Aquat Geochem (2013) 19:543-563
DOI 10.1007/s10498-013-9219-2

ORIGINAL PAPER

Constraining Sources of Organic Matter to Tropical
Coastal Sediments: Consideration of Nontraditional End-
members

R. A. Briggs - K. C. Ruttenberg * B. T. Glazer - A. E. Ricardo

Received: 23 February 2013/ Accepted: 22 November 2013
© Springer Science+Business Media Dordrecht 2013

Abstract Molar organic carbon to total nitrogen to organic phosphorus (OC:TN:OP)
ratios are used in tandem with carbon isotopic values to constrain sources of organic matter
(OM) to marine sediments in a tropical coastal embayment. Analysis of end-members
specific to the study site indicates that the bulk OM pool cannot be modeled as a simple
mixture of two end-members (terrestrial vs. marine OM), but rather reflects a more
complex, multicomponent mixture. Mangrove, coral reef ecosystems, and bacterial bio-
mass contribute OM to tropical coastal marine sediments that is compositionally distinct
from traditional marine and terrestrial end-members and thus preclude the application of a
classical two end-member mixing model of the sort that has been used traditionally in
sediments from temperate environments. A survey of elemental ratios and carbon isotopic
values of potential OM end-members reported in the literature, as well as depth profiles
before and after whole-core incubation experiments conducted as part of this study, were
used to evaluate the strength of OC:TN versus OC:OP ratios as OM source indices. Our
study suggests that OC:TN ratios are a weaker indicator of OM source than OC:OP ratios,
because: (1) the more restricted dynamic range of OC:TN ratios prevents clear distinction
of terrestrial-from marine-derived OM, and (2) post-depositional changes in OC:TN ratios
occur during diagenesis, obscuring the source signature of initially deposited OM. The
fidelity of OM indices during early diagenesis underscores the importance of quantifying
OP in sediments to assess sedimentary OM source.
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1 Introduction

Organic matter (OM) in coastal aquatic sediments derives from marine sources, such as
phytoplankton, microalgae, macroalgae, and seagrasses, as well as terrestrial sources that
are principally delivered by rivers. The most commonly used tools for distinguishing
marine versus terrestrial OM in sediments are elemental ratios and the isotopic composi-
tion of bulk sediment OM. This multitracer approach allows tighter constraints to be placed
upon the source of OM to coastal sediments than either parameter alone (Gordon and Goiii
2003; Middelburg and Nieuwenhuize 1998; Ruttenberg and Goiii 1997a, b). The use of
these tracers in determining OM source is dependent upon the assumption that elemental
ratios and isotopic composition of OM are (1) unique to distinct OM end-members and (2)
conservative during transport to coastal sediments and during diagenesis.

Marine phytoplankton have a mean molar organic carbon to total nitrogen to organic
phosphorus ratio (OC:TN:OP) of 106:16:1 (Redfield et al. 1963), while terrestrial, vascular
plants have characteristic OC:OP up to or exceeding 800, and OC:TN ratios ranging up to
or exceeding 100 (Likens et al. 1981; Zhang et al. 2013). Bulk sediment stable isotope
signatures of OM from marine and terrestrial systems are distinct because the carbon
source utilized during primary production is isotopically different (e.g., Hedges and Parker
1976, as cited by Goiii et al. 1997). Organic compounds derived from marine OM are
enriched in '°N and '*C relative to compounds originating as terrestrial OM (Gearing et al.
1977; Goii et al. 1998; Ogrinc et al. 2005), and as a consequence have characteristically
heavier isotopic ratios.

During transport to coastal sediments, OM undergoes degradation, driven by physical
and biological processes (Arzayus and Canuel 2004; Hedges et al. 1997; Lehmann et al.
2002). It is well documented that both OC:TN and 3'°N are nonconservative tracers
because the original OM source signature of these parameters is lost or overprinted during
diagenesis (Cowie and Hedges 1994; Graham et al. 2001; Thornton and McManus 1994).
However, 8'3C ratios of OM have been deemed a reliable provenance indicator because
isotopic fractionation of 8'*C values during diagenesis of OM appears to be small, typically
<2 %o (Meyers 1997). Despite being recognized as a nonconservative tracer, it is a regular
practice to couple OC:TN ratios to 3'13C values to identify OM source signatures in coastal
sediments (e.g., Hedges et al. 1986; Meyers 1994; Perdue and Koprivnjak 2007; Ra-
maswamy et al. 2008; Yu et al. 2010). When more specialized indices, such as sterol,
lignin, and lipid composition are used in conjunction with isotopic signatures, more robust
constraints can be placed on OM source (e.g., Volkman 1986; Meyers and Ishiwatari 1993;
Goifii and Hedges 1995; Gordon and Goii 2003, 2004). The highly specialized analyses
required for quantification of biomarkers are, however, beyond the capacity of many
interested researchers. The possibility that OC:OP ratios act as a more conservative tracer
of OM source than OC:TN ratios was suggested by Ruttenberg and Goiii (1997b) and,
when coupled with 5'C values, provide a means for assessing the OM source to marine
sediments that does not require specialized biomarker analysis.

The first objective of this study was to examine sources of OM to a protected tropical
coastal marine embayment in Kane‘ohe Bay, Oahu, Hawai‘i. We utilized end-member OM
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characterized during this study and from the literature to examine the contribution of
mangrove, coral reef ecosystem components, and bacterial biomass to marine sediments
from this study site, in addition to more traditional end-members (e.g., phytoplankton,
terrestrial C3 plants). In order to sample a range of OM sources, sediment was collected
along a transect that describes a terrestrial-to-marine gradient. Our second objective, to
examine the effects of early diagenesis on the preservation of source signatures of ter-
restrial and marine OM, was addressed using down-core profiles of OM indices (elemental
ratios and isotopic values) and the observed changes in these indices during laboratory
whole-core incubations.

