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Estuarine sediments are important sites for the interception, processing and retention of
organic matter, prior to its export to the coastal oceans. Stimulated microbial co-
metabolism (priming) potentially increases export of refractory organic matter through
increased production of hydrolytic enzymes. By using the microphytobenthos community to
directly introduce a pulse of labile carbon into sediment, we traced a priming effect and
assessed the decomposition and export of pre-existing organic matter. We show enhanced
efflux of pre-existing carbon from intertidal sediments enriched with water column
nutrients. Nutrient enrichment increased production of labile microphytobenthos-carbon
which stimulated degradation of previously unavailable organic matter and led to increased
liberation of “old” (6855 + 120 years BP) refractory carbon as dissolved organic carbon.
These enhanced DOC effluxes occurred at a scale that decreases estimates for global
organic carbon burial in coastal systems and should be considered as an impact of

eutrophication on estuarine carbon budgets.
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Introduction

Estuaries, and particularly shallow photic estuarine sediments (<40 m)!, are hotspots for
organic matter (OM) processing, altering terrestrial OM received from rivers prior to its export to
the coastal ocean®*. The extent of terrestrial OM processing that occurs along the estuarine
continuum largely determines whether estuaries function as carbon (C) sources or sinks*. The
priming effect describes the additional release of C from a refractory source of OM (pre-existing
sediment OM in this study, or added refractory material in others) stimulated by addition of a
labile form of C. In terrestrial environments, increased C release from soils is usually measured
as evolution of additional CO; into a headspace from amended treatments (with labile C added)
when compared to non-amended controls®. Although priming has been well-described and
explored within soils®, priming has only recently gained recognition in aquatic systems. Within
aquatic sciences, priming has primarily been investigated as a potential pathway for additional
OM processing within settings where heterotrophy dominates (e.qg., riverine dissolved OM,
hyporheic zone, deep sediment; Fig. 1)"1% and has not been consistently demonstrated to occur'?.
Occurrence of priming is highly dependent on substrate composition, sediment structure, and/or
microbial community composition*!. Studies examining priming within coastal benthic zones are
limited®!213, but have found positive priming effects within their limited scope (i.e., vial

incubations of sediment slurries).

Priming studies in aquatic environments have thus far relied stable or radiocarbon isotope
tracers to trace the evolution of CO, from dissolved inorganic carbon (DI**C or DI**C) derived
from either labile or refractory C sources (study dependent) to quantify the relative contributions
from microbial processing of the 3C addition. A number of approaches have been used in

various environments in an attempt to identify priming effects, i.e., to demonstrate that microbial
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degradation of refractory terrestrial organic C has been stimulated following the addition of labile
C101416 These approaches use additions of both refractory OM and labile C to stimulate
mineralization of added OM**7 or pre-existing sediment OM (Fig. 2A)%%1218 Addition of
unlabeled C (refractory or labile) into the sediment confounds partitioning of export pathways by
introducing new OM. Any exported C derived from this newly added OM is indistinguishable
from that derived from pre-existing sediment OM. In this study, we used the in situ
microphytobenthos (MPB) community to inject a pulse of labile MPB-derived 3C (MPB-C) into
coastal sediments (Fig. 2B). This approach was intended to preserve both the production (loading
rate) and composition (proportion of relative sugars) of priming additions produced daily by
diatoms within highly productive shallow coastal environments'?*°. This method preserves the
microbial community, as boundary layers and sediment structure are maintained during label
addition with minimal disturbance. This differs from all other priming studies the authors are
aware of, which have directly added single labile and/or refractory compounds to homogenized

sediment (Fig. 2A)8°12.13.20

Some priming studies account for both dissolved inorganic C (DIC) and dissolved
organic carbon (DOC) pools when identifying additional stimulated breakdown and release of
C81418 put it remains common to solely measure the evolution of DI*3C and DIC%191318 This
approach works well for systems where heterotrophic evolution of DIC is the only or major
pathway for C loss. However, relying on DIC effluxes alone to identify PE becomes problematic
in systems where primary production during light exposure uses DIC at rates exceeding the
evolution of respired DIC (Fig. 1B). This scenario occurs in shallow coastal benthic sediments,
where MPB production causes considerable DIC demand during light periods, which can result

in the re-capture and recycling of previously respired carbon. Strong uptake of DIC in euphotic
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settings could potentially be wrongly interpreted as a negative priming effect as labeled DIC is
recycled and reincorporated into biomass instead of being evolved as 13CO,, especially in the
case of systems that are DIC-limited or have elevated rates of primary productivity due to
eutrophication. We argue that recycling of DIC in euphotic sediments can be partially offset by
refining the definition of priming to encompass all C exported during remineralizationof
refractory OM (i.e., including DOC effluxes from sediment OM). Measuring priming effects
using the evolution of DOC in addition to DIC from both labile and refractory OM sources will

account for all substrates produced by the microbial community during remineralization.

