
297

NOTES

Limnol. Oceanogr., 49(1), 2004, 297–302
q 2004, by the American Society of Limnology and Oceanography, Inc.

Bacterial roles in the formation of high-molecular-weight dissolved organic matter in
estuarine and coastal waters: Evidence from lipids and the compound-specific
isotopic ratios

Abstract—High-molecular-weight dissolved organic matter
(HMW-DOM, . 1,000 Daltons) is actively involved in the
global biogeochemical cycling of many elements, but its car-
bon sources and detailed formation pathways are still not well
understood. In this study, we measured bulk stable carbon and
nitrogen isotopic ratios, lipid composition, and compound-spe-
cific carbon isotopic ratios of HMW-DOM samples collected
from four U.S. estuaries (Boston Harbor/Massachusetts Bay,
Delaware/Chesapeake Bay, San Diego Bay, and San Francisco
Bay). Analytical results show (1) a fraction of HMW-DOM
(lipid associated) in estuarine and coastal waters is derived
from bacteria and phytoplankton; (2) this fraction of HMW-
DOM is formed by various release processes of bacterial mem-
brane components and bacterial reworking of phytoplankton-
derived material; (3) this fraction of HMW-DOM is generally
present in all samples from different coastal systems despite
variable organic matter inputs and environmental conditions,
suggesting an important bacterial role in HMW-DOM forma-
tion.

Dissolved organic matter (DOM) represents one of the
largest reservoirs of organic carbon in natural waters, but its
composition is the least well characterized (Ogawa et al.
2001). It is widely recognized that DOM plays an important
role in the global carbon cycle; however, the bioreactivity of
DOM depends on its molecular size and origin (Amon and
Benner 1992). In aquatic systems, high-molecular-weight
DOM (HMW-DOM) accounts for a significant fraction (20–
35%) of the total DOM pool and controls the cycling of
many particle-reactive elements such as Th and Cu due to
its high specific surface area and complexation capacity
(Benner et al. 1992; Guo and Santschi 1997). Previous stud-
ies conducted in the open ocean suggest that HMW-DOM
appears to be derived mainly from direct exudation by phy-
toplankton (Biddanda and Benner 1997). A great deal of
controversy still exists concerning the carbon sources and
formation pathways of HMW-DOM in coastal waters, where
organic carbon inputs come from multiple sources (Mannino
and Harvey 1999; Mitra et al. 2000; Benner and Opsahl
2001; Repeta et al. 2002).

Organic carbon sources in estuarine and coastal waters
include in situ phytoplankton production and grazer input,
terrestrial organic matter from river and groundwater inputs,
runoff from land, atmospheric deposition, direct anthropo-
genic input such as sewage, and organic material from the
ocean. HMW-DOM represents a unique organic carbon pool
and its chemical composition differs distinctly from those of

particulate organic matter (POM) and low-molecular-weight
dissolved organic matter (LMW-DOM, ,1,000 Daltons)
(Harvey and Mannino 2001). Lipids have been used widely
as source biomarkers of organic matter in various aquatic
and sedimentary environments (Wakeham and Beier 1991;
Volkman et al. 1998) and likewise have the potential to pro-
vide information concerning sources and formation path-
ways of HMW-DOM when their isotopic compositions are
combined.

Materials and methods—To explore the organic carbon
source and formation pathway of HMW-DOM, bulk stable
carbon and nitrogen isotopic ratios, lipid composition, and
compound-specific stable isotopic ratios (d13C) were deter-
mined for samples collected from four U.S. estuarine and
coastal areas, including Boston Harbor/Massachusetts Bay,
Delaware/Chesapeake Bay, San Diego Bay, and San Fran-
cisco Bay (Fig. 1, Table 1). Sampling was conducted during
July and August 1998 on the east coast of the United States
and during January and June 1999 on the west coast. Sam-
ples from 10 sampling locations representing a wide range
of salinity (0.2–33.9 psu) were chosen for this study (Table
1). Surface water (100–200 liters; 2–5 m) was collected
through a Teflon tube using a Grundfos stainless-steel sub-
mersible pump and filtered inline through prebaked GF/F
(0.7 mm) and acid-cleaned 0.2-mm Gelman polycarbonate
filters to remove particles and bacteria. HMW-DOM was iso-
lated and concentrated through tangential-flow ultrafiltration
using an Amicon DC-10L system fitted with two 1-kD, po-
lysulfone, spiral-wound cartridges. Samples were desalted
shipboard and frozen immediately for transport.

