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INTRODUCTION

Sediment processes play a key role in carbon
cycling and fate in coastal ecosystems. Benthic micro -
algae (BMA) can dominate net ecosystem production
in shallow habitats (MacIntyre et al. 1996, Under-
wood et al. 1999, Anderson et al. 2014), while bacte-
ria decompose both the organic matter produced in
situ and that delivered from neighboring environ-
ments (Coffin & Cifuentes 1999, Bouillon & Boschker
2006, Hardison et al. 2011). BMA photosynthesis is
supported by inorganic carbon that is respired by
sediment bacteria, delivered by tides, and exported
from the landscape. BMA release a fraction of photo-

synthesized carbon as dissolved organic carbon and
extracellular polymeric substances, which can be
important sources of labile organic matter to nearby
bacteria (Goto et al. 1999, Smith & Underwood 2000,
Miyatake et al. 2014). Sediment bacteria can also
assimilate organic matter from macroalgae, marsh
grasses, and marine and terrestrial sources (Coffin &
Cifuentes 1999, Bouillon & Boschker 2006, Hardison
et al. 2011). These inputs generally have higher car-
bon:nutrient ratios and levels of carbon-rich struc-
tural compounds than BMA exudates and are con -
sidered to be less labile sources of organic matter.
Despite the paradigm that bacteria preferentially
decompose labile organic matter (Lehmann et al.
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2002, Bowen et al. 2009, Mayor et al. 2012), peaks of
BMA and bacterial production can be temporally
decoupled (Sundbäck et al. 1996) and isotopic data
indicate that bacteria assimilate compounds from
multiple sources that span a range of geochemical
reactivity (Coffin & Cifuentes 1999, McCallister et al.
2004, Boschker et al. 2005). Evaluating how the
sources of carbon decomposed by sediment bacteria
change over time and are affected by disturbances,
such as eutrophication, may provide insight to con-
trols on organic matter burial and cycling in coastal
systems.

The importance of different carbon sources to bac-
teria likely reflects a balance between organic matter
availability and lability. For instance, sediment
 bacteria are less reliant on marsh grass and seagrass
carbon when macroalgae and microalgae are abun-
dant (Boschker et al. 1999, 2000, Holmer et al. 2004).
In contrast, pelagic bacteria depend less on algal
organic matter in regions of estuaries where ter -
restrial inputs are high (McCallister et al. 2004,
Boschker et al. 2005). Similarly, in an unvegetated
nearshore sediment, peaks in bacterial decomposi-
tion did not coincide with deposition of algal-derived
organic matter (Canuel & Martens 1993). In combina-
tion, these studies demonstrate that the factors deter-
mining bacterial carbon sources, and whether bacte-
ria selectively decompose specific components of the
available organic matter, are complex. Since bacteria
selectivity affects the composition of organic matter
preserved in coastal sediments, a goal of this study
was to evaluate how bacterial carbon sources change
over a growing season and in response to the wide-
spread stressor of eutrophication.

Excess nutrient loading, the leading cause of
coastal eutrophication, can increase the biomass of
macroalgae and marsh grasses (Sullivan & Daiber
1974, Valiela et al. 1992, Darby & Turner 2008) and
reduce the carbon:nitrogen (C:N) ratios of plant tis-
sues (Crain 2007, Spivak et al. 2009b), thereby
increasing both the quantity and quality of organic
matter available for decomposition. The effect of
nutrient loading on BMA is complicated because
microalgae can assimilate nutrients from both sur-
face water and pore water. Consequently, water col-
umn nutrient enrichment increased BMA biomass
in some studies (Van Raalte et al. 1976, Granéli &
Sundbäck 1985, Armitage & Fong 2004, Lever &
Valiela 2005) but not in others (Hillebrand & Kahlert
2002, Piehler et al. 2010). Eutrophication may affect
decomposition processes, since greater availability
of labile, nutrient-rich organic matter can enhance
 mineralization of recalcitrant, carbon-rich detritus

(Vallino et al. 1996, Craine et al. 2007, Bianchi 2011).
Higher concentrations of dissolved nitrogen and/or
phosphate in eutrophic systems may promote the
breakdown of carbon-rich detritus by creating a
more favorable stoichiometry (Howarth & Fisher
1976, Meyer & Johnson 1983, Hobbie & Vitousek
2000, Mineau et al. 2013, Ferreira et al. 2015), but
this phenomenon is not universal (Fog 1988, Riggs et
al. 2015). Consequently, eutrophication may alter
bacterial carbon sources by increasing the quantity
and quality of organic matter deposited to sediments
as well as the availability of inorganic nutrients.

Natural abundance stable isotopes are useful in
identifying carbon sources and fate in coastal eco -
systems. Terrestrial and marine autotrophs have dif-
ferent natural abundance δ13C compositions, and iso-
topic analysis of source-specific biomarkers can be
used to link bacteria to organic matter substrates
(Cloern et al. 2002, McCallister et al. 2004, Bouillon &
Boschker 2006). However, variability in the biochem-
ical composition of plant tissues, post-depositional
processes that alter the isotopic composition of or-
ganic matter, and source mixing can obscure the rela-
tive importance of different carbon sources to sedi-
ments (Canuel et al. 1997, Cloern et al. 2002). In
addition, variability in the magnitude of isotopic frac-
tionation during lipid synthesis (Boschker et al. 1999,
Hayes 2001, Bouillon & Boschker 2006) can lead to
ambiguity in identifying bacterial carbon sources
when there are slight differences in the δ13C of poten-
tial organic matter sources. Stable isotope labeling
experiments offer a way to examine the sources,
transformations, and fate of organic matter. In these
experiments, an isotopic label is introduced into a
system and followed into living biomass or added as
isotopically enriched detritus. Then, the label is fol-
lowed into source-specific compounds (e.g. biomark-
ers) representing potential fates, thereby allowing
carbon pathways to be traced with minimal distur-
bance to the study system. Stable isotope labeling ap-
proaches have been used to examine the fate of BMA
carbon into exudates, respiratory products, bacteria,
and animals (Middelburg et al. 2000, Oakes et al.
2012, Nordstrom et al. 2014) as well as to follow trans-
formations of macroalgal and phytoplankton detritus
(Hardison et al. 2010, 2011, Evrard et al. 2012) and
quantify transfer of new photosynthates from macro-
phytes to sediment bacteria (Boschker et al. 2000,
Spivak & Reeve 2015). Transfer of the label from an
organic matter source to microbial groups can be de-
tected by isotopic analysis of phospholipid-linked
fatty acids (PLFAs), which are source-specific lipid
biomarkers that are rapidly degraded after cell death.
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As such, PLFAs represent viable or recently viable
cells (Bianchi & Canuel 2011). Combining natural
abundance and isotope labeling approaches with
PLFA biomarkers is a potentially powerful way to ex-
amine bacterial carbon sources in coastal  sediments.

To determine how bacterial utilization of carbon
sources changes over a growing season and with
nutrient enrichment, we used a combination of field
observations and mesocosm experiments. We
focused on unvegetated, intertidal sediments within
a pair of tidal creeks that are part of a long-term, eco-
system-level nutrient fertilization experiment. BMA
can be a significant component of ecosystem produc-
tion in tidal creeks and estuaries (MacIntyre et al.
1996, Tobias et al. 2003b) as well as an important
source of carbon to sediments which receive organic
matter from a range of isotopically distinct sources
that vary in reactivity. In both tidal creeks, we char-
acterized sediment organic matter composition using
lipid biomarkers, elemental ratios, and natural abun-
dance stable isotopes (δ13C, δ15N) and compared the
δ13C of bacterial PLFAs and potential organic matter
sources. Concurrently, we conducted 2 types of iso-
tope labeling experiments with sediment cores from
both creeks. In one set of experiments, we tested
whether bacterial reliance on BMA carbon changes
over the growing season and with nutrient fertiliza-
tion. In a parallel experiment, we tested whether
nitrogen enrichment of the water column enhances
bacterial assimilation of salt marsh grass Spartina
alterniflora detritus, which has a higher C:N ratio and
contains more carbon-rich structural compounds
than BMA. We tested 2 hypotheses: (1) BMA will be
the main source of carbon incorporated by sediment
bacteria in both tidal creeks throughout the growing
season, but bacterial reliance on BMA will be greater
in the low nutrient creek. This would indicate that
bacteria preferentially decompose the most labile
sources of organic matter and are tightly coupled to
BMA production, particularly when water column
nutrients are limiting. (2) Bacterial incorporation of S.
alterniflora carbon will be greater in the high nutri-
ent creek because fertilization will alleviate nutrient
limitation associated with breaking down poor qual-
ity (i.e. high C:N) organic matter.