Priming has a large effect on organic C processing in soils, as labile C additions stimulate
the breakdown of more recalcitrant OM, often doubling rates of remineralization!. Priming
appears to occur across all terrestrial ecosystems that have been examined and impacts global
terrestrial C budgets?2. Priming has not been clearly shown to impact photic aquatic systems and
remains an unaccounted process in coastal carbon processing that likely affects the form and
quantity of exported OM to the coastal oceans. In productive aquatic systems, heterotrophic
bacteria are provided with rich algal-derived organic matter that can fuel breakdown of otherwise
refractory pre-existing sediment OM as DOC, especially in settings where increased nutrient
availability has occurred. Priming in increasingly eutrophic settings is expected to decrease as
heterotrophs switch from using refractory sediment OM to using accumulated labile organic
matter as it becomes more available?, but the amount of nutrient enrichment required to trigger

decreased priming remains unclear.

In this study, we aimed to use nutrient amendments (N as NH4" and phosphorous as
H3PO4) to stimulate processing of labile C from MPB in sediments and induce a priming effect

that would release additional stored refractory carbon from coastal sediments. Interactions

ACS Paragon Plus Environment

Page 6 of 28



Page 7 of 28

103
104
105
106
107
108

109

110

111

112
113
114
115
116
117
118
119
120
121
122

123

Environmental Science & Technology

between MPB and heterotrophic bacteria were stimulated through an equimolar nutrient addition
of N and P equivalent to 2.5% the trigger concentration for increased trophic status under
Australian and New Zealand Environment Conservation Council guidelines, and through
simultaneous monitoring of both DIC and DOC fluxes we were able to detect the priming effect
that occurred. We expected priming to cause increased export of DIC from pre-existing C within
sediment OM despite high productivity causing DIC uptake (negative DIC fluxes), but additional

export of DOC derived from previously stored refractory sediment OM was unexpected.
Methods
Site description

In January 2015 a subtropical intertidal shoal was sampled ~2 km upstream of the mouth of the
Richmond River estuary in New South Wales, Australia (28°52°30”’S, 153°33°26”E) with a
semidiurnal tidal range of ~2 m. A number of previous labeling studies have been undertaken at
this site?#2® and this study coincides with another that tracks the short-term processing and fate of
MPB-C in the microbial community, sediment, and fluxes?. This previous work demonstrated
that bacteria have a considerable role in the short-term processing of carbon derived from MPB,
but the present study tracks longer-term processing and fate of MPB derived carbon and how
microbial processing affected pre-existing sediment OM. Through longer term monitoring of
organic matter fluxes, we were able to identify priming within euphotic intertidal sediments for
the first time to the authors’ knowledge. Site sediment (0-10 cm) was mostly fine sand (66%-
73%), with a total organic C content of 17.5+0.02 mol C m2, an average molar C:N ratio of 14.7

+ 1.5, and a MPB assemblage dominated by pennate diatoms. There was no evidence of
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124  cyanobacteria and few heterotrophs (>500 uM) observed under light microscopy (1000 x).

125  Foraminifera were the dominant heterotrophs (>500 M) within site sediment.
126  Labeling of MPB Exudates

127 We applied 3C as NaH®™COj3 to MPB in situ to track the production of algal carbon that occurred
128  during a single tidal minimum within the intertidal setting in order to track production and

129  processing of MPB-C. Bare sediment within two experimental plots (1 m?) was labeled with 99%
130  NaH®*COs (Cambridge Isotope Laboratories, Tewksbury, USA) when sediments were first

131  exposed at low tide, following the method outlined in Oakes and Eyre ?*. Label applications were
132 prepared using NaCl-amended Milli-Q to match site salinity (34.6). Motorised sprayers were

133 used to apply 20 mL aliquots (each containing 1.7 mmol *3C) to each individual 400 cm? subplot
134 during a tidal low, resulting in a label application of 42.5 mmol 3C m™. This application of

135 individual aliquots of label ensured even *3C application across the sediment surface. Over ~4
136  hours of sediment exposure (average light level of 1376 uE m s), there was incorporation of
137 15494140 umol **C m into sediment OC, represented ~1% of the initially added *3C. The

138 remaining unincorporated **C was flushed from the sediment through tidal inundation of the site
139  immediately following this incorporation (Fig. 2b). This tidal flushing removed 99.0% of the $3C
140  from the label application, based on the 3C content of sediment OC within the initial cores prior
141  to incubation?®. Of the 3C incorporated into sediment OC, ~46% or 716 pumol *C is expected to
142 be in the form of carbohydrates as calculated from uptake rates for *C presented in Oakes, et

143 al.’® for mannose, fucose, rhamnose, galactose, glucose, xylose, and OC.