After subsequent freeze drying, samples were analyzed for
bulk isotopic composition and C/N ratio (Table 1). d13C and
d15N of bulk HMW-DOM were analyzed using an automated
elemental-analyzer coupled to a Finnigan MAT 251 isotope
ratio mass spectrometer in continuous-flow mode at Univer-
sity of Massachusetts at Dartmouth. For these analyses, acid-
ified HMW-DOM samples were placed on precombusted
(5008C for 6 h) 25 mm GF/F filters. The filters were then
vacuum dried and analyzed for d13C and d15N. Standardiza-
tion was conducted both by combustion of solid materials
of known isotopic composition and by injections of standard
gases into the carrier gas (He). Reproducibility for both d13C
and d15N was better than 60.15‰. Total organic carbon
(TOC) and total nitrogen (TN) contents of samples were
analyzed using a Perkin-Elmer 2400 CHN analyzer.
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Fig. 1. Map of the sampling locations in U.S. coasts: (a) San
Francisco Bay, (b) Boston Harbor/Massachusetts Bay, (c) San Diego
Bay, and (d) Chesapeake/Delaware Bays.

Table 1. Sampling locations and bulk geochemical parameters (salinity, C/N ratio, bulk carbon and nitrogen isotopic ratio, and total
fatty acid concentration).

Sta. Date
Latitude

(N)
Longitude

(W) Salinity
C/N

(mole)
d13C-TOM

(‰)
d15N-TOM

(‰)

Total
fatty acids
(mg mg21)