MATERIALS AND METHODS

We used a combination of field and experimental
mesocosm approaches to determine how nutrient
enrichment affects the sources of carbon decom-
posed by bacteria over a growing season. In the field,

we characterized the potential sources of organic
matter that could be incorporated into tidal creek
sediments and decomposed by bacteria. Through a
series of isotope labeling mesocosm experiments, we
quantified bacterial incorporation of carbon from
BMA and Spartina alterniflora. We focused on a pair
of tidal creeks within the Plum Island Ecosystems-
Long Term Ecological Research (PIE-LTER) site in
Rowley, Massachusetts, USA (Fig. 1). The creeks are
located along the Rowley River, experience semi-
diurnal tides with a 2.6 m range, and are surrounded
by extensive salt marshes with macrophyte commu-
nities dominated by S. alterniflora and S. patens
(Deegan et al. 2007). Both creeks are part of a 
whole-ecosystem nutrient manipulation experiment:
‘Trophic cascades and Interacting control processes
in a Detritus-based aquatic Ecosystem’ (TIDE; Dee-
gan et al. 2007, 2012). As part of this experiment,
flooding tide waters to Sweeny Creek have been
enriched with nitrate (NO3

−, 70 μmol l−1) every grow-
ing season (May to October) since 2004 (Deegan et
al. 2007, 2012). This concentration was chosen to
reflect conditions in a moderate to eutrophic estuary;
information on nutrient application methods are
described elsewhere (Deegan et al. 2007, 2012,
Drake et al. 2009). Due to a disruption in fertilizer
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Fig. 1. Reference (West Creek, 42° 44.354’ N, 70° 50.945’ W)
and fertilized (Sweeny Creek, 42° 43.315’ N, 70° 50.902’ W)
salt marsh tidal creeks are part of a whole ecosystem nutri-
ent fertilization experiment (the TIDE project) within the 

PIE-LTER site in Rowley, MA, USA
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availability during the timeframe of this study, nutri-
ent additions occurred during May to August 2013.
Responses in nutrient fertilized Sweeny Creek are
contrasted with a reference system, West Creek,
which has lower nutrient concentrations that have
not been manipulated. The 2 creeks have similar
physical characteristics, plant and animal communi-
ties, as well as catchment and marsh creek areas
(Deegan et al. 2007, Drake et al. 2009). The creeks
drain nearly completely at low tide, and sediments
are primarily silt and clay in Sweeny and West (John-
son et al. 2007). Similar physical and ecological con-
ditions but differences in nutrient loading make the
Sweeny and West tidal creek systems ideal for this
study.

Field collections of primary producers

The elemental (C, N) and isotopic (δ13C, δ15N) com-
position of the major primary producers in Sweeny
and West creeksheds were measured to evaluate the
relative importance of different organic matter
sources to tidal creek sediments and bacteria. Sam-
ples were collected from each creek during the
growing months (June and August 2013) to capture
potential shifts in biochemical composition. Above-
ground leaves of S. alterniflora and S. patens were
collected from creek banks and marsh platforms, and
macroalgae were collected from patches along tidal
creek walls to form triplicate samples that were com-
posites of 3 individual plants of the same species.
Plant tissues were gently rinsed to remove debris,
patted dry, and stored in pre-combusted (450°C)
glass scintillation vials. BMA were collected by plac-
ing pre-combusted glass plates on the surface of the
tidal creek mudflats for 1 wk (n = 3 per creek and
month). Upon collection, the plates were gently
rinsed to remove loose debris. The remaining mate-
rial was then scraped from the plates and collected
onto pre-combusted glass fiber filters. Suspended
particulate organic matter (POM) was collected in
triplicate 1 l pre-combusted glass bottles ~0.5 m
below the water surface on incoming and outgoing
tides for each creek. Samples were immediately fil-
tered onto pre-combusted glass fiber filters. All sam-
ples were frozen (−20°C) until analysis.

Stable isotope labeling experiments

We conducted 2 sets of 13C label addition experi-
ments. In one set, we evaluated how nutrient fertil-

ization affected bacterial utilization of BMA carbon
over a growing season. In the other set, we used 13C-
labelled S. alterniflora to assess bacterial incorpora-
tion of recently produced macrophyte detritus.

In June, August, and October 2013, intact sediment
cores were collected from the mudflats of the fertil-
ized and reference creeks at low tide (n = 3 per creek
in June and October, n = 6 per creek in August; 31 cm
diameter × 15 cm deep). These time periods reflected
late spring, late summer, and early fall conditions.
Collection sites were located with a GPS to prevent
resampling. Incoming tide water was collected from
both creeks and filtered through a 0.8 μm pre-filter
and 0.2 μm membrane filter (Pall AcroPak™ 500
Capsule). Sediment cores and filtered creek water
were transported to Woods Hole Oceanographic
Institution’s (WHOI) mesocosm system (Woods Hole,
MA; www.whoi.edu/sites/experimentalmesocosm).
Cores were placed in rectangular fiberglass tanks
(2.7 × 1.2 × 0.8 m, l × w × d) that served as a water
bath to minimize extreme fluctuations in day−night
temperatures. The mesocosm system is located out-
doors, so cores experienced ambient weather condi-
tions. Photosynthetically active radiation (PAR; μmol
photons m−2 s−1) was recorded with a LI-COR under-
water spherical quantum sensor (LI-193) and data-
logger (LI-1400) situated in the middle of the fiber-
glass tank at the level of the sediment cores, while
temperature (°C) was measured in a subset of cores
with Onset HOBO pendant loggers (UA-002-64).

Upon placement in the fiberglass tanks, the overly-
ing water collected with each sediment core was con-
tinuously recirculated (~9 cm deep). The cores accli-
mated to the mesocosm system for 1 to 3 d,
depending on weather, as we applied the 13C label
during sunny periods when BMA would be produc-
tive. Visible epifauna (e.g. snails, shrimp) were
removed to minimize grazing on benthic microbes.
At the beginning of each experiment, the overlying
water column was removed and replaced with fil-
tered water from the creek where the core was col-
lected. We used 0.2 μm filtered creek water to mini-
mize label uptake by water column microbes and
recirculated the water column to maintain well-
mixed conditions. The isotopic label was added as
13C-sodium bicarbonate (NaHCO3, 99 atom %,
Sigma-Aldrich) to the water column of each core in
June and October and half of the cores from each
creek in August. The other half of the August cores
received 13C-labeled S. alterniflora detritus. This
material was produced from a separate experiment
in which living S. alterniflora plants from PIE-LTER
were dosed with 13CO2 for 3 h (Spivak & Reeve 2015).
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Aboveground leaves were harvested after label
exposure, dried (60°C), and ground into a coarse
powder that was evenly applied across the sediment
surface. 13C-S. alterniflora was only applied in
August due to availability of the labeled material.
From here forward, experiments receiving 13C-
NaHCO3 or 13C-S. alterniflora are referred to as BMA
or S. alterniflora experiments, respectively, to reflect
the autotrophic source of carbon to bacteria. On aver-
age (±SE), the cores received 11.90 ± 0.07, 10.90 ±
0.05, and 10.97 ± 0.09 mg 13C from NaHCO3 applica-
tion in June, August, and October, respectively, and
3.17 ± 0.12 mg 13C from the S. alterniflora detritus in
August. The 13C label, as NaHCO3 or S. alterniflora,
was applied for 4 h between 11:00 and 15:00 h before
the overlying water was removed and the cores were
rinsed with at least 3 volumes of filtered creek water
to remove unused label. The 4 h sampling period was
based on results from a preliminary study demon-
strating that this timeframe was sufficient for detect-
ing the label in algal and bacterial lipids. After the
final rinse, the overlying water column was replaced
with filtered creek water and recirculated for the
duration of the experiments.

Sampling the stable isotope labeling experiments

Water column salinity was measured and samples
for dissolved inorganic carbon (DIC), nitrate (NO3

−),
ammonium (NH4

+), and phosphate (PO4
3−) concentra-

tions and initial sediment organic matter composition
were collected just before the 13C label was applied.
Salinity was measured with a refractometer. DIC
samples were filtered (0.2 μm) into glass bottles, poi-
soned with mercuric chloride, and sealed with a
greased, ground-glass stopper. Dissolved nutrient
samples were filtered through combusted glass fiber
filters and frozen (−20°C) until analysis. Sediment
samples for organic matter composition were col-
lected by placing a hard plastic sleeve around a
polyvinyl chloride (PVC) corer (5 × 15 cm, diameter ×
depth) and then removing the corer. The plastic
sleeve remained in place to maintain the integrity of
the sediment column and mark the core location
(Spivak 2015). The top 0.5 cm of each core was col-
lected into pre-combusted vials and frozen (−80°C)
until analysis for total organic C and N content, sta-
ble isotopes (δ13C, δ15N), and lipid biomarker compo-
sition. Adjacent samples for benthic chlorophyll were
collected with smaller cores (1.5 × 1 cm, diameter ×
depth) into glass vials and frozen (−20°C) until analy-
sis. Additional sediment cores for organic matter

composition and benthic chlorophyll were collected
4, 8, 24, and 48 h after the 13C-labeled NaHCO3 was
applied in June, August, and October and 4, 8, 24,
and 144 h after the 13C-labeled S. alterniflora was
applied in August.

Water chemistry analyses

DIC samples were measured on an auto-analyzer
(AS-C3, Apollo SciTech) via sample acidification fol-
lowed by non-dispersive infrared CO2 detection
(LiCOR 7000) as described by Wang et al. (2013,
2015). Dissolved inorganic nutrient concentrations
(NO3

−, NO2, NH4
+, PO4

3–) were measured on an auto-
analyzer using standard methods as described by
Gordon et al. (1994).