2 Study Site

He‘eia fishpond is an 88-acre coastal pond located on the eastern side of Oahu, adjacent to
Kane‘ohe Bay, at the land—sea boundary of the He‘eia watershed (Fig. 1). The fishpond is a
low-energy, shallow coastal system influenced by an influx of freshwater from terrestrial
runoff and groundwater, and seawater from Kane‘ohe Bay. The pond is bounded by a
mangrove forest along the terrestrial periphery and a coral reef on the bay side.

In order to study sediments characterized by distinct OM sources, sediment push cores
were collected from four depositional environments sampled along a transect extending

Fig. 1 Aerial photograph of He‘eia Fishpond with study sites marked as white boxes. Kane‘ohe Bay is
seaward of the wall enclosing the pond
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Table 1 Characteristics of sediment cores collected at each location within the study area. Porosity,
salinity, elemental ratios, and isotopic values are averaged over the top 13 cm of the sediment core (n = 18
for each core) with standard error’ reported in parentheses. Grain-size fractionation and carbon analyses
were conducted on surface sediments at each site

Site Mangrove Terrestrial Carbonate Ocean
Porosity (%) 829 (1.2) 54.2 (2.1) 52.9 (1.0) 43.5(0.3)
Porewater salinity (psu) 23.4 (1.3) N/A 29.6 (0.6) 32.1 (0.1)
Molar OC:OP ratio 421 (42) 121 (17) 155 (16) 39.7 (2.8)
Molar OC:TN ratio 17.5 (0.3) 25.3 (1.5) 442 (4.2) 222 (1.2)
313C value (%o) —25.2 (0.2) —22.9 (0.2) —15.8 (0.6) —17.7 (0.04)
Gravel (>2 mm) (wWt%) 4.9 8.8 5.5 N/A
Sand (2 mm-63 pm) (Wt%) 9.6 36.3 45.6 N/A

Silt (<63 pm) (wt%) 85.5 54.8 49.0 N/A
Surface inorganic carbon (wt%) 0.11 0.93 9.21 11.00
Surface organic carbon (wt%) 6.8 1.5 0.83 0.24

* Standard error of the sample is an estimate of how close the sample mean is to the population mean
N/A data unavailable

from the shoreline to progressively more marine-dominated sites (Fig. 1). These sites are
hereafter defined as: (1) mangrove (collected under the mangrove canopy); (2) terrigenous-
dominated (collected from a location proximal to stream input); (3) carbonate-dominated
(collected from a location distal to stream input); and (4) ocean (collected outside He‘eia
Fishpond, proximal to the fringing coral reef in Kane‘ohe bay; Fig. 1). Site characteristics
are summarized in Table 1, highlighting the distinctive features of each depositional
environment.

3 Methods
3.1 Sample Collection

Paired sediment push cores were taken at each site along the terrestrial-to-marine transect.
To minimize heterogeneity between paired cores, sampling occurred within defined
sampling grids (0.5 x 0.5 m), and care was taken to select areas at each site with visually
uniform conditions that were devoid of macroalgae and appeared to be minimally affected
by bioturbation. One core was collected for immediate sediment sectioning and porewater
extraction and a second core for laboratory incubation experiments. The mangrove and
terrigenous-dominated sites were sampled and incubations were initiated on April 17,
2008. Four days later, the experiment was repeated at the carbonate-dominated and ocean
sites. Weather patterns remained constant during this 4-day sampling period, and all cores
were collected within the same tidal regime. Immediately after collection, cores were
placed on ice to reduce metabolic activity and covered to inhibit photosynthetic activity
during transport to the laboratory.

Tissue samples were collected from terrestrial and aquatic plants that are likely sources
of OM to He‘eia Fishpond, including mangroves and macroalgae. A surface-water
plankton tow (100 pm mesh) was conducted from a small boat, both inside the fishpond
and outside, in Kane‘ohe Bay. Plankton samples and plant tissues were freeze-dried and
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analyzed for elemental and isotopic composition to characterize end-member sources of
OM to the study site. Data for coral end-members are reported in Briggs et al. (2013).

3.2 Core Processing and Analysis

Cores from each site used to determine initial conditions were sectioned at 0.25-1 cm
intervals under an inert (N,) atmosphere to prevent oxidation artifacts (Bray et al. 1973).
Porewater was separated from bulk sediment via centrifugation. In order to maximize
porewater collection in sandy sediments, we adapted Whatman VectaSpin 20® centrifuge
tubes that allow filtration during centrifugation by replacing the manufacturer installed
polypropylene filter with a coarse (1.2 um) GF/F filter. The coarse GF/F filter allowed
maximum recovery of sediment porewater, which was subsequently filtered using a 0.4-um
Pall Life Sciences GHP acrodisc® filters. Filtered porewater was stored frozen until ana-
lyzed for dissolved ammonium (NH, ") using established colorimetric protocols (Grasshoff
et al. 1983) on a BioTek Synergy HT Multimode Microplate Reader.

After removal of porewater, sectioned sediments were frozen under an inert atmosphere
until freeze-dried under vacuum to prevent oxidation artifacts (Bray et al. 1973; Kraal et al.
2009). Sediments were ground with an agate mortar and pestle, sieved (<125 pm) and stored
in sealed vessels prior to analysis. Inorganic sedimentary phosphorus (IP) was determined
utilizing acid hydrolysis, and total sedimentary phosphorus (TP) was determined using the
high-temperature ashing/hydrolysis method of Aspila et al. (1976). OP was estimated as the
difference between TP and IP. Total carbon (TC), OC, inorganic carbon (IC), and TN, as well
as carbon and nitrogen isotope values (8'°C and 8'°N, respectively) were determined on
sediments using a combined coulometric (IC) elemental analyzer—mass spectrometry
method, in which OC is quantified as the difference between TC and IC (OC = TC — IC).
OC and 8">C values of the OM were determined on acid-washed samples. Samples were
analyzed for carbon and nitrogen at the Isotope Biogeochemistry Laboratory at the Uni-
versity of Hawai‘i, Manoa. Carbon and nitrogen isotopic values are reported using con-
ventional d-notation with respect to VPDB and atmospheric N,, respectively.