Boston Harbor/Massachusetts Bay
BH2
BH5

Jul 98
Jul 98

42817.149
42820.389

71802.269
70857.359

25.0
30.3

13.0
10.9

225.7
224.3

3.27
2.86

1.27
3.79

Delaware/Chesapeake Bay
DCB1
DCB3
DCB4

Aug 98
Aug 98
Aug 98

39848.219
36859.289
398049

75824.539
76819.799
758169

0.2
20.0
26.0

16.1
11.7
11.4

224.8
224.5
223.1

4.40
8.92
5.98

1.05
3.62
2.81

San Diego Bay
SDB2
SDB3

Jan 99
Jan 99

32840.819
32841.279

117810.399
117807.889

33.9
33.9

9.1
10.9

222.2
225.1

6.01
5.27

1.20
1.65

San Francisco Bay
SFB1
SFB2
SFB3

Jun 99
Jun 99
Jun 99

388069
378739
378819

1228309
1228359
1228519

17.1
28.5
32.3

15.5
12.9

7.9

226.1
223.1
227.8

5.10
6.35
4.00

4.82
3.68
0.94

Approximately 20–30 mg of dried HMW-DOC sample
was ultrasonically extracted with organic solvents (methanol
and methylene chloride) for lipid and molecular isotopic ra-
tio measurements. Extracted lipids were saponified and then
separated into neutral and acid fractions by further extraction
under different pH conditions. Neutral lipids were treated
with BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) in
acetoneitrile to form trimethylsilyl-ethers and fatty acids
were methylated with 5% BF3-MeOH to form fatty acid
methyl esters (FAMEs). The lipid compounds were analyzed
using a Hewlett Packard-6890 capillary gas chromatograph
with an on-column injector and a flame ionization detector.
Separations of lipids were achieved with a 30-m 3 0.25-
mm-inner diameter column coated with 5% phenyl methyl
silicone (HP-5, Hewlett-Packard). Operation temperature
was programmed as 50–1508C at 208C min21, followed by
150–3108C at 48C min21, and held at 3108C for 5 min. Hy-
drogen was used as carrier gas and nitrogen as make-up gas.
Internal standards (a(H)-cholestane for neutral lipids and
nonadecanoic acid methyl ester for FAMEs) were added to
samples immediately prior to gas chromatography (GC)
analysis to aid in quantification. Selected samples were an-
alyzed with a Shimadzu QP5000 gas chromatograph-mass
spectrometer for identification. The GC-MS system used a
30-m 3 0.25-mm-inner diameter column coated with 5%
phenyl methyl silicone (XTI-5, Restek), and helium was
used as carrier gas. Operating conditions were as follows:
mass range 50–610 amu with a 0.4-s scan interval; 70 eV
ionizing energy; GC temperature gradient was the same as
that described for GC quantification. Lipid molecular carbon
isotopic ratios were determined using a GC-combustion sys-
tem connected to an isotope ratio mass spectrometer (Fin-
nigan MAT 252 IRMS). Compounds eluting from the GC
column were combusted to CO2 over CuO/Pt wires at 8508C.
The mass spectrometer was operated at 10-kV acceleration
potential and by magnetic sector mass separation. Carbon
isotope ratios were expressed relative to supercritical fluid
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Fig. 2. Fatty acid composition of HMW-DOM samples collect-
ed from 10 sites in four estuarine and coastal areas: (a) the sum of
odd-number branched 15 : 0 and 17 : 0 (iso- and anteiso-) and 18 :
1v7 fatty acids, (b) the sum of odd-number saturated 15 : 0 and
17 : 0 fatty acids, (c) the sum of even-number saturated C14–C18 fatty
acids, and (d) the sum of two monounsaturated 16 : 1v7 and 18 :
1v9 fatty acids.

Fig. 3. Lipid molecular isotopic ratios of HMW-DOM samples:
(a) isotopic ratios for branched odd number fatty acids (iso- and
anteiso-15 : 0 and anteiso-17 : 0), (b) isotopic ratios for odd-number
saturated fatty acids (15 : 0 and 17 : 0) and 18 : 1v7, (c) isotopic ra-
tios for even-number saturated C14–C18 fatty acids, and (d) isotopic
ratios for monounsaturated 16 : 1v7 and 18 : 1v9 fatty acids. The
solid line (224.88‰) is the average isotopic ratios of all bacteria-
specific fatty acids, which is close to the assumed isotopic ratios
(225‰) of bacteria-specific fatty acids utilizing marine substrates
(220‰). The dashed line (231‰) represents the assumed isotopic
ratios of bacteria-specific fatty acids utilizing terrestrial substrates
(226‰). The average fractionation between substrates and bacteria-
specific fatty acids is assumed to be 25‰. Duplicate measurements
of isotopic ratios indicated that the error range was dependent on
the relative concentration of individual fatty acids. More abundant
even-number saturated C14–C18 fatty acids had very small error
ranges (error bars generally less than the symbols) while other fatty
acids with low concentration had relatively larger error ranges.

chromatography (SFC) CO2 (99.999%) standard (d13C 5
210.36‰).