Bulk organic matter analyses

Field-collected samples that represented potential
sources of organic matter to tidal creek sediments
(marsh grass leaves, macroalgae, BMA, and POM)
were analyzed for elemental (total organic carbon
[TOC] and nitrogen [TN]) and isotopic (δ13C, δ15N)
composition. Sediments collected from the isotope
labeling experiments were analyzed for chlorophyll
concentrations as well as elemental and isotopic
composition. Benthic chlorophyll was determined
per methods described by Neubauer et al. (2000).
Samples for elemental and isotopic determination
were dried to constant mass (60°C), homogenized
with a Retsch Mixer Mill 200, and acidified to remove
carbonates prior to analysis by the WHOI Organic
Mass Spectrometry Facility with a Carlo Erba 1108
elemental analyzer interfaced to Finnigan-MAT
DeltaPlus isotope ratio mass spectrometer (IRMS).
Isotopic data are reported as δ-values in units of per
mil (‰). For sediments from the isotope labeling
experiments, resulting δ-values were converted to
atom % to calculate excess 13C (absolute amount 13C
incorporated), using the equations:

(1)

(2)

(3)

where VPDB is the Vienna Pee Dee Belemnite stan-
dard (0.011237) and concentrations are expressed in
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mol C m−2, by accounting for sediment bulk density
(0.52 g cm−3) and core depth (0.5 cm). Sediment sam-
ples collected just prior to application of 13C-labeled
NaHCO3 or S. alterniflora detritus served as controls.

Lipid biomarker analyses

Lipid biomarker compounds were extracted using
a modified Bligh & Dyer (1959) method. Sediment
samples were extracted with a chloroform:methylene
chloride:phosphate buffer saline mixture (2:1:0.8,
v:v:v) using a microwave-accelerated reaction sys-
tem (MARS6); samples were heated to 80°C for
10 min with continuous stirring. Following extrac-
tion, samples were partitioned and the organic phase
was removed. The total lipid extract was concen-
trated under N2 and samples were separated on silica
gel columns by eluting with chloroform, acetone
(F1/2), and methanol (F3) (Guckert et al. 1985). The
F3 (phospholipids) was dried under N2 and saponi-
fied with 0.5 M NaOH at 70°C for 4 h. Saponified
samples were acidified and extracted 3 times with
hexane. The extract was methylated with acidic
methanol (95:5 methanol:HCl) and heated overnight
at 70°C to form fatty acid methyl esters (FAME). Sam-
ples were analyzed with an Agilent 7890 gas chro-
matograph with an effluent split ~70:30 between a
5975C mass spectrometer and a flame ionization
detector. Peaks were separated on an Agilent DB-5
ms column (60 m, 0.25 mm inner diameter, 0.25 μm
film). FAME concentrations were quantified using
methyl heneicosanoate as an internal standard. FAs
are designated A:BωC, where A is the number of car-
bon atoms, B is the number of double bonds, and C is
the position of the first double bond from the
aliphatic ‘ω’ end of the molecule. Iso- and anteiso-
refer to whether the methyl group of branched com-
pounds is attached to the penultimate or antepen -
ultimate carbon atom (Bianchi & Canuel 2011).

Stable carbon isotope ratios of FAMEs (F3) were
determined by the WHOI Organic Mass Spectrome-
try Facility with a Hewlett-Packard 6890 GC inter-
faced to a DeltaPlus IRMS. Excess 13C was calculated
per Eqs. (1 to 3), where samples collected prior to 13C
label application were controls and PLFA concentra-
tions were in units of mol m−2. PLFA isotopic values
were derived from the isotopic composition of
FAMEs and corrected for the δ13C of the carbon
added during methylation using a mass balance
approach. We analyzed total PLFA concentrations
as well as concentrations and isotopic composition
of compounds and subclasses representing algae

(polyunsaturated fatty acids C20:4ω6, C20:5ω3; PUFA),
bacteria (iso- and anteiso- branched C15:0, C17:0;
BrFA), sulfate-reducing bacteria (10-methyl C16:0),
and a combination of algae and microbes (short chain
fatty acids C12:0, C14:0; SCFA) (Perry et al. 1979,
Kaneda 1991, Volkman et al. 1998). The δ13C of PLFA
subclasses was calculated as concentration weighted
averages. In order to evaluate the sources of carbon
supporting sediment bacteria in the tidal creeks,
PLFA isotopic values measured in initial sediment
samples (i.e. pre-label application) were corrected
for a −3‰ fractionation during lipid synthesis (Hayes
2001, Bouillon & Boschker 2006). The bacteria-to-
algae ratio (BAR), as defined by Hardison et al.
(2011), was calculated as excess 13C in BrFA relative
to the sum of BrFA and PUFA as follows:

(4)

This ratio ranges from 0 to 1, representing 100%
BMA to 100% bacterial uptake of the 13C label.

Data analyses

Percent recovery of the 13C label into PLFA sub-
classes was calculated according to equation:

(5)

where P is the mass and E is the atom % excess of a
carbon pool and the subscripts a and b represent the
source and sink pools, respectively (Dawson et al.
2002). Sediment carbon measured after 4 h of label
exposure was considered the source pool for the
PLFA subclasses. 13C in bacterial PLFAs was scaled
to bacterial carbon mass using conversion factors
described in Evrard et al. (2012). Total algal produc-
tion was calculated as excess 13C incorporated into
bulk sediments during the 4 h 13C-NaHCO3 labeling
period. The ratio of algal biomass to production
(B:P) was calculated to estimate algal turnover time.
Algal carbon mass was estimated using a carbon:
chlorophyll ratio of 40 (de Jonge & Colijn 1994) and
normalized to production rates scaled to 14 h.

We used a fully factorial 3-way analysis of variance
(ANOVA) to evaluate the field collected data and
detect differences in the elemental and natural abun-
dance isotopic composition of primary producers and
bulk sediments (df = 6), between fertilization treat-
ments (df = 1), and months (June vs. August; df =1).
To estimate the relative importance of plant and algal
inputs to the sediment, we applied isotopic mixing
models using δ13C and δ15N. To simplify the model,

+
BAR =
(excess C in BrFA) / (excess C in BrFA excess C in PUFA)13 13 13

× × ×( ) / ( ) 100P E P Eb b a a
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the number of potential primary producer sources
was reduced from 6 to 4 by combining POM collected
on incoming and outgoing tides and S. alterniflora
and S. patens into composite POM and marsh grass
sources, respectively. This results in 3 equations with
4 unknowns:

(6)

(7)

(8)

where f is the fraction of an organic matter source. To
solve these equations, we used linear programming
techniques in the lim-Solve package (Soetaert et al.
2008) for R open-source software (R Development
Core Team 2007). Including additional metrics (e.g.
C:N) did not improve model estimates and occasion-
ally resulted in ‘No solution’.

For the stable isotope labeling experiments, we
 applied a fully factorial 2-way ANOVA to test for dif-
ferences in water column DIC and dissolved nutrient
(NO3

−, NH4
+, PO4

3−) concentrations and ratios
(Σ(NO2, NO3

−, NH4
+):P) between nutrient fertilization

treatments (Sweeny vs. West; df = 1) and months
(June vs. August vs. October; df = 2). Daytime PAR
and temperature data were analyzed using a 1-way
ANOVA testing for differences across months. We
 applied a fully factorial 2-way ANOVA to detect
 initial (i.e. pre-13C label application) differences in
sediment organic matter composition between fer -
tilization treatments (df = 1) and months (df = 2). The
type III results are presented because the design was
unbalanced due to additional replicate cores in
 August (i.e. 6 cores that later received 13C-S. alterni-
flora). Two-way repeated measures ANOVAs were
applied to examine the  effects of fertilization (i.e.
Sweeny vs. West creeks) and month (i.e. June,
August, October) on sediment parameters in the
BMA (13C-NaHCO3) experiments. Since the 13C-S.
alterniflora label was only applied in August, data
were examined using a repeated measures ANOVA
with fertilization as a fixed factor. We used a tiered
approach to analyze samples from this experiment
based on the expectation of slower 13C label transfer
than in experiments receiving 13C-NaHCO3; benthic
chlorophyll was measured at all 5 time points (0 [pre-
label], 4, 8, 24, and 144 h), TOC and δ13C were meas-

ured at 4 time points (0, 4, 24, and 144 h), while PLFA
concentrations and δ13C were measured at 3 time
points (0, 8, and 144 h). Post-hoc Student- Newman-
Keuls (SNK) analyses were used to detect differences
across treatment levels and months. Data were trans-
formed as necessary to maintain homogeneity of
variance. Nonlinear regression analyses were used to
estimate incorporation of 13C label into bulk sedi-
ment and PLFA subclasses, by fitting the data to the
equation:

(9)

where Io is maximum 13C incorporation (mol C m−2), I
is the measured 13C incorporation (mol C m−2), t is
time (h), and k is incorporation coefficient (h−1; Mid-
delburg et al. 2000). Values are presented as means ±
SE. Statistical analyses were performed using SAS
9.2.

RESULTS

Environmental conditions

Daytime PAR (μmol m−2 s−1) during the experi-
ments was similar across months but tended to be
highest in June (p = 0.062; Table 1). Water tempera-
tures (°C) were warmest in June (mean ± SE: 21.79 ±
0.09) and August (21.39 ± 0.05) and coolest in Octo-
ber (16.89 ± 0.04; p < 0.001; Table 1). These data indi-
cate that light and temperature were similar in June
and August but conditions in October may reflect a
seasonal transition.