3.3 Incubation Setup

Sediment cores were incubated in the dark for 3 days with constant stirring of the over-
lying water (height of overlying water was approximately 20 cm). The core cap was left
open, allowing for constant replenishment of O, in the overlying water. After day 3,
sediment cores were processed according to the same procedures outlined for the pre-
incubation cores (see Sect. 3.2).

4 Results

The four study sites represent distinct depositional environments as is clear from the
contrasting physical and chemical parameters that characterize each site (Table 1). Sites
range from terrigenous-dominated, silty sediments with a mean porosity of §2.9 to marine-
dominated, sandy sediments with a mean porosity of 43.5. The mangrove site has lower
salinity (mean = 23.4 psu) and higher concentrations of organic carbon (surface sediment
OC = 6.8 wt%) compared with the ocean site (mean salinity = 32.1 psu and surface
sediment OC = 0.24 wt%, respectively), with the terrestrial- and carbonate-dominated
sites intermediate between the two.
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Values of end-member OM indices compiled from the literature (Table 2) illustrate the
extent to which different OM sources are distinguished by their elemental ratios and
isotopic composition (Fig. 2). End-member OC:TN:OP and 3'3C values derived from OM
collected at the He’eia Fishpond study site are consistent with previously published values
of OM source materials (Table 2; Fig. 2). Terrestrial OM, such as C3 plant tissues, is
characterized by elevated OC:OP and OC:TN ratios and more negative 313C values
compared to marine sources, such as plankton, most macroalgae, benthic algae, and coral
(Fig. 2). The elemental ratios for mangroves derived from the literature were distinct from
other C3 plants and are therefore depicted separately in Fig. 2. Interestingly, elemental
ratios of mangroves from our study site overlap with values for other (non-mangrove) C3
plants (Fig. 2). We cannot discern whether these disparate signatures are a consequence of
the particular mangrove growth environment, or of the state of the material sampled (e.g.,
fresh or scenescent), but the overall characteristic of elevated OC:TN and OC:OP, and light
3'3C values characterizes all C3 plants surveyed in the present study.

Molar OC:TN:OP ratios and 8'*C values of bulk sediments from pre- and post-incubation
cores (Fig. 3), plotted in the same format as the end-member property—property plots
(Fig. 2), display a transition from lighter 8'*C values (—27 to —22 %o) typical of terrestrial
OM in mangrove and terrestrially dominated sites, to heavier marine-like 3'3C values (at or
heaver than -20 %o) in carbonate-dominated and ocean sites. OC:OP values drop from
elevated ratios at sites dominated by terrestrial OM to low ratios in the sites dominated by
marine OM (Fig. 3a). A similarly systematic trend along the transect is not evident for
OC:TN ratios (Fig. 3b). In these plots, open symbols represent sediment samples from pre-
incubation cores, while closed symbols represent post-incubation sediment cores. Post-
incubation samples from the terrigenous-, carbonate-dominated, and ocean sites display
lower OC:TN ratios relative to pre-incubation samples (Fig. 3b); no such systematic change
in OC:OP ratios is observed (Fig. 3a). Bulk sediment OM from post-incubation samples
from the terrigenous-dominated site displays a clear shift toward less negative 8'*C values.
Ocean site sediments also display a shift to less negative values after the incubation, while
mangrove site bulk sediment OM tends to shift to more negative values.

NH," concentrations from pre- and post-incubation sediment cores display lower con-
centrations in surface sediments building up to progressively higher concentrations at depth
(Fig. 4a). Maximum concentrations in pre-incubation cores from all sites are ca. 80 uM NH, ™",
whereas post-incubation cores show increases in NH, " concentrations above pre-incubation
levels, particularly at the ocean site (up to ~500 puM). OC: TN ratios fall within the same range
for all sites (~10-60), whereas OC:OP ratios are significantly higher at the mangrove site
(~400) compared with the other study sites (~50-200). Post-incubation sediment OC:TN
profiles (closed symbols) are nearly twofold lower than pre-incubation sediments at all sites,
with the exception of the mangrove site (Fig. 4b). By contrast, OC:OP sediment profiles from
post-incubation cores show no systematic shift from pre-incubation values (Fig. 4c).

5 Discussion

5.1 Signatures of OM End-members

Source is determined by the distinctive isotopic composition and elemental ratios of marine
versus terrestrial OM (e.g., Hedges and Parker 1976; Perdue and Koprivnjak 2007; Rut-

tenberg and Goiii 1997a, b; Gordon and Goiii 2003, 2004; Yu et al. 2010; Ramaswamy
et al. 2008). Sediments dominated by terrestrial sources generally contain less OP and TN