Results and discussion—Lipid analysis showed that few
neutral lipids were present in the HMW-DOM samples. The
majority of the lipids measured were fatty acids, dominated
by even carbon number, saturated C14–C18 fatty acids (68–
80% of total), followed by bacteria-specific, odd carbon
number, C15–C17 (branched and normal) plus 18 : 1v7 fatty
acids (17–27%). Monounsaturated, 16 : 1v7 and 18 : 1v9 fat-
ty acids accounted for 2–8%, and neither polyunsaturated
nor long-chain (.C20) saturated fatty acids were found in
these HMW-DOM samples (Fig. 2). Fatty acid compositions
of the samples in different locations appeared to be quite
similar. Total fatty acid concentrations in these samples were
in the range of 1–5 mg mg21 dry weight HMW-DOM (Table
1), which accounted for less than 2% of TOC. Stable carbon
isotopic ratios of bacteria-specific fatty acids (branched, odd-
number saturated C15–C17 plus 18 : 1v7) in these samples av-
eraged 224.88 6 1.45‰ (solid lines in Fig. 3a,b). For sat-
urated even-number fatty acids, the stable carbon isotopic
ratios of 14 : 0 were 224.95 6 0.4‰, while 16 : 0 and 18 : 0
had slightly heavier isotopic ratios of 222.97 6 0.4‰ and
23.43 6 0.65‰ in all HMW-DOM samples (Fig. 3c). The
isotopic ratios of the monounsaturated 16 : 1v7 and 18 : 1v9
fatty acids were more variable, with values ranging from
220‰ to 228‰ (Fig. 3d).

There are similarities and differences between our lipid
composition results and previously reported data (Mannino
and Harvey 1999) for the samples taken from the same area
(Delaware Estuary) but at different times. A major similarity
is the predominance of short-chain even-number fatty acids
(16 : 0 and 18 : 0) in the lipid composition. By contrast, small
amounts of long-chain (.C20) saturated and polyunsaturated
fatty acids (absent in our samples) were observed in their
HMW-DOM samples but only in a few sites. Bacteria-spe-
cific fatty acids (branched and normal, odd number) were

abundantly present in all of our samples but these fatty acids
were found in significant amounts only at their sites where
chlorophyll a was at a maximum. It is not clear what factors
cause these discrepancies in lipid composition of the samples
from the same area. Variability is possibly related to sam-
pling location and time, sampling method, river discharge
rate, local primary production, and the interaction between
phytoplankton and bacterial community.

In general, long-chain (.C20) saturated fatty acids are as-
sociated with vascular plants and are thought to originate
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from terrestrial sources (Cranwell 1982). Our fatty acid com-
positional analysis for all samples showed no occurrence of
long-chain (.C20) fatty acids in the HMW-DOM (detection
limit , 0.01mg mg21), providing no evidence for the direct
transfer of vascular plant material into the HMW-DOM pool.
However, lignin-derived phenols (biomarkers of terrestrial
sources) have been observed at ;0.3–1.7 mg g21 OC in
HMW-DOM samples collected from Chesapeake Bay and
Middle Atlantic Bight waters (Mitra et al. 2000). Concen-
trations of lignin phenol in HMW-DOM were observed to
dramatically decrease from river to coastal waters (Mannino
and Harvey 2000). Two processes are responsible for the
depletion of terrestrially derived lignin phenols in HMW-
DOM during transport from land to ocean: (1) loss due to
flocculation in low salinity waters and (2) removal due to
photooxidation in higher salinity waters (Benner and Opsahl
2001). The low levels and rapid removal of lignin-derived
phenols in coastal waters, along with the absence of long-
chain fatty acids in the HMW-DOM, imply that vascular
plant contribution to the HMW-DOM pool is greatly reduced
from river to coast (Mannino and Harvey 2000).

The absence of polyunsaturated fatty acids (PUFAs) in our
HMW-DOM samples also suggests that phytoplankton ma-
terial was not directly transferred into this pool. It is well
known that various phytoplankton species produce a variety
of PUFAs, such as 18 : 4, 20 : 4, 20 : 5, and 22 : 6 in their
biomass (Volkman et al. 1989), and abundant PUFAs have
been widely observed in large sinking and small suspended
particles (Wakeham and Beier 1991). Phytoplankton also
produce abundant monounsaturated fatty acids (MUFAs),
and the relatively high ratio of 16 : 1v7 to 16 : 0 is often used
as an algal input index (Volkman et al. 1989). A small por-
tion of MUFAs was found in our HMW-DOC samples rel-
ative to that normally found in phytoplankton biomass. Pre-
vious studies have demonstrated that unsaturated fatty acids,
especially PUFAs, are rapidly and preferentially degraded
compared with their saturated counterparts (Sun and Wake-
ham 1994). Based on the absence of PUFAs and low con-
centrations of MUFAs in the current HMW-DOM samples,
it appears that part of HMW-DOM is derived from largely
degraded phytoplanktonic organic matter. Consistent with
this hypothesis, recent studies have confirmed that HMW-
DOM is less labile than particulate organic matter (POM)
but more reactive than LMW-DOM (Amon and Benner
1992; Mannino and Harvey 1999; Guo et al. 2003).