Initial concentrations of PO4
3− and NH4

+ (μmol l−1)
in the water column overlying sediment cores were
similar across months and between fertilization treat-
ments (p > 0.05; Table 1). Nitrate concentrations and
the ratio of dissolved inorganic nitrogen (Σ(NO2,
NO3

−, NH4
+)) to PO4

3– (DIN:P) were higher in the fer-
tilized creek in June and August (Table 1). This
reflected an accidental interruption in fertilizer sup-
ply in October. DIN:P ratios were lower and similar to
Redfield proportions in the reference creek in all
months and in both creeks in October.

Initial water column DIC concentrations (pre-13C
label; μmol l−1) were similar between fertilization
treatments (p = 0.711) but differed among months,
being highest in August and lowest in June (p =
0.001; Table 1). Addition of 13C-NaHCO3 increased
DIC concentrations by 8.37 ± 0.33% in June, 5.19 ±
0.43% in August, and 6.15 ± 0.11% in October (data
not shown). The amount of 13C-NaHCO3 added was
lower in August and October in order to achieve a
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more modest enrichment and avoid potential DIC
fertilization effects. Overall, these data indicate that
environmental conditions and water column NO3

−

concentrations differed between June and August
compared to October.

Natural abundance elemental and isotopic
 composition of primary producers and sediments

The C:N, δ13C, and δ15N of the main primary pro-
ducers and creek sediments were distinct (Fig. 2;
Table 2A). The marsh grasses Spartina alterniflora
and S. patens generally had the heaviest average
δ13C (−13.5 to −15.6‰) and δ15N (4.6 to 7.8‰) values
and the highest C:N ratios (14 to 28). In contrast,
average δ13C (−24.8 to −20.8‰), δ15N (0.29 to 3.3‰),
and C:N (5 to 9) of microalgae, including incoming
and outgoing POM and BMA, were lighter and lower
(Fig. 2). A subset of the glass plates used to collect
BMA were qualitatively examined under a micro-
scope, revealing that the communities were domi-
nated by several species of benthic diatoms and one
type of filamentous cyanobacterium (K. Mackey & R.
Stanley unpubl. data). Many cells were strong bio-
film formers, which is consistent with their benthic
lifestyle (Mackey & Stanley unpubl. data). Creek
sediments reflected a combination of inputs and had

intermediate average values of δ13C (−15.9 to
−17.2‰), δ15N (4.3 to 4.6‰), and C:N (12 to 14). In
general, δ13C of the primary producers and sedi-
ments tended to be lower in the reference creek,
while patterns in δ15N between the creeks were less
clear. C:N ratios tended to be higher in August versus
June (p < 0.001); this was clearest for the marsh
grasses and resulted in an interaction effect between
month and carbon source (p < 0.001; Table 2). Isotope
mixing models revealed that marsh grasses (mean 33
to 69%) and macroalgae (19 to 35%) were larger
sources of organic matter to surface sediments than
water column POM (8 to 18%) and BMA (0 to 13%;
Table 2B). The large range of marsh grass (0 to 79%)
and macroalgal (0 to 80%) inputs suggest that addi-
tional geochemical markers may be useful in con-
straining plant contributions. Maximum estimates of
POM and BMA inputs were 36 and 43%, respec-
tively, indicating that contributions from microalgae
were smaller than other sources.

Initial sediment organic matter composition in the
isotope labeling experiments

The bulk and molecular composition of tidal creek
sediments collected at the beginning of each experi-
ment, before application of the 13C label, showed

114

A                     DIC PO4
3– NH4

+ NO3
– DIN:P Daytime PAR Temperature

Month Fertilization    Mean   SE     Mean   SE       Mean   SE       Mean   SE      Mean   SE       Mean   SE       Mean   SE

June Fertilized         1864 74.94     1.61    0.05     12.35  3.35     26.18  1.03     24.46   1.82       894     51       21.79  0.09
Reference        1975 123.6     1.92    1.00     18.08  9.19       4.60   0.61     15.11   3.09                                  

August Fertilized         3001 141.0     3.81    1.63     35.45 16.11   118.22 4.47     70.15 13.82      863     44       21.39  0.05
Reference        2710 285.6     2.27    0.21       8.59   3.23       4.81   0.41       6.11   1.19                                  

October Fertilized         2401 54.91     0.92    0.29       9.45   0.77       1.88   0.43     15.27   4.09       724     35       16.89  0.04
Reference        2377 18.74     0.81    0.14     10.58  1.68       1.94   0.30     16.01   1.28                                  

B                                       Month (M) Fertilization (F)   M × F                   Month SNK
                                                      MS           p                 MS           p               MS           p

                                                          
DIC (μmol l−1)                           1804156   0.001           25088     0.711          90937      0.607              Jc Aa Ob

PO4
3– (μmol l−1)                             1.07       0.646           10.10      0.156           2.10       0.658              Ja Aa Oa

NH4
+ (μmol l−1)                           239.87     0.490           306.11     0.542         695.88     0.263              Ja Aa Oa

log NO3
– (μmol l−1)                       2.72     <0.001            2.47     <0.001          1.03     <0.001            Jb Aa Oc

log DIN:P (molar)                         0.86     <0.001            0.02       0.720           0.68     <0.001            Ja Aa Oa

ln daytime PAR (μmol m−2 s−1)   5.08       0.062               –             –                 –              –                 Ja Ab Ob

ln temperature (°C)                     45.78   <0.001              –             –                 –              –                 Ja Ab Oc

Table 1. (A) Initial water column dissolved inorganic carbon (DIC) and nutrient concentrations (μmol l–1) and ratios (molar) as
well as average daily light (μmol m–2 s–1) and temperature (°C) conditions in the isotope labeling experiments. (B) Differences
in nutrient concentrations and environmental conditions were detected with ANOVA and Student-Newman-Keuls (SNK)
analyses; significant differences between months are denoted with superscripts. Data were transformed as indicated. Type III
results are presented. Significant results (p < 0.05) are in bold. J = June; A = August; O = October; DIN = dissolved inorganic 

nitrogen; PAR = photosynthetically active radiation; dashes indicate no data
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 little variation with fertilization or across months
(Fig. 3, Table 3). Sediment %TOC was highest in
June (p = 0.012) and in the fertilized creek (p = 0.003;
mean % ± SE: Sweeny Creek June 7.02 ± 0.54,
August 5.08 ± 0.32, October 4.77 ± 0.60; West Creek
June 4.72 ± 0.32, August 4.72 ± 0.41, October 3.72 ±
0.21) (Fig. 3A). Sediment δ13C values were lower in
the reference creek (p = 0.009; Fig. 3A). In contrast,

chlorophyll concentrations were lowest in August
(p = 0.011) and similar between the fertilized and ref-
erence creeks (Fig. 3B; mean μg cm−2 ± SE: Sweeny
Creek June 3.08 ± 0.87, August 1.61 ± 0.30, October
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Error bars = SE. See Table 2 for statistical results

A                 Month (M) Fertilization (F)    OM source M × F M × F ×          M × F × 
                  (Jun vs. Aug)                                                              OM source OM source      OM source
                                MS       p           MS       p           MS         p         MS       p         MS       p          MS       p          MS      p

log C:N (molar)     0.23  <0.001     0.03  0.226     2.84   <0.001    0.11   0.013     0.12 <0.001     0.03 0.108     0.03 0.068
δ13C                         0.58   0.265      6.39 <0.001   150.75 <0.001    0.00   0.921     2.50 <0.001     3.06 <0.001     1.35 0.014
δ15N                        0.10   0.807      8.38 0.026     45.85   <0.001    3.39   0.151     3.92  0.035     1.78 0.367     2.31 0.213

OM source SNK
log C:N SPa SAb Sedc MAd BMAe POM(i)f POM(o)g

δ13C SPa SAb Sedc MAd BMAe POM(i)f POM(o)g

δ15N SPb SAa Sedb MAb BMAc POM(i)c POM(o)c

B                                                                                                                         
Month       Creek                     Macroalgae                             POM                                   BMA                           Marshgrass
                                          Mean    Min     Max          Mean    Min     Max          Mean    Min     Max       Mean    Min     Max

June           Fertilized         0.35     0.00     0.80           0.08     0.00     0.27           0.13     0.00     0.35         0.37     0.00     0.71
                  Reference        0.34     0.00     0.75           0.12     0.00     0.36           0.12     0.00     0.35         0.35     0.00     0.65

August       Fertilized         0.19     0.00     0.37           0.12     0.00     0.25           0.00     0.00     0.22         0.69     0.66     0.79
                  Reference        0.28     0.00     0.79           0.18     0.00     0.42           0.13     0.00     0.43         0.33     0.00     0.54

Table 2. (A) Differences in plant and sediment organic matter (OM) content between months and tidal creeks were detected
with ANOVA and Student-Newman-Keuls (SNK) analyses; differences between OM sources are denoted with superscripts.
Significant p-values (<0.05) are in bold. Data were transformed as noted. MS = mean squared; SP = Spartina patens; SA =
S. alterniflora; Sed = Sediment; MA = Macroalgae; BMA = Benthic microalgae; POM(i) = incoming POM; POM(o) = outgoing
POM. (B) The relative contributions of 4 organic matter sources to the sediments were estimated with mixing models. POM
includes incoming and outgoing POM. Marshgrass includes S. alterniflora and S. patens. Fertilized and reference refer to 

sediment cores from Sweeny and West Creeks, respectively. Model results were calculated using δ13C and δ13N
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5.52 ± 1.77; West Creek June 5.33 ± 0.32, August 3.41
± 0.46, October 3.98 ± 0.81). Concentrations of total
PLFAs, SCFA (general algae and microbes), PUFA
(algae), BrFA (bacteria), and 10-methyl C16:0 (sulfate-
reducing bacteria) did not vary with fertilization or
across months (Fig. 3C−G). The δ13C of SCFA was
lower in the reference creek but there was no
response in δ13C of other PLFA subclasses to fertiliza-
tion or month. The average δ13C of sediment TOC
(−15.9 to 17.2‰) was heavier than SCFA (−20.6 to
21.9‰), PUFA (−19.4 to −20.7‰), BrFA (−18.2 to
−19.0‰), and 10-methyl C16:0 (−19.4 to −20.5‰;

Fig. 3). Overall, the composition of sediment micro-
algal and bacterial PLFAs was largely insensitive to
fertilization and varied little across months.