@ Springer



549

Aquat Geochem (2013) 19:543-563

(L00T) 'Te 1 serudmoda(g - - - L8 0yi— ! syuerd y0
(7661) SIPAIN UT POMIIADY - - LOT - 1'ci— 12 syueld O
(2002 T8 10 101D - - LT L6 61— 4 werd 5
09 LETT 1S 8'S - sseageds pue sjueid $) paseq pue|
(2007) "Te 19 uro0[) - - 9T 0¢ 9'LT— v syuerd [eLsalIa],
(+002) 'Te 12 AppPoIDON ot 243 99 - - 901 IONT] [PLNSALIR,
(+002T) 'Te 12 AppOIDON 8C PEET 44 - - S¢S oer]0] [eLNSALIR,
(L00T) “T8 12 saugmoasq - - - Sl 1'8C— ¥ suradsor3ue [ernsama],
(2002 T8 19 101D - - 1€ €01 v'LT— 12 sierd €0
(L00T) "Te 19 sarusmModa( - - 81 901 v'97— (¢ sierd €3
(7661) STOAIAL UT PIMITARY - - s - 1'97— 9 sierd ¢
(1861) "Te 30 SUSIT “(q ‘BL661) 1UWOD pue Troquanmy 8 000°1 001 - G'8C— syuerd ¢
(L861) UMEBMOH pUE UOSIONRJ Ul PIMIIATY - - - ¥0 €67— 12 sierd ¢
LT 9781 6v TS 9'LT— syued ¢ YsIBW J[BS PUB [BLISILII],
&pnis sny or £8S°T ¢ 'l ['8C— 14 $20043UD
(L661) ‘T8 12 uederouo] - - - LT 0'87— z SQAOISUBIA
(8007) ‘[e 12 99T Ul POmMaIAY - - S9 - - 01 1001 2uy JAOISUBIN
(8007) ‘[e 10 99T Ul PamaIAY - - €01 - - 01 1001 9SIB0D IAOISUBIN
(¥66T) Te 10 ESuTuwoH - - ST - - S JB9[ JUQISAUDS JAOISUBIA
(8007) 'Te 19 99T UI PamaIAdY 99 899°91 011 - - 6 JBI[ JUIISIUSS SAOISURIA]
#661) ‘Te 12 eSutuwoy - - 187 - L'97— 9 Jeo[ uaaid aaoISur
(8007) Te 10 99T UI PomaIAdY 99 86T°¢ 0s - - € Jed[ uaa13 dA0IZUBIA
99 £86°6 L8 LT vLT— syuerd ¢ aaoaueyy
SI2qUIdUI-PUD [D1IISILID ]

ERMITUN dONL dOD0 NL:DO Ng,Q D¢1Q u

$21]pj1 Ul PASI| pue PageIoAe dre Apnis SIy) wolj sanfeA "(Apnis siy) woly
san[eA Surpn[oxa) 2d£} IoquIaW-pud Yoe? 10J elep pariodar 1940 soSeIoAr a1e sanfea pjog “sajedrdar Surpnjoxa ‘Apnis yoea ur pazAeue sajdures jounsip jo roquinu ay) juasaidar
san[eA u Y, ‘INQO AITRIUSWIPIS SULIBW 0 SI0INGLIUOD Joquiaw-pud [enuajod jo uonisodwos 51dojost pue sonel [ejuawa]d fejow snioydsoyd pue ‘usSoniu ‘uoqie) g Jqel,

pringer

Ns



Aquat Geochem (2013) 19:543-563

550

(L861) UMBMOF] PUB UOSIAO] Ul POMIIADY - - - 98 17— 96 uoypyuerd ourrepy

(2002) ‘T8 19 u10[D - - 9 08 S1T— 1€ uopued suLensg

91 901 L S'L 67— uopyueld durrely

(q ‘®8007) e 1@ PIIM - - L 48 8'LI— I eS|V QUL

(7661) SIOASN Ul pamaInay - - S - 9 17— ¥ oeS[e suLepy

(8007) ‘Te 19 99T UL PAMIIARY 89 608 4! - - 0¢ Jew [RIQOIOIA

(L00T) 'Te 10 serudmoda(g - - L €S 6TI— I SWoYRIp ONuUag

(2007) 'Te 10 u10[D - - 8 0L w— 4 SWOJRIP MUy

(6661) JoWWOS pue pueIqa|[IH L1 611 L - - Il Seg[eOIOIW OIYIUSY

34 1414 8 L€ 9°81— sed[e dnpuag

Apnis sy 601 WFS0‘E 6C 6°€ 0LI— £ 20SDOLIDI

(L00T) ‘Te 12 uasIpPuIo) - - - IS 0SI— I Se3[eOIoRIN

(L661) ‘T8 13 uedeIouo| - - - 1 07— I Se3[eOIoRIN

(L007) 'Te 12 seruSmoseq - - 1T '8 61— € SeS[eoIoR N

(T661) Te 30 duroder] 01 £€9¢ (44 - - 5% Je3[eOIBIN

(€861) YIwS pue UOSUL)Y 99 00L 0T - - 76 Je3[eOIRIN

(8661) paure] 99 - - - - 6 SeS[eOIoRIN

LE (4.14 1T (44 €LI— Jed[eoaoey

StdquIdUI-pUd FULIDIY

(¥661) SIOAIA U PIMAIARY - - L - 87— ¢ oes[e oyer|

(2002) T 19 w0 - - L 0°S 9'87— 0€ uopyueld Ioyemysar]

L 0°s S'8C— Jed[e 19)eMysdI]

(L661) ‘T8 19 uederouo| - - - s 0CcI— 9 sseigeas

(9661) 09BN pue BIUNUWSH - - - - SII— SP sserSeag

(€007) ueaimnbinog pue uosiopuy - - - L'l {8— 1 ssei3eas

(Z661) "Te 10 ueambinog 09 LET'T 61 - - I sseigeas
9dInog dO*NL dO DO NL:DO N¢,Q D@ u

ponunuod g J[qe],

pringer

Qs



551

Aquat Geochem (2013) 19:543-563

“dds snodydpddpy s3z11910BTRY JRY) UOQIRD [RINJONIS JO SUONRIUIIU0D YSIY ) AQ USALIP are sa[dures se3[eororw 3say) 10J san[eA 93Ie] 9],

(9 ‘800T ‘S00T ‘q ‘B¥00T) e 32 PIIM 9 <L cl 0l T8I— 1 snonur [e107)

(€107) Te 1 s33ug - - 61 9v 12— 0r So[punq [eI0)

(€1027) T8 10 s33ug - S - 0cI— ¥ uwads [e10)

(9 ‘®8007) 'Te 12 PIIM - - L 96 11— I wads [e10)