A remarkable feature of the fatty acid composition in our
HMW-DOM samples is the abundant occurrence of bacteria-
specific fatty acids. Bacteria specifically synthesize a series
of odd-number C15–C17 (branched and normal) and also 18 :
1v7 fatty acids, which are associated with membrane phos-
pholipid material (Kaneda 1991). It has been recognized that
bacteria are an important contributor to the DOM pool
(Azam 1998). Bacteria rapidly utilize labile compounds and
produce refractory DOM that resists further degradation
(Ogawa et al. 2001). Likewise, a substantial fraction of dis-
solved organic nitrogen in the sea is derived from bacteria
(McCarthy et al. 1998). Bacteria release their cellular com-
ponents into the DOM pool through several different path-

ways: direct release from bacterial capsular material (Sto-
deregger and Herndl 1998), viral lysis of free-living and
particle-associated bacteria (Fuhrman 1999), and heterotro-
phic grazing of flagellates on bacteria (Nagata and Kirchman
1992). The released DOM may contain bacterial membrane
components, which enrich lipid macromolecules and form
liposome structures (Borch and Kirchman 1999). It seems
likely that these membrane materials and liposome structures
readily enter the HMW-DOM pool. It was found that phos-
pholipids were an important component of the HMW-DOM
(10,000 Daltons to 0.45 mm) lipid fraction (Liu et al. 1998).
Hydroxy fatty acids were observed in HMW-DOM samples
collected from the equatorial Pacific Ocean, Gulf of Mexico,
and North Sea, indicating that bacterial membrane-derived
lipid material was a contributor of organic carbon to the
DOM pool (Wakeham et al. 2003). Our analytical results
also provide a direct evidence that bacteria-derived organic
carbon represents a unique fraction of HMW-DOM in coast-
al waters.

Based on the above discussion, it appears that a fraction
of the HMW-DOM (lipid associated) is derived from bac-
terial and degraded phytoplankton materials. Analysis of lip-
id molecular isotopic ratios further supports this conclusion
and also provides some insight into the formation pathway
of this HMW-DOM fraction in coastal waters. Terrestrial
vascular plants and marine phytoplankton produce organic
carbon with distinct isotopic ratios, which is the basis for
distinguishing organic carbon sources in coastal systems.
Bulk d13C of DOM derived from marine phytoplankton is
generally heavier (;220‰) than that of terrestrial origin
(;226‰) (Peterson et al. 1994). Laboratory and field ex-
periments have shown that d13C ratios of bacteria-specific
fatty acids are depleted by approximately 3–6‰ relative to
that of the substrate used (Canuel et al. 1997; Boschker et
al. 1999). In our study, most d13C ratios measured for bac-
teria-specific fatty acids in the HMW-DOM were close to
225‰ (Fig. 3a,b), clearly indicating that phytoplankton-de-
rived (marine) organic compounds (;220‰) are the most
preferred substrates for bacterial growth, although terrestrial
organic substrates are also available in coastal waters.