Sediment organic matter composition and 13C
uptake in the BMA (13C-NaHCO3) experiments

In the BMA (13C-NaHCO3) experiments, sediment
%TOC, chlorophyll, total PLFA and SCFA concentra-
tions were similar between months and fertilization
treatments and did not change over the course of the

116

Total PLFA

nm
ol

 g
-1

nm
ol

 g
-1

nm
ol

 g
-1

0

50

100

150

200

Fertilized
Reference

Total Organic Carbon 

%
T

O
C

0

2

4

6

8

10

δ
1

3
C

-28

-26

-24

-22

-20

-18

-16

-14

SCFA

0

5

10

δ
13

C

-28

-26

-24

-22

-20

-18

PUFA 

nm
ol

 g
-1

0

10

20

-28

-26

-24

-22

-20

-18
BrFA

0

10

20

30

δ
13

C

-28

-26

-24

-22

-20

-18

10 Methyl C16:0

nm
ol

 g
-1

0

3

6

δ
13

C

-28

-26

-24

-22

-20

-18

Chlorophyll

μg
 c

m
-2

0

2

4

6

8
A B

C D

E F

G

June August October

June August October

Fig. 3. Initial concentrations (bars) and δ13C (circles) of (A) total organic
carbon (TOC) and phospholipid-linked fatty acids (PLFA) subclasses
representing (D) algae and microbes (SCFA: short chain fatty acids),
(E) microalgae (PUFA: polyunsaturated FA), (F) bacteria (BrFA: iso-
and anteiso-branched FA), and (G) sulfate-reducing bacteria (10-methyl
C16:0) in the fertilized (Sweeny) and reference (West) creek sediments
measured before application of the stable isotope tracers. Concentra-
tion data only are presented for (B) benthic chlorophyll and (C) total
PLFAs. All PLFA data are in nmol g−1 dry sediment. Error bars = SE.
See text for PLFA subclass assignments and organic matter sources, 

and Table 3 for statistical results
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48 h experiments (Table 4, Fig. 4A−D). PUFA concen-
trations were slightly higher in June, but this was
mainly due to levels at the 4 and 8 h sampling time
points and resulted in a month by time point inter -
action (Table 4, Fig. 4E). Concentrations of BrFA and
10-methyl C16:0 decreased slightly in the first 8 h of
the experiments and then remained constant for the

next 40 h (Table 4, Fig. 4E,F). Levels of 10-methyl
C16:0 were slightly higher in June (Fig. 4G). Overall,
sediment organic matter composition was unaffected
by fertilization, similar across months, and relatively
constant throughout the experiments.

The 13C label was rapidly incorporated into sedi-
ment TOC and PLFA subclasses (Fig. 5, Table 5,
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Month (M) Fertilization (F)           M × F Month SNK
MS p MS p MS p

Concentration
%TOC 4.04 0.012 8.25 0.003 1.88 0.098 Ja Ab Ob

Chlorophyll a 12.12 0.011 3.80 0.190 6.97 0.056 Ja Ab Oa

Total PLFA 3534.00 0.177 258.00 0.713 185.00 0.906 Ja Aa Oa

SCFA 2.39 0.600 0.58 0.726 1.41 0.738 Ja Aa Oa

PUFA 61.30 0.182 5.64 0.683 1.15 0.966 Ja Aa Oa

BrFA 10.44 0.830 0.86 0.902 31.05 0.580 Ja Aa Oa

10-methyl C16:0 0.65 0.543 0.00 0.981 0.68 0.530 Ja Aa Oa

Isotopic composition (δ13C, ‰)
TOC 0.43 0.285 2.80 0.009 0.22 0.514 Ja Aa Oa

SCFA 0.41 0.569 3.54 0.037 0.56 0.464 Ja Aa Oa

PUFA 0.90 0.589 1.91 0.297 0.21 0.881 Ja Aa Oa

BrFA 0.19 0.666 0.85 0.193 0.62 0.293 Ja Aa Oa

10-methyl C16:0 0.69 0.352 0.18 0.594 0.59 0.402 Ja Aa Oa

Table 3. Initial concentrations and carbon isotopic composition of sediment organic matter and PLFA biomarkers in the stable
isotope labeling experiments. Type III ANOVA results are presented. Significant p values (<0.05) are in bold. Differences be -
tween months were detected with Student Newman Keuls (SNK) analyses and denoted with superscripts. J = June; A = August;
O = October. SCFA = Σ(C12, C14); PUFA = Σ(C20:4ω6, C20:5ω3); BrFA = Σ iso, anteiso (C15, C17). See Fig. 3 and text for PLFA 

subclass assignments and organic matter sources

Response         Month (M) Fertilization (F) Time point (T) M × F       T × F    T × M M × F × T
                                  MS      p         MS       p           MS       p           MS       p          MS       p           MS       p           MS       p

BMA experiment                                                                   
log %TOC 0.51  0.058 0.48  0.087 0.05  0.149 0.33 0.138       0.06   0.109       0.06  0.048       0.04   0.240
log chlorophyll 0.10  0.280 0.28  0.064 0.06  0.349 0.15 0.157       0.05   0.405       0.07  0.217       0.03   0.778
Total PLFA 9576.47  0.177 1903.94  0.539 1368.94  0.295 2442.85 0.612   564.89   0.719 1273.97  0.330   668.25   0.724
SCFA 12.47  0.410 0.01  0.975 4.47  0.219 5.49 0.664       4.05   0.265       2.26  0.643       2.51   0.573
PUFA 603.80  0.057 24.82  0.702 28.72  0.580 81.59 0.615     22.53   0.687   125.67  0.006     28.44   0.675
BrFA 172.49  0.208 40.63  0.528 73.81  0.009 178.11 0.199     12.00   0.646     15.72  0.589     19.72   0.428
10 Methyl C16:0 6.72  0.024 0.03  0.884 1.23  0.033 4.27 0.072       0.25   0.675       0.34  0.605       0.41   0.479

                                                                                
S. alterniflora experiment                                                       
%TOC –         – 10.63  0.066 1.07  0.321 –       –           0.48   0.578 –     – –       –
Chlorophyll –         – 7.55  0.454 8.57  0.014 –       –           3.08   0.228 –     – –       –
Total PLFA –         – 393.99  0.718 1414.87  0.176 –       –       657.41   0.406 –     – –       –
SCFA –         – 10.17  0.416 3.19  0.424 –       –           1.44   0.664 –     – –       –
PUFA –         – 4.74  0.695 6.49  0.492 –       –         16.28   0.205 –     – –       –
BrFA –         – 23.36  0.632 63.41  0.095 –       –         15.49   0.488 –     – –       –
10-methyl C16:0 –         – 0.26  0.726 1.03  0.111 –       –           0.49   0.301 –     – –       –

Table 4. Repeated measures ANOVA were used to detect differences in sediment total organic carbon content (TOC) and con-
centrations of benthic chlorophyll and PLFA subclasses and individual compounds in the benthic microalgae (BMA) and
Spartina alterniflora experiments. Data were transformed as indicated. Significant p-values (<0.05) are in bold. Dashes indi-
cate no results, since the S. alterniflora experiment was conducted in August only. SCFA = Σ(C12, C14); PUFA = Σ(C20:4ω6, 

C20:5ω3); BrFA = Σ iso, anteiso (C15, C17). See Fig. 3 and text for PLFA subclass assignments and organic matter sources
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 Tables S1 & S2). Total production rates, based on 13C
incorporation into TOC during the 4h label application
period, were highest in June (p = 0.011; 6.87 ± 1.26 mg
C m−2 h−1) compared to August (2.79 ± 0.84 mg C m−2

h−1) and October (2.74 ± 0.62 mg C m−2 h−1) but did not
differ between the fertilized (4.78 ± 1.21 mg C m−2 h−1)
and reference creeks (3.49 ± 0.69 mg C m−2 h−1; p =
0.243). 13C excess in TOC, PUFA, and 10-methyl C16:0

was highest in June and unaffected by fertilization
(Fig. 5; Table 5). After initial incorporation, 13C excess
was generally constant in each of these pools for the

rest of the experiment. 13C excess in SCFA, represent-
ing algae and microbes, was greatest in June and low-
est in October (p = 0.029) and higher in the fertilized
creek (p = 0.046). For bacteria represented by BrFA,
13C excess was slightly higher in June and August
compared to October (p = 0.064). 13C excess in the
BAR was lowest in June (p < 0.001) and higher in the
reference creek in August and October (p = 0.006). In
combination, these data indicate that 13C incorpora-
tion by BMA and bacteria was largely insensitive to
nutrient fertilization but varied across months.
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Sediment organic matter composition and 13C
uptake in the S. alterniflora experiment

In the August 13C-S. alterniflora experiment, sedi-
ment organic matter composition was similar be -
tween tidal creeks and changed little over 144 h
(Fig. 6, Table 4). The exception was benthic chloro-
phyll, which increased slightly in cores from the fer-
tilized creek in the first 24 h before declining to initial
concentrations (Fig. 6B).