(€100) 'Te 10 s33ug 6€ 8¢8 |44 - SyI— S1 §850 [e10D

(q 88007) & 12 PITM - - L1 8y S6— 1 339 [eI0)

(F661) Te 19 103Ied-Io[[NA 1C S9¢ 0cC - - 1 JuoIqUIAS [BI0D

(S661) 'Te 10 omwrewe X - - - oS 6¢CI— L JWOIqUIAS pue anssy [2100)

(+002) 'Te 30 suneasnjy - - - €9 81— 9z JUOIqUIAS [210D)

($007) 'Te 3@ S10qp[ND-YSo0H - - 9 I'e L11— 14 JUOIqUIAS [EI0D)

(#002) ‘Te 12 1oNoID - - - 0°S 091— z JUOIqUIAS [210D)

(€107) Te 1 s33ug €€ 79¢ 1T - 8CI— 9 onss1 [eIo)

(661) Te 10 103Ied-Io[[NA LT CLl 9 - - 1 anssn [elo)

($002) 'Te 39 suneasnjy - - - a7 8 ¢CI— 97 anssn [e100)

(#002) “I® 12 S19gpInD-y320H - - L 8¢ PI1— z anssi [e100)

(#002) ‘Te 12 1onoIn - - - 0 091— T anssn [e100)

14 9¢ (4! €S S €T— [e10)

dpmis sny 8¢ £z 9 L§ £91— z uoryuvjd auLpy

(L661) 'Te 12 uegerouo] - - - 8'C ¥'0C— 6 uopjued surrey

(XX61) PIPYPY (q ‘BL661) TUOD pue Sroquanmy 91 901 L - ¢'8T— - uopjueld suLi
samog dO:NL do:D0 NL:DO N¢;Q oY u

ponunuod g J[qe],

pringer

As



552 Aquat Geochem (2013) 19:543-563

a 6000~ T - & Mangrove
W Macroal gae
Maggteve ® Plankion
5000 -
4000
o
Q
(& |
le) 3000
C3 plants
2000 + v
o v
L 4
1000
Benthic Algae
Macroalgae Coral Components
Marine Plankton . [ ]
ol 1 L m e 1 i
-30 -25 -20 -15 -10 -5
§8'%c
b 180
140 Mangrove
120
Z 100
= C4 plants
O
O s %
60 v
L 4
40
3 plants
20t Macroalgae : . "
’ Benthic Algae v" Sonl Compotents
Marine Plankton [ [ ]
Q g 5 ’
-30 -25 -20 -15 -10 -5
8%

Fig. 2 End-member plot of (a) molar OC:OP ratios versus 8'3C and (b) molar OC:TN ratios versus 8'>C.
Mangrove end-members analyzed in this study are represented by diamonds, macroalgae by triangles, and
plankton by circles. Boxes represent the range of (a) OC:OP and 5'*C and (b) OC:TN and 8'*C values for
each end-member source are based on the literature review summarized in Table 2. The elemental ratios of
mangroves derived from the literature are distinct from other C3 plants, whereas at our study site, they
overlap with values for other (non-mangrove) C3 plants. These disparate signatures could be a consequence
of the state of the material sampled (e.g., fresh or scenescent), or of site specific growth characteristics, but
all C3 plants (including all mangroves) display elevated OC:TN and OC:OP values relative to marine OM
sources. Note The high OC:OP value for macroalgae from this study is a consequence of the high structural
carbon content characteristic of Kappaphycus spp. No published OC:OP data for C4 plants is available

relative to OC and are characterized by lighter 8'°C values than sediments dominated by
marine sources (Perdue and Koprivnjak 2007; Ruttenberg and Goiii 1997a, b; Gordon and
Goiii 2003, 2004) (Table 2). A closer inspection of published and new end-member data,
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Fig. 3 Sediment (a) OC:OP ratios versus 813C and (b) OC:TN ratios versus 8'>C. Sites are designated by
different symbols: mangrove (diamonds), terrigenous-dominated (circles), carbonate-dominated (squares)
and ocean (stars). Open symbols pre-incubation, closed symbols post-incubation; see text for further
discussion of incubation parameters

however, reveals considerable heterogeneity in these signature parameters for both ter-
restrial and marine OM. In some cases, the elemental ratios and isotopic signatures of
terrestrial and marine OM overlap (Fig. 2; Table 2). For instance, relatively high OC:TN
and OC:OP in marine macroalgae (Table 2), as a consequence of high concentrations of
structural carbon associated with some marine macroalgae (e.g., Kappaphycus spp.;
Table 2), prevent a clear distinction between marine macroalgae and terrestrial vascular
plants to be made solely on the basis of elemental ratios (Table 2; Fig. 2). However, the
same two-end-members display distinctive 3'°C values, allowing marine macroalgae
(mean = —17.3 %o) to be distinguished from C3 plants (mean = —27.6 %o) on the basis of
their stable carbon isotopic compositions (Table 2; Fig. 2). Likewise, marine plankton can
be characterized by light enough §'°C values (as light as —28.5; Table 2; Fig. 2) to be
indistinguishable from some terrestrial sources, such as C3 plants (including mangroves),
on the basis of carbon isotopic composition, but have distinctively low, marine-like OC:TN
and OC:OP ratios (mean = 7 and 106, respectively) relative to the higher ratios charac-
teristic of terrestrial plants (Table 2). These two examples illustrate the importance of
using a multitracer approach, including elemental ratios as well as 3'>C values, to evaluate
sources of OM to marine sediments (Ruttenberg and Goii 1997a, b; Gordon and Goiii
2003, 2004).