Short-chain saturated fatty acids, especially 16 : 0 (most
abundant lipid component), have a universal origin so that
the 16 : 0 fatty acids in HMW-DOM may come from any of
the various potential sources in coastal waters. However, ter-
restrial vascular plants have been found to have a depleted
d13C ratio (,230‰) for their 16 : 0 fatty acid (Canuel et al.
1997). The d13C ratios of 16 : 0 fatty acids in our samples
were in the range of 222.97 6 0.4‰, which is most likely
a consequence of mixing isotopic signals from bacteria and
phytoplankton detritus, but clearly cannot be derived from a
significant contribution from vascular plants. Therefore, an-
alytical results of lipid composition and compound-specific
stable carbon isotopic ratios suggest two specific formation
pathways of HMW-DOM in coastal waters: (1) the transfer
of largely degraded phytoplankton detritus, reworked by
bacteria where labile PUFA is thus completely degraded and
MUFA is greatly reduced during these reworking processes;
and (2) the transfer of bacterial membrane components,
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which are released directly by various biochemical processes
mentioned above. However, it should be noted that these two
pathways are only responsible for the formation of one frac-
tion of HMW-DOM (lipid associated).

Because total lipids accounted for less than 2% of the total
carbon in these HMW-DOM samples, the significance of the
formation pathways needs to be clarified by analyses of sta-
ble isotopic compositions of bulk carbon and nitrogen. Val-
ues of d13C and d15N measured for the bulk HMW-DOM
ranged from 222.2‰ to 227.8‰ and 2.86‰ to 8.92‰,
respectively (Table 1). In general, these d13C and d15N values
are lighter than those reported for the HMW-DOM collected
from the open ocean sites such as Pacific and Atlantic sur-
face waters (d13C 5 221.3 to 222.2‰; d15N 5 6.6 to 9.7‰)
(Benner et al. 1997) but are quite comparable with the values
measured for HMW-DOM collected from many coastal re-
gions such as Chesapeake Bay and Middle Atlantic Bight
(Guo et al. 2003), the Mississippi River plume (Benner et
al. 1992), and Galveston Bay in the Gulf of Mexico (Guo
et al. 2003). The lighter bulk d13C and d15N values measured
in this study likely reflect the influence of organic carbon
sources from terrestrial and local organic inputs. The incor-
poration of organic carbon and nitrogen into the HMW-
DOM pool is generally considered to be through two major
pathways: (1) entrance of dissolved organic matter, including
terrestrial and anthropogenic inputs, by adsorption, conden-
sation, humification, and abiotical aggregation (Sigleo and
Means 1990; Opsahl and Benner 1997; Mitra et al. 2000;
Kerner et al. 2003); and (2) transfer of labile particulate or-
ganic matter by microbial reworking and release (Rochelle-
Newall and Fisher 2002). These two processes represent two
very different formation pathways and could regulate iso-
topic signatures of bulk HMW-DOM by their relative roles.
At the molecular level, our lipid isotopic analysis confirms
the second pathway while the bulk isotope measurement im-
plies that the first pathway is also important for formation
of HMW-DOM in estuarine and coastal waters.

High similarity in chemical composition of HMW-DOM
has been observed in surface seawaters collected from geo-
graphically diverse sites (the Atlantic and Pacific Oceans)
(Aluwihare et al. 1997) and even in a suite of lakes, rivers,
seawater, and marine sediment interstitial waters (Repeta et
al. 2002). Despite the diversity of coastal regions studied
and the wide range of salinities in different sampling loca-
tions, the lipid composition and associated molecular isoto-
pic ratios in these HMW-DOM samples were remarkably
consistent. These observations suggest that part of HMW-
DOM (lipid associated) in all these systems is formed
through similar pathways: release of bacterial membrane
components and reworking of phytoplankton material. These
findings also support one idea that bacteria play an important
role in formation of HMW-DOM from labile particulate or-
ganic matter in diverse coastal waters, although other for-
mation pathways such as aggregation from various dissolved
components may also be important. Increased knowledge
concerning carbon sources and formation pathways of
HMW-DOM in natural waters may help us understand the
active role of this unique carbon pool in carbon cycling.
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