wins cemminsd i part of U\ ccdaton and OO0y pustficatibnprocecuns, with

cunriification by & poste pressurs Emairon) giige. The avirgs avar (£ 14 for DOC concentratons datenminad by this misthod was = 1, NO, not dtermin
*Wimhaas rorm red, 10, standard dvintions not avallabls,

Table 2 Concentrations and isotope data for rivarina POC

Fier Dt POC A Radiorarban age BEC
1M (%] b ) {Phe)
Amazon 114 5 L il 1,258 -23.8
Hudeon 0688 118 —44qT =21 4,763 )
10°398 43 —A2GE2T 4 458 WD
il 0906 0 24+13 Madern WD
1188 il —-33x18 16 -28.2
0638 218 —18906 1,690 —30.0
Parker 0638 208 8520 715 =300
10¥88 TH 18025 1,696 =337

Sumpended FOC samples wers ooliscted by fitssing e water through a beked | =550°C) 07- pm glass -fbre fiier. Fisrs were exposed 1o fuming HO o remove carbonates before anahysis thonoughly
dried, and processec by seaked quartz-ube combustion 800°C wing a Culyig metal catalver) © produce GOy iref. 32). Procedurss and anors associated with POC, A™C and B‘gca'd:.ﬂ
averaged =17 % { =1 60yr for radiocarbon age), whils hose fior G analyses avameged = 0.1%. WD, not detemine .




In situ production of DOC by marine microbes

Dissolved Organic Carbon and Hed Tide in La Jolla Bay
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[DOC] can vary in space and time 1n the ocean due
To changes 1n DOC inventory (sources)

Equatorial Pacific Ocean
Paltzer and Hayward DSR, 1994
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Seasonal production of DOC at the Bermuda Atlantic
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Production of DOC by phytoplankton in

laboratory culture

12— 15
| Particulate / 7

Filtrate -

DPM x 10* per 20 ml Filtrate

DARK DARK

0 1 2 3 4 5 6 T 8 9
Incubation time (hr)

Mague et al, 197X
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Photosynthesis and excretion of photosyntheitc products

during logarithmic growth of axenic algal cultures

Cunaliella tertiolecta

Hours a0 114 138 152
FOM Q600 38600 103000 280000
DOM A73 1360 4140 11400
ORI L )

Skeletonama costatum

Hours a0 114 138 152
POM 9180 45400 116000 484000
DOM 457 1230 700 28200
omcetors)  [ETIIIIZENIEEIES]

Meonchrysis lutheri

Hours 59 | 83 108 120 163

cells/mil 6530 11700 20200 57000 80500 57E000
POM 3680 FO70 12800 43200 68000 353000
DOM a6 134 320 1110 1710 10000
pow sty [ESIIISII B S Ee |



6/9
07.45-12:30

13:15-17:55

6/M11
15:00-19:45

612
08:00-13:00

723
08:15-15:15

14:10-19:10

724
09:00-13:30

o
5.4
7.0

6.7
6.1
12.7

3.3
2.2
2.3

4.1
3.1
6.9

3.1
2.2
3.4

1.7
2.5
3.5

2.5
3.0
2.6

=0.04
<0.04
<0.04

0.1
0.13
1.30

0.55
0.50
0.37

0.42
0.09
0.41

0.25
0.20
0.22

0.04
0.06
0.14

0.10
0.36
017




Grazing Beaker

Phytoplankton

/

\\

Fecal

Zooplankton DIC
Control Beaker
Phytoplankton

DIC

Production of DOC during
grazing by macrozooplankton

Production of DOC in laboratory culture grazing experiments
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75+
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g
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Animals
DOC

DIC

a

0 22 w e 50
Time (h)

s activity with time for Calanus pacificus feeding on
labeled Thalassiosira fluviatilis.



Production of DOC by phytoplankton

Obvious source of DOC in the ocean. Supported by
stable isotope measurements of DOC-13C (-21%o).
However, bacteria have also been cited as an important
source for DOC. Whichis it? Why does DOC produced
by algae or bacteria persist for 6000 yr when the ocean
is SO efficient at removing C, N, P...

If annual production is 75 GT C yr-1, then only a small
Fraction is needed to support the global DOC cycle.
Cultures and field studies yield about 5-10% of C fixed.

However, in surface water there is a large reservoir of
“new” DOC that accumulates above deep water values.
The flux of DOC needed to support that reservoir (30 GT C)
depends on the residence time of new DOC.
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