5.2 Evaluation of OM Sources to Sediments

The hyperbolic trend described in the end-member plots (Fig. 2a), which is characteristic
of the mixing line between signature OC:OP ratios in terrestrial and marine sources of OM
(Ruttenberg and Goiii 1997a, b), is also seen clearly when sediment OC:OP ratios are
plotted versus 3'3C values (Fig. 3a). We observe a systematic progression from terrestri-
ally derived material at the mangrove site (mean surface sediment values 8'°C =
—25.2 %0; OC:OP = 421) to marine-derived material at the ocean site (mean surface
sediment values 8'°C = —17.7 %o0; OC:OP = 39.7); the terrigenous-dominated site is
intermediate (Table 1; Fig. 3a).
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Fig. 4 Down-core sediment profiles of (a) NH,*, (b) OC:TN ratios, and (¢) OC:OP ratios. Sites are
designated by different symbols: mangrove (diamonds), terrigenous-dominated (circles), carbonate-
dominated (squares) and ocean (stars). Open symbols pre-incubation, closed symbols post-incubation.
Note different scales on x-axis. The observed reversals in porewater NH,* may reflect a number of
processes, including prior deep-irrigation events, anoxic nitrification, abiotic ammonium oxidation,
annamox activity, and/or ammonium adsorption onto clays or humic material

The use of OC:TN is far more common than OC:OP in characterization of bulk sedi-
ment OM. This is largely due to analytical ease of measuring TN, which is quantified in
tandem with OC via elemental analyzer; a separate analysis must be executed in order to
quantify OP (see Sect. 3.2). However, consistent with other studies (e.g., Ruttenberg and
Goiii 1997b), we find that OC:TN ratios are not as robust an indicator of OM source as
OC:OP ratios (Figs. 2b, 3b). The lower fidelity of OC:TN ratios as indicators of OM source
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is primarily a consequence of the low dynamic range of OC:TN ratios over terrestrial and
marine sources. The literature compiled table of endmember OC:TN and OC:OP ratios
(Table 1) lists ranges from 5 to 152 and 72 to 3298, respectively. Unlike the OC:OP versus
3'3C plots (Fig. 3a), the progression from terrestrially- to marine-dominated sources of
OM is not evident in the plot of OC:TN versus 8'°C values for sediments from the four
sites examined in this study (Fig. 3b). We note that our study examined bulk sediment
only, and analysis of OC:TN versus &'°C in size-fractionated sediments could improve the
utility of OC:TN as an OM source indicator (Hedges and Keil 1995).

We expected 5'°C values from sediments at the ocean site to reflect dominantly, or even
exclusively marine sources of OM, which is typically assumed to consist primarily of
marine plankton. The heavy 3'3C values (as heavy as —11 %o) observed in sediments from
the carbonate-dominated and ocean sites, however, could not be reconciled with typical
8'3C values of marine plankton (mean value —22.9 %o) (Table 2; Fig. 2). Heavy 8'3c
values observed in sites dominated by marine sources of OM sometimes have been
explained by contributions from seagrasses (—9 %o to —12 %o, Table 2) (Goii and Hedges
1995; Goiii et al. 1997), but seagrasses are absent from our study site. Recognizing that an
additional end-member characterized by a heavy carbon isotopic signature must be con-
tributing OM to sediments at the marine-dominated sites in our study area, we evaluated
the OM derived from coral reef ecosystems. OM from adult tissue die-off in fragmented
coral skeleton, coral symbionts, eggs/sperm material, and mucus derived from the coral
reef ecosystem can contribute OM to sediments with 8'*C values ranging from —10 to
—18 %o (Table 2), and thus is a likely candidate to explain the heavier than expected 8" C
values in OM from the marine-dominated study sites.

Several recent studies examine the impact of OM released from coral reef ecosys-
tems on tropical food webs and diagenetic patterns in sediments that receive OM from
coral reefs (Briggs et al. 2013; Glud et al. 2008; Wild et al. 2004b, 2008a, b). The
relative importance of coral reef-derived material as a source of OM to sediments, as
contrasted with more commonly identified OM sources such as marine plankton and
terrestrial C3 plants, has not been explicitly evaluated. Corals produce significantly
more particulate OM than benthic algae (Wild et al. 2008a), and fluvial sediment input
to most coral reef ecosystems is typically minimal. Thus, coral reef-produced OM
should be considered as a potentially important OM source to tropical sediments in
proximity to coral reefs.

Given the overlap between end-member isotopic composition in some instances, and in
elemental ratios in others, as well as the fact that some end-members fall outside the
traditionally recognized fields for marine and terrestrial OM sources to marine sediments:
marine plankton and terrestrial C3 plants (Table 2; Fig. 2), it is clear that conceptualizing
the bulk sedimentary OM pool as a mixture of two distinct end-members, one terrestrial
and one marine, is overly simplistic for most complex ecosystems. In the case of our study
site, for example, the heavy 8'°C values observed at the marine-dominated sites suggested
the need to explicitly consider coral as a potentially important source of OM to these sites.

In order to more quantitatively evaluate relative proportions of OM derived from dif-
ferent end-members that potentially could contribute to the bulk sediment OM at the study
sites, we executed a series of linear-mixing calculations using measured 3'C values and
concentrations of OC, TN, and OP in likely end-members to calculate elemental ratios.
Several studies have employed ternary-mixing models to account for more complex sed-
imentary OM sources (e.g., Gordon and Goiii 2003; Wu et al. 2003, as cited by Perdue and
Koprivnjak 2007). To enable graphic representation of end-member mixtures to examine
the fraction of OM from each of three-end-members, inverse ratios (e.g., TN:OC and
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OP:0OC) were utilized (see Perdue and Koprivnjak 2007, for discussion). We represent the
results of these calculations in a series of ternary diagrams, in which inverse elemental
ratios (OP:OC and TN:OC) are plotted against 3'3C, with contour lines in increments of
10 % (Fig. 5). By superimposing the mean elemental ratios and isotopic signatures aver-
aged over the entire core from each study site (Table 1) on the ternary plots constructed
from the end-member mixing calculations, we can evaluate which end-members are
driving the source signatures observed in the bulk sediment OM at each site.