The 13C label was rapidly incorporated into surface
sediments and bacterial and algal PLFAs (Fig. 7,
Table 5, Tables S1 & S2). After initial incorporation,
13C excess in TOC was relatively constant for the
duration of the 144 h experiment, though concentra-
tions tended to decline after 24 h. Label incorporation
was similar in PLFA subclasses representing algae
(PUFA), a combination of algae and microbes
(SCFA), and bacteria (BrFA) but lower in sulfate-
reducing bacteria (10-methyl C16:0) (Fig. 7B−E). After
initial incorporation, levels of 13C excess were con-
stant in SCFA and 10-methyl C16:0 but increased over
time in PUFA (p = 0.017) and BrFA (p = 0.007). Simi-
lar to results from the BMA experiments, incorpora-
tion of the label into bulk sediments or PLFA sub-
classes was unaffected by fertilization. 13C excess in
the BAR was generally greater for the sediments
from the reference creek, but this was not significant
(p = 0.279). Overall, these data indicate that bacterial
incorporation of S. alterniflora carbon was rapid and
independent of nutrient fertilization.

DISCUSSION

Sources of organic matter in tidal creek sediments

Natural abundance stable isotopes and elemental
ratios are often used to assess the sources of organic
matter incorporated into sediments (Middelburg &
Nieuwenhuize 1998, Goñi & Thomas 2000). Here, the
isotopic (δ13C, δ15N) and elemental (C:N) composi-
tions of the major primary producers were distinct
from each other and tidal creek sediments and
showed little variation between months and with fer-
tilization (Fig. 2; Table 2). Marsh grasses (33 to 69%)
were more important sources of organic matter to
creek sediments than macroalgae (19 to 35%), POM
(8 to 18%), and BMA (0 to 13%; Table 2B), which is
consistent with the expectation that surface sediment
composition reflects the dominant plant species
(Chmura et al. 1987, Stribling & Cornwell 1997,
Wang et al. 2003). Average BMA δ13C values (−20.4
to −22.8‰) were consistent with some observations
in estuarine and marine habitats (Moens et al. 2002,
Nadon & Himmelman 2006) but lighter than others
(Currin et al. 1995, Riera et al. 1996). Many factors
can affect BMA δ13C, including the source of DIC
used in photosynthesis (i.e. surface water versus pore
water) and environmental conditions such as nutrient
availability, light levels, and hydrodynamic flow
(France 1995, Finlay et al. 1999, Hill et al. 2008). It is
possible that our sampling technique influenced
BMA δ13C values by blocking access to pore water

120

Response   Month (M) Fertilization (F) Time point (T) M × F   T × F T × M M × F × T
                              MS       p           MS        p           MS       p           MS       p          MS       p           MS       p           MS       p

BMA experiment
TOC 5148479.02 0.013 1183571.00 0.252 577354.09 0.218 637281.65 0.480  114423.12 0.728  701237.56 0.131  150712.09 0.790
SCFA 12291.12 0.029 12723.39 0.046 794.07 0.469 429.59 0.847        626.80 0.569      1442.44 0.185        340.79 0.893
PUFA 209461.58 <0.001 25450.50 0.182 770.33 0.946 2052.69 0.852      2959.79 0.702      6166.57 0.448      1800.05 0.939
log BrFA 5.09 0.064 1.11 0.401 4.76 <0.001 0.95 0.539             0.21 0.611             1.73 0.001            0.11 0.920
10-methyl C16:0 7.11 0.002 0.25 0.560 0.56 0.132 0.41 0.563             0.13 0.716             0.08 0.932            0.04 0.970
log BAR 11.93 <0.001 4.44 0.006 2.31 <0.001 1.23 0.083             0.64 0.012             1.68 <0.001            0.21 0.247

                                        
S. alterniflora experiment
TOC – – 1155.02 0.745 28156.86 0.087 – –          4958.67 0.576           – –                 – –
SCFA – – 1.76 0.332 2.18 0.196 – –                 0.03 0.868         – –                 – –
PUFA – – 4.83 0.163 20.50 0.017 – –                0.64 0.529           – –                 – –
BrFA – – 0.16 0.534 11.12 0.007 – –                 0.83 0.240           – –                 – –
10-methyl C16:0 – – 0.00 0.818 0.02 0.148 – –                 0.00 0.793           – –                 – –
BAR – – 0.09 0.279 0.05 0.128 – –                 0.00 0.965           – –                 – –

Table 5. Repeated measures ANOVA were used to detect differences in 13C excess in bulk sediments and PLFA subclasses and
individual compounds in the benthic microalgae (BMA) and Spartina alterniflora experiments. Data were transformed as
 indicated. Significant p values (<0.05) are in bold. Dashes = no data. SCFA = Σ(C12, C14); PUFA = Σ(C20:4ω6, C20:5ω3); BrFA = 

Σ iso, anteiso (C15, C17). See Fig. 3 and text for PLFA subclass assignments and organic matter sources
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DIC, altering surface water flow, and capturing the
fraction of the algal community that was able to colo-
nize the glass plates. Other techniques (i.e. vertical
migration, density separation) may have captured
different components of the BMA community. Heav-
ier BMA δ13C values (e.g. −15 to −17‰) (Currin et al.
1995, Riera et al. 1996) would have affected the mix-
ing model output, resulting in higher contributions
from this community to the sediment organic matter
pool. The wide range of reported BMA δ13C values
and potential biases of sampling techniques under-
score the importance of using a combination of natu-
ral abundance and experimental isotope labeling
approaches to evaluate carbon flow in sediments.

Sediment organic matter composition was similar
between the creeks and across months (Fig. 3C−G;
Table 3). This was unexpected since benthic micro-
bial communities are often sensitive to changing eco-
system trophic state and environmental conditions.
For instance, BMA biomass and rates of benthic pro-
duction and respiration were increased by nutrient
fertilization and varied seasonally in intertidal flat
(Pinckney et al. 1995, Armitage & Fong 2004), estuar-
ine (Granéli & Sundbäck 1985, Lever & Valiela 2005),
and salt marsh habitats (Van Raalte et al. 1976, Mor-
ris & Bradley 1999, Wigand et al. 2009). Further, sed-
iment concentrations of total PLFAs, SCFA, and BrFA
decreased from summer to fall and were higher in a
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Fig. 3 and Table 4 for statistical results and text for PLFA 
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temperate, shallow eutrophic estuary bordered by
salt marshes than in a nearby oligotrophic system
(Spivak 2015). Since nutrient fertilization affected
marsh grass physiology, sediment nitrogen dynam-
ics, and decomposition rates within the TIDE project
creeksheds (Deegan et al. 2007, 2012, Bowen et al.
2009, Drake et al. 2009, Koop-Jakobsen & Giblin
2010, Vieillard & Fulweiler 2012) it is unclear why
benthic chlorophyll or PLFA concentrations did not
differ between the creeks (Tables 3 & 4; Figs. 3B,C,
4B,C, 6B,C). Yet, our results are consistent with other
studies that have reported limited nutrient fertiliza-
tion effects on the composition and structure of
microbial communities in salt marsh, tidal creek, and
estuarine habitats (Hillebrand & Kahlert 2002, Spi-
vak et al. 2009a, Piehler et al. 2010, Bowen et al.
2011, Pascal et al. 2013). In this study, it is probable
that BMA production was limited by a resource other

than nitrogen (e.g. light, phosphorus), that tight recy-
cling within surface sediments decoupled benthic
microbial processes from water column nutrients, or
that PLFAs and benthic chlorophyll were not sensi-
tive enough metrics to capture microbial responses.
Alternately, higher infaunal and epifaunal grazing
rates in the fertilized creek (Pascal et al. 2013) could
have exerted top−down control and reduced our
ability to detect fertilization effects on BMA and
microbes and, consequently, PLFAs.

Natural abundance δ13C values of bacteria-specific
PLFAs (BrFA, 10-methyl C16:0) indicate that the
sources of carbon assimilated by sediment bacteria
did not change across months or in response to nutri-
ent fertilization (Table 3, Fig. 3F,G). Average δ13C
values of BrFA and 10-methyl C16:0 were much lighter
than the marsh grasses and sediment TOC but slightly
heavier than POM and BMA (Figs. 2 & 3). This sug-
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gests that bacteria assimilated carbon from several
sources but were mainly reliant on microalgae, even
though they were a small source of organic matter to
surface sediments (Table 2B). The importance of
BMA to sediment bacteria is corroborated by similar
δ13C values of PUFAs, BrFA, and 10-methyl C16:0

(Fig. 3E−G). The PUFAs C20:4ω6 and C20:5ω3 are abun-
dant in diatoms (Volkman et al. 1980, 1989) which
are dominant members of BMA communities within
PIE ecosystems (Tobias et al. 2003a). However, PUFA
are also synthesized by the macroalgae Enteromor-
pha (Jamieson & Reid 1972, Fleurence et al. 1994),
which grows along creek bank walls (Johnson et al.
2007). The slightly lighter δ13C of 10-methyl C16:0 ver-
sus BrFA (Fig. 3F,G) may suggest that sulfate-reduc-
ing bacteria (10-methyl C16:0) were more reliant on
BMA than the broader bacterial community (BrFA).
Alternatively, isotopic fractionation between organic
matter substrates and lipids may differ for the gen-
eral bacterial community and sulfate-reducing bacte-
ria. Interpretation of the organic matter sources used
by bacteria rests on correction for a 3‰ depletion of
fatty acids relative to a carbon source (Hayes 2001).
This is consistent with the −3.7 ± 2.1‰ range re -
ported by Bouillon & Boschker (2006) for coastal
 systems but smaller than other estimates (Boschker
et al. 1999). Since fractionation can vary according to
carbon substrate and biosynthetic pathway (Hayes
2001), the constant correction factor provides an esti-
mate of potential carbon sources. Because of this
ambiguity, we paired the field observations with iso-
tope labeling experiments to constrain the relative
importance of BMA and Spartina alterniflora carbon
to sediment bacteria.