With respect to potential marine sources of OM, we initially considered plankton, algae
(macro + micro), and mangrove, which we consider to fall into the category of more
traditional marine and terrestrial end-members, respectively. However, we observed that
mean sediment OM from our study sites is not adequately described when these three more
traditional end-members are considered as dominant sources of OM to sediments, as the
space spanned by the end-member OC:OP versus 5'°C values does not encompass any of
the study sites (Fig. 5a). In particular, the carbonate-dominated site requires contribution
from an end-member with heavier 3'°C values than is provided by mangrove, algae, and
plankton, and all four sites require an end-member with more elevated OP:OC ratios. As
previously discussed, because the coral component is characterized by relatively heavy
813 values, it may be a more reasonable marine end-member for OM source material in
tropical environments such as those studied here. However, while the heavier 313C values
observed at the marine-dominated sites are better represented by the coral end-member
(Fig. 5b), its inclusion does not rectify the mismatch between OC:OP ratios in sediments
versus those described by mixtures of mangrove, algae, and coral. In order to encompass
all sites, another end-member is required, one that is more enriched in OP relative to OC.

In a study of OM sources to coastal sediments that included highly degraded OM from a
temperate and a tropical system, Ruttenberg and Goiii (1997a) also observed unexpectedly
low OC:OP ratios and proposed that the low ratios observed could be attributed to a bulk
sediment OM pool dominated by bacterial biomass. Because it is not practical to isolate
bacteria from sediments, bacterial end-members cannot be directly characterized with
respect to their elemental ratios and carbon isotopic composition. We instead propose
likely values based on literature reports of bacterial OC:OP ratios (range from 7 to 80:
Luria 1960; Gichter and Meyer 1993; Cotner et al. 2006) and OC:ON ratios (range from 4
to 6: Luria 1960; Goiii and Hedges 1995; Cotner et al. 2006). In our mixing calculations,
we initially adopted an intermediate value for bacterial elemental ratios, OC:OP = 45 and
OC:TN = 5. Microbial 3'C values reflect the source of carbon assimilated (Fry and Sherr
1984); so, for the purpose of the mixing calculations executed here, we used the average
8'3C value of bulk sedimentary OM from all study sites (—19.2 %o) to represent sediment
bacterial 5'*C.

When the bulk sediment OM described by the mean over the cores at each site is
overlain on the ternary diagram produced using mangrove, coral, and bacteria as end-
members, it is clear that this mixture more successfully describes the bulk OM composition
in sediments from these sites (Fig. 5b). The relative positions of the mean values for each
site provide an indication of the relative importance of each end-member as a source of
OM to that site. For example, the mangrove and terrigenous-dominated sites are positioned
closer to the mangrove end-member, indicating that terrestrially derived OM dominates at
these sites. The carbonate-dominated site falls closer the coral end-member, and the
position of the ocean site indicates that bulk OM in these sediments is dominated by a
mixture of coral-derived and bacterial OM. However, the ocean site is characterized by
OP:OC ratios that exceed the mid-range value of 45 that we adopted for the bacterial end-
member and requires an even higher OP:OC ratio to describe the bulk sediment OM than
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Fig. 6 Ternary diagram constructed in the same manner as Fig. 5b, but the lower end of the OC:OP range
reported for bacteria was used (OC:OP = 7) in order to span a space that could include the elemental
OC:OP ratios characteristic of the ocean site. In addition, rather than plotting the mean over the core,
individual depth intervals were plotted to illustrate the down-core trend in OP:OC from less OP enriched
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the mid-range values used to construct Fig. 5b. As was the case with the hyperbolic mixing
trends (Fig. 3), OC:TN ratios also are unable to successfully describe the bulk OM at study
sites using a three-end-member mixing model; only one of these sites fall within the
defined TN:OC-58'*C space (Fig. 5¢).

The conceptual model that we envisage for the alteration of OM as it is buried below the
sediment—water interface is that, in the extreme, the bulk of the OM originally deposited
will eventually be converted to bacterial biomass or its residua (e.g., Ruttenberg and Goiii
1997a, b). We can evaluate this model explicitly by plotting the discrete data points for
each depth within a core on the mangrove-coral-bacteria ternary plot, and examining the
trend in source signature of the bulk OM as a function of depth below the sediment—water
interface. For this model experiment, we assumed that bacterial OC:OP ratios fall at the
low end of the range of reported bacterial OC:OP ratios (7-80, see previous discussion)
and adopt an OC:OP ratio of 7 for bacteria, which results in a ternary plot that successfully
captures the ocean site data (Fig. 6). Furthermore, consistent with the conceptual model
just described, we observe a general shift toward OM with more bacteria-like OC:OP ratios
with depth in the sediment column (Fig. 6). Similar depth trends are not as obvious for the
other three sites (data not shown), which we attribute to the higher OC concentrations
(Table 1) at these more shore-ward sites, such that conversion from primary OM sources to
a bulk pool dominated by bacterially derived OM is not achieved over the timescale
represented by the depth of the cores.

5.3 Impact of Diagenetic Degradation of Sedimentary OM on Source Signatures

One of the objectives of determining source signatures after controlled incubations in the
laboratory was to evaluate the extent to which these signatures remain intact after OM
degradation occurs during the earliest stages of diagenesis. To document the occurrence of
OM decomposition during the laboratory incubations, the buildup of porewater of NH, ™, a
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product of OM remineralization, was examined in pre- and post-incubation sediment cores
(Fig. 4). Higher concentrations of NH," were observed in post-incubation cores (filled
symbols, Fig. 4), consistent with the occurrence of OM degradation during the 3-day
incubation. The paired initial and incubation cores were carefully sited to minimize spatial
heterogeneity, so that resulting data from pre- and post-incubations could be directly
compared. However, we cannot rule out the possibility that some of the difference we
observe between pre- and post-incubation cores may be due to natural heterogeneity.