BMA (13C-NaHCO3) experiments

Benthic algal biomass (Figs. 3B & 4B) and net pro-
duction rates (see ‘Results’) were low but consistent
with observations at similar latitudes (Van Raalte et
al. 1976, MacIntyre et al. 1996, Sundbäck et al. 1996)
and within the TIDE sites (Deegan et al. 2007, Vieil-
lard & Fulweiler 2012). Both algal biomass and pro-
duction were insensitive to nutrient fertilization but
varied across months, with low benthic chlorophyll
concentrations in August (Table 3; Fig. 3B) and
higher production rates in June. The different pat-
terns were not surprising since the relationship
between chlorophyll and production can be variable
(MacIntyre et al. 1996, Piehler et al. 2010). Higher
addition of the 13C label (as NaHCO3) in June could
have stimulated production. However, only a small
fraction (<1%) of the label was incorporated into the
sediment in each experiment, indicating that DIC
was not a limiting resource. Further, differences in
production rates (~2.5× higher in June versus August
and October) and 13C additions (8.4 and 7.8% higher
in June versus August and October, respectively)
were not proportional. Consequently, differences in
production rates likely reflect changing environmen-
tal conditions (e.g. light, temperature) and, poten-
tially, spatial heterogeneity of BMA communities
within a creek.

The 13C label was incorporated into the sediment
organic carbon pool within 4 h in each of the experi-
ments (Fig. 5A−C). Label incorporation coefficients
were highest in the fertilized creek in June and low-
est in the reference creek in October (Table 6) and
consistent with estimates from similar shallow and
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Month     Creek                     TOC                         SCFA                         PUFA                         BrFA       10-methyl C16:0

                                        Io         k        r2          Io         k         r2         Io        k         r2         Io       k         r2           Io        k         r2

BMA experiment                                                                                          
June        Fertilized     3291   0.297   0.66      142   0.096   0.64     385   0.108   0.54       25   0.037   0.77       3.2   0.026   0.52
                Reference    3263   0.019   0.29      160   0.009   0.24     551   0.008   0.23       18   0.017   0.44       2.6   0.022   0.58
August    Fertilized     1866   0.019   0.43      182   0.014   0.53     219   0.012   0.46       72   0.010   0.50       0.7   0.019   0.49
                Reference    1382   0.037   0.63       49    0.028   0.65       50    0.022   0.67       29   0.019   0.77       1.0   0.022   0.71
October   Fertilized     1613   0.044   0.56       50    0.154   0.74       75    0.030   0.52       11   0.032   0.76       1.3   0.013   0.48
                Reference    1695   0.014   0.35       45    0.017   0.63       51    0.010   0.35       7.5   0.026   0.72       0.8   0.013   0.43
                                                                                                                                                

S. alterniflora experiment                                                                                                              
August    Fertilized      326   0.129   0.69     3.61   0.134   0.94     5.96   0.043   0.89     4.07  0.058   0.79      0.29   0.008   0.60
                Reference     449   0.072   0.15     3.56   0.081   0.56     4.41   0.009   0.74     4.06  0.044   0.97      0.29   0.006   0.11

Table 6. Estimated coefficients of 13C incorporation into sediment total organic carbon (TOC) and PLFA subclasses in the ben-
thic microalgae (BMA) and Spartina alterniflora experiments. Data in Figs. 5 & 7 were fitted to Eq. (9), where I = measured 13C
incorporation, Io = maximum 13C incorporation, t = time, and k = estimated incorporation coefficient (h–1); r2 was calculated as
1 − (sum of squares of the residual ÷ sum of squares of the total model). SCFA = Σ(C12, C14); PUFA = Σ(C20:4ω6, C20:5ω3); BrFA = 

Σ iso, anteiso (C15, C17). See Fig. 3 text for PLFA subclass assignment and organic matter sources
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intertidal systems (Evrard et al. 2012). Algal turnover
rates varied across months (p < 0.001) and with fertil-
ization (p = 0.014) as B:P was highest in October and
lower in the fertilized creek (June 14.40 ± 4.53 d;
August 10.53 ± 1.25 d; October 55.65 ± 4.21 d) com-
pared to the reference creek (June 18.86 ± 4.16 d;
August 58.69 ± 9.15 d; October 60.98 ± 13.85 d; data
not shown). Consequently, rates of algal carbon turn-
over slowed in October and were slightly increased
by nitrogen additions to the water column. The slow
turnover rates were consistent with other carbon-
based estimates from intertidal and shallow subtidal
systems (Sundbäck et al. 1996, Middelburg et al.
2000, Evrard et al. 2010, Oakes & Eyre 2014) and
suggest that algal carbon may be retained in surface
sediments on timescales of weeks to months, in the
absence of removal processes such as tidal flushing
and grazing.

Incorporation of 13C into algal lipids mirrored pat-
terns of 13C excess in sediment TOC (Table 5; Fig.
5A−I). The absence of fertilization effects on 13C
incorporation into TOC and PUFA suggests that
BMA were limited by a resource other than nitrogen
or were not tightly coupled to water column nutri-
ents. For instance, BMA production may have been
limited by phosphorus availability (Sundareshwar et
al. 2003, Lever & Valiela 2005, Armitage et al. 2006)
since water column phosphate concentrations were
low and the DIN:PO4

3– ratio was higher than Redfield
proportions in the fertilized creek in June and
August (Table 1). Alternatively, light limitation can
be severe in fine-grained sediments (Pinckney &
Zingmark 1991, MacIntyre et al. 1996) and may have
prevented sub-surface BMA from using the added
nitrogen to increase productivity. Area-normalized
BMA nitrogen demand, calculated from 13C incorpo-
ration rates into TOC and using Redfield stoichio -
metry, was greater than the water column supply
(Table 1) in June (100 ± 22 and 59 ± 12 μmol m−2 h−1

in the fertilized and reference creeks, respectively)
and October (27 ± 3 and 36 ± 15 μmol m−2 h−1 in the
fertilized and reference creeks). In August, water
column nitrogen may have been sufficient to support
demand in the fertilized creek (38 ± 18 μmol m−2 h−1)
but not the reference creek (26 ± 9 μmol m−2 h−1).
Since estimated nitrogen demand was higher than
the water column supply, mineralized sediment
organic matter was likely a primary source of nitro-
gen. BMA nitrogen demand may have been higher
than predicted from 13C uptake rates since nitrogen-
based BMA turnover rates were much faster in the
nearby Rowley River (3.0 ± 0.8 d; Tobias et al. 2003b)
than carbon-based turnover calculated in the present

study (10 to 60 d). The absence of positive nutrient
fertilization effects on 13C excess in TOC and PUFA
may therefore reflect tight coupling between BMA
and sediment bacterial communities, as has been
observed in similar shallow estuaries (Sundbäck et
al. 2006, Anderson et al. 2010, 2014). Consequently,
BMA may play a small role in capturing inorganic
nutrients washed from the landscape but they are
important in intercepting mineralized pore water
nutrients from reaching the water column (Anderson
et al. 2014).

Sediment bacteria assimilated 13C-enriched sub-
strates within 4 h of adding 13C-NaHCO3 to the water
column (Fig. 5J−O). The extent of label incorporation
into bacteria-specific PLFAs varied across months
but was unaffected by fertilization (BrFA, 10-methyl
C16:0; Fig. 5J−O; Table 5). Correlations between
excess 13C in PUFA and BrFA indicated that label
uptake by BMA and bacteria tracked one another
during warm months (Fertilized creek: June r2 = 0.33,
p = 0.052; August r2 = 0.77, p <0.001; October r2 =
0.01, p = 0.756. Reference creek: June r2 = 0.85, p <
0.001; August r2 = 0.77, p < 0.001; October r2 = 0.01,
p = 0.751). In June and August, tight relationships
between excess 13C in PUFA and BrFA likely reflect
transfer of BMA carbon to bacteria, which can occur
upon algal cell death or via release of labile com-
pounds such as extracellular polymeric substances
(Sundbäck et al. 1996, Smith & Underwood 2000,
Hardison et al. 2011). Despite this, low 13C excess in
the BAR in June indicates that most of the label was
present in BMA, while higher ratios in August and
October reflect greater transfer of 13C from micro-
algae to bacteria (Fig. 5P−R). While similar studies
have demonstrated rapid assimilation of BMA carbon
by sediment microbes (Middelburg et al. 2000,
Hardison et al. 2011, Oakes & Eyre 2014), this is the
first evidence that bacterial reliance on algal carbon
varies throughout the growing season and is unaf-
fected by nutrient fertilization of the water column.