We observe shifts of ~2 %o when comparing the carbon isotopic composition of OM in
pre- and post-incubated sediments. A shift of 2 %o in 8'°C of OM during diagenesis is not
considered to represent a significant isotopic fractionation of the source organic material
(Meyers 1997). Thus, the impact of diagenesis on 3'3C values in sediments from our sites
can be considered minimal (Fig. 3a).

Post-incubation sediment cores did not display significant changes in OC:OP ratios at
any of the four sites compared to pre-incubation sediments (Fig. 3a). Thus, despite the
early diagenetic transformations that occurred throughout the 3-day incubation, OC:OP
values from all depths within the sediment cores retain the signature of OM source
material. This observation suggests that OC:OP ratios remain a robust indicator of organic
source material during early diagenesis. In contrast, OC:TN ratios display post-incubation
decreases from initial (pre-incubation) values (Fig. 3b). We consider two possible sce-
narios that could drive accumulation of solid phase N during diagenesis in excess of that
present in source tissues. First, an increase in bacterial biomass during the incubation could
result in progressively lower OC:TN ratios because bacteria have been observed to
accumulate excess nitrogen during diagenesis (Rice and Tenore 1981; Rice and Hanson
1984). Alternatively, recognizing that the TN reservoir includes both organic nitrogen
(ON) and inorganic nitrogen (IN), the potential exists for fixation of IN by clays (Freu-
denthal et al. 2001; Ruttenberg and Goii 1997b), which would result in a decrease in
OC:TN ratios during diagenesis. This latter scenario is most likely to be important at the
ocean site, which is characterized by low OM (<0.3 %), and where the IN component may
thus be an important fraction of the TN (e.g., Ruttenberg and Goiii 1997a). This compli-
cation is less likely to occur in sediments with higher OM (reviewed in Meyers 1997).
Therefore, OC:TN ratios will be a more robust indicator of OM source in high OM
sediments than in low OM sediments.

Contrasting down-core variations in OC:TN and OC:OP in post-incubation cores (filled
symbols) to pre-incubation cores (open symbols) (Figs. 3, 4) permits us to examine the effect
of short-term remineralization, occurring during the 3-day incubation, on sediments at different
depths below the SWI that have experienced different extents of diagenetic transformation.
Post-incubation OC:TN and OC:OP ratios are indistinguishable from pre-incubation ratios in
sediment profiles from the mangrove site, indicating minimal fractionation of TN and OP from
OC in OM source material due to diagenetic transformations which occurred during the
incubation. However, post-incubation sediments from the terrigenous-dominated, carbonate-
dominated and ocean sediment cores are characterized by OC:TN values that are systemati-
cally lower than OC:TN in pre-incubation cores. We attribute the greater susceptibility of
OC:TN to short-term diagenetic modification at the latter three sites to the low quantities of OC
at these sites (ranging from <0.1 to 1 %) relative to the mangrove site (4-8 % OC, Table 1).
The magnitude of the shift observed, up to a twofold increase in OC:TN ratios, will obscure the
source signature OC:TN ratio these sites. The OC:OP ratios in the post-incubation cores from
all sites were not significantly different from pre-incubation ratios, indicating that sedimentary
OM more faithfully retains the OC:OP ratios of initially deposited OM, even after significant
remineralization has occurred, and even in sediments with low wt% OC.
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6 Conclusions

A survey of literature values for elemental ratios and carbon isotopic values of potential
OM end-members indicates that the bulk OM pool cannot necessarily be modeled as a
simple mixture of two sources (terrestrial vs. marine). Considerable heterogeneity in ele-
mental ratios and isotopic signatures exists for both terrestrial and marine end-members
and, in some cases, the signature parameters of terrestrial and marine OM overlap. In
addition to the considerable range in signatures within each traditional end-member pool,
our attempt to explain the mixture of OM in sediments from our study site required other
OM sources that are not typically considered in studies that aim to partition OM as to
source. In particular, coral-derived OM, which has a signature that is distinct from tradi-
tionally considered marine end-members, appears to be an important OM source for our
study site and may be important in other tropical environments with an abundance of coral
reefs. Although inclusion of coral-derived OM in three-end-member mixing calculations
enabled us to capture the range of 3'3C observed at all four coring sites along the transect,
the exceedingly low OC:OP ratios led us to consider that bacterial biomass must be a
quantitatively important component of the sedimentary OM pool, particularly in sites that
are relatively impoverished in OM. In agreement with this model, we also observed sys-
tematic changes in OC:OP ratios with depth below the sediment—water interface that are
consistent with increased bacterial biomass as a fraction of the total OM pool with depth in
sediments.

The results of this study emphasize the importance of identifying and characterizing
end-member sources specific to a particular environment, rather than applying published
elemental ratios and isotopic signatures to describe a mixed-source sedimentary OM pool
in a particular environment. Ternary diagrams derived from three-end-member mixing
calculations can be used as an analytical tool for identifying end-member contributions to
bulk sedimentary OM. In this study, the analysis of such ternary plots was instrumental in
recognizing the important contributions of coral reef components and bacterial biomass to
the bulk sedimentary OM pool in sediments across the transect in the coastal, tropical site
studied here.

Finally, our study supports earlier suggestions that use of 5'°C of OC in conjunction
with elemental ratios, the multitracer approach to OM source assessment, is more robust
than use of elemental ratios or carbon isotope composition alone. Importantly, we present
additional evidence that OC:OP ratios are substantially more robust than OC:TN ratios as
indicators of OM source to marine sediments, principally for two reasons: (1) the more
restricted dynamic range of OC:TN ratios prevents clear distinction of terrestrial- from
marine-derived OM and (2) diagenetic changes in OC:TN ratios obscure the source sig-
nature of initially deposited OM. Sediment OC:OP ratios appear to be less vulnerable to
diagenetic alteration than OC:TN ratios.
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