Incorporation of 13C into 10-methyl C16:0 indicates
that a fraction of newly fixed carbon was transferred
to sulfate-reducing bacteria. Although aerobic and
anaerobic processes are spatially separated, algal
exudates could have been transferred to depths
where sulfate-reducing bacteria are active, since
redox gradients are shallow in muddy sediments and
algae can vertically migrate (Jørgensen et al. 1979,
Revsbech et al. 1983, MacIntyre et al. 1996). Chemo-
autotrophic bacteria may represent another source of
newly fixed carbon to sulfate-reducing bacteria. For
instance, Evrard et al. (2008) attributed incorporation
of a 13C label by sediment bacteria incubated in the
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dark to chemoautotrophs. Although chemoauto-
trophy has been observed in similar shallow environ-
ments (Kepkay & Novitsky 1980, Thomsen & Kris-
tensen 1997), it was likely a minor contribution to
total carbon fixation. While we cannot distinguish the
autotrophic source of carbon to sulfate-reducing bac-
teria, our data indicate that new production was rap-
idly transferred to anaerobic heterotrophs in surface
sediment.

Overall, the 13C label was rapidly incorporated into
lipids of bacteria representing different metabolisms,
but bacterial reliance on BMA carbon varied across
months and was unaffected by water column nutrient
fertilization. Temporal differences in 13C incorpora-
tion may reflect changes in day length, daytime PAR,
and temperature (Table 1). We likely would have
captured greater bacterial incorporation of the label
over a longer experimental period and across deeper
sediment horizons. The label application period (4 h)
and experimental duration (48 h) were short in order
to capture inorganic carbon uptake by autotrophs
and transfer to heterotrophs and to minimize cycling
between the communities. We focused on the top
5 mm since light penetration depths are shallow (~2
to 3 mm) in organic-rich, fine grain sediments, and
most of the autotrophic production occurs near the
surface (Pinckney & Zingmark 1991, MacIntyre et al.
1996). However, microalgal cells and chlorophyll
have been measured at depths greater than 5 mm
and similar experiments have demonstrated rapid
downward mixing of the 13C tracer, though a small
fraction was detected below 1 cm in sandy sediments
(MacIntyre et al. 1996, Middelburg et al. 2000,
Evrard et al. 2008, 2012, Oakes et al. 2012).

S. alterniflora experiment

This study and similar isotope labeling experi-
ments demonstrate that sediment bacteria readily
assimilate organic matter from microalgae (Middel-
burg et al. 2000, Evrard et al. 2008, Oakes et al.
2012), phytodetritus (Bühring et al. 2006, Evrard et al.
2012), and macroalgae (Hardison et al. 2010, 2011).
The paradigm is that labile organic matter, character-
ized by higher nutrient content (e.g. low C:N), lower
concentrations of structurally complex compounds
(e.g. lignin), and higher levels of molecules readily
susceptible to degradation (e.g. amino acids, poly-
saccharides), is decomposed faster than more recalci-
trant material (Westrich & Berner 1984, Canuel &
Martens 1996, Mayor et al. 2012). Consequently, we
expected that bacterial incorporation of S. alterni-

flora 13C would occur slowly and would be greater
in the fertilized creek where water column nutri-
ents would increase bacterial access to nitrogen-poor
marsh grass detritus. However, sediment bacteria,
including sulfate reducers, readily incorporated
organic matter from recently produced marsh grass
detritus (Fig. 7D,E). Further, levels of 13C excess in
bacteria-specific lipids (BrFA, 10-methyl C16:0) were
independent of fertilization, indicating that water
column nutrient enrichment did not increase the
availability of carbon-rich detritus to sediment bacte-
ria (Table 5). First order rate coefficients of 13C incor-
poration into BrFA were similar in the S. alterniflora
and BMA experiments (Table 6). Moreover, BrFA
incorporation coefficients were higher in the S.
alterniflora experiment in August, when the 2 label-
ing experiments were conducted simultaneously. In
contrast, incorporation coefficients for 10-methyl
C16:0 were smaller in the 13C-S. alterniflora experi-
ments. These are some of the first data to demon-
strate that sediment bacteria rapidly assimilate S.
alterniflora detritus and that bacteria incorporate car-
bon from BMA and S. alterniflora at similar rates.

Rapid bacterial incorporation of 13C from S. atlerni-
flora detritus likely reflects an initial stage of decom-
position. Studies examining the decay of marsh grass
litter and roots demonstrate that labile compounds
are quickly broken down and assimilated by
microbes (Gosselink & Kirby 1974, Valiela et al. 1985,
Benner et al. 1991, Haddad et al. 1992, Wang et al.
2007). We would have likely observed slower rates of
bacterial incorporation if older, post-senescent, and
intact leaves had been added to surface sediments.
Rapid bacterial incorporation of marsh grass detritus
into food webs (Nordstrom et al. 2014) and tidal
creek sediments has implications for coastal carbon
cycling. Senesced shoots and leaves are exported
from salt marsh habitats every fall and winter, yet
low levels of marsh grass biomarkers are preserved
in nearshore sediments (Canuel & Martens 1993,
Canuel et al. 1997). It is possible that a fraction of the
plant detritus supports pelagic bacterial production
nearshore, as has been seen in lake systems (Bid-
danda & Cotner 2002, Cole et al. 2006). However, our
data indicate that S. alterniflora detritus may be rap-
idly decomposed in tidal creek sediments. Respira-
tion of marsh grass detritus in nearshore sediments
may therefore contribute to the net heterotrophy of
coastal ecosystems (Cai 2011, Bauer et al. 2013).

A surprising result of the 13C-S. alterniflora experi-
ment was incorporation of the isotopic label in SCFA
and PUFA (Fig. 7B,C). Excess 13C in SCFAs may
reflect uptake by benthic microbes as well as contri-
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butions from S. alterniflora detritus, since C12:0 and
C14:0 occur at low levels in leaf tissue (Canuel et al.
1997, Sessions 2006) (Fig. 7B). In contrast, C20:4ω6 and
C20:5ω3 have not been reported in S. alterniflora
(Canuel et al. 1997, Sessions 2006). Therefore,
increasing excess 13C in PUFA may indicate that
BMA assimilated inorganic carbon respired by bac-
teria (Fig. 7C). Carbon shuttling between heterotro-
phic and autotrophic communities likely affects BMA
δ13C and may help explain the relatively depleted
natural abundance values we observed in the field
(e.g. Fig. 2). Combined, results from the BMA and S.
alterniflora experiments suggest tight coupling
between BMA and bacteria: carbon fixed by BMA
was assimilated by bacteria and carbon respired by
bacteria was taken up by BMA. Rapid exchange of
carbon between autotrophic and heterotrophic com-
munities may help retain autochthonous and alloch-
thonous organic matter in creek sediments.

CONCLUSIONS

Overall, we found that nutrient fertilization did not
affect the composition of organic matter available to
or used by sediment bacteria (Figs. 2 to 7). Stronger
fertilization effects on microbial nitrogen transforma-
tions (Koop-Jakobsen & Giblin 2010, Vieillard & Ful-
weiler 2012) compared to carbon dynamics (present
study; Figs. 3 to 8) may suggest that eutrophication
alters nitrogen metabolism but has little effect on
bacterial carbon sources in tidal creeks. We also
found that sediment bacteria readily incorporate car-
bon from multiple organic matter sources. In the
field, δ13C values of bacterial lipids (BrFA; Fig. 3F)
were slightly heavier than BMA (Fig. 2) and algal
lipids (PUFA; Fig. 3E) but much lighter than marsh
grasses and sediment TOC (Figs. 2 & 3A). This sug-
gests that bacteria assimilated organic matter from a
range of sources but were mainly reliant on BMA.
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However, in the isotope labeling experiments bacte-
ria incorporated carbon from BMA and S. alterniflora
at similar rates (Table 6). To more directly compare
results from the isotope labeling experiments, we
calculated the %13C that sediment bacteria incorpo-
rated from BMA and S. alterniflora (Eq. 5) and found
that bacteria assimilated similar fractions of carbon
from each organic matter source (Fig. 8). Greater
apparent bacterial reliance on BMA in the field
observations compared to the isotope labeling exper-
iments may reflect the absence of fresh S. alterniflora
detritus in the tidal creek sediments at the time of
sampling and suggest that bacteria respond quickly
to inputs of new marsh grass detritus. The composi-
tion of bacterial carbon sources likely changes sea-
sonally since 13C excess in bacterial PLFAs and BAR
varied across months (Fig. 5J−R). Close coupling
between BMA and bacteria may help to retain newly
produced and detrital carbon in tidal creek sedi-
ments, particularly later in the growing season (i.e.
August, October) when transfer of BMA carbon to
sediment bacteria was greater and BMA turnover
rates were slower. Consequently the sources of car-
bon decomposed by sediment bacteria vary through-
out the growing season and in response to shifts in
the composition of deposited organic matter. By com-
bining field observations with isotope labeling
approaches we gained new insight into the sources
of organic matter assimilated by sediment bacteria as
well as processes controlling carbon cycling in salt
marsh tidal creeks.
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