144  Incubation setup
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Sediment cores (20 cm depth, 9 cm diameter) were taken from the labeled plots during
the nextllow tide after labeling, transported to the laboratory, randomly allocated between
treatment tanks, and incubated under two nutrient enrichment scenarios (ambient and elevated)
using 2 pulsed nutrient additions. Duplicate cores (n=2) were incubated for each time period (0.5
d, 1.5d, 25d, 3.5d and 10.5 d) for each treatment (ambient and elevated, total core n=20).
Laboratory core incubations allowed explicit control of nutrient additions, reducing the
variability in water quality that occurs naturally across the tidal cycle. Pulsed applications of
nutrients were used to mimic a range of nutrient concentrations without exceeding sediment
capacity for uptake 6. Treatment tanks were both initially set up at ambient concentration using
site water (unfiltered, salinity 34.6), with N (NH4") and P (HsPO4) amendments added to the
elevated treatment tank at 10 x water column concentrations observed previously for this site (4
umol L™t TN and 5 umol L TP). These nutrient concentrations are comparable to nutrient
loading observed in other estuaries subject to eutrophication?” and are ~2x equimolar
concentrations observed in the Richmond River for both TN and TP (25.8 pmol L and 24.5
umol L2, respectively) observed directly after multiple flooding events in the Richmond River
3328 The initial pulse of nutrients was added to incubation tanks and bags holding replacement
water for sampling shortly prior to cores being randomly allocated to the two incubation tanks.
An additional pulse of NH4" was applied to the elevated treatment tank at the end of 1.5 d in an
effort to mimic the nutrient availability that occurs with regular inundation of tidal sediments,
with complete removal of NH4* confirmed within 24 h of each application. An addition of
sodium metasilicate (Na-SiOs, added to treatment tanks to achieve 17 pmol Si L) was added at
the end of the 2.5 d to ensure that isolation of the benthic diatom-dominated sediment from

regular water turnover did not result in secondary limitation of Si.
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Benthic flux incubations

Cores were fitted with magnetic stir bars positioned 10 cm above the sediment surface and filled
with ~2 L of site water. Water in the treatment tanks and cores was continuously recirculated,
held at 25 £ 1°C by a chiller on each tank, and aerated via continuous direct injection of ambient
air into the water via an air stone. Cores were stirred via a rotating magnet at the center of each
treatment tank, which interacted with the magnetic stir bars fitted within each core. Stirring
occurred at a rate below the threshold for sediment resuspension®®%®. Three high pressure sodium
lamps (correlated color temperature ~2100)% suspended above the treatment tanks provided 824
+ 40 UE m2 st to the sediment/water interface within the cores on a 12 h light/12 dark cycle.
This light level is similar to the measured light level for the in situ site sediment surface during

inundation (941.4 + 139 pE m?s?).

Cores were allowed to acclimate for 6 h before the incubation time began and remained open to
the tank water until 30 min before initial sampling when clear Plexiglas lids were fitted to each
core liner to seal in overlying water without headspace for the duration of the incubation. Rapid
processing of the added MPB-C likely occurred during the 6 h acclimation period, but flux
measurements were not possible during re-establishment of sediment redox layers immediately
after coring. The acclimation period allowed for a robust baseline to develop prior to sampling
for diel water column flux incubations. During sampling, 50 mL of water was syringe-filtered
(precombusted GF/F) into precombusted 40 mL glass vials with Teflon coated septa, Killed with
HgCl (20 pL saturated solution), and refrigerated prior to analysis for concentration and §**C of
DIC and DOC. Initial samples were taken 30 min after closure of the lids, dark samples were
taken after ~12 hours incubation with no light, and light samples were taken 3 hours after

illumination started at the end of the dark sampling. Measured core duplicates were sacrificed

10
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and sectioned for sediment organic matter measurements at the end of the 3 h light period for
each sampling time. Oxygen measurements were taken for the overlying water with oxygen
saturation never occurring below 86.1% during the dark incubations (oxygen fluxes presented in
Riekenberg, et al. ). DIC and DOC concentrations and §3C values (%o) were measured via
continuous-flow wet oxidation isotope-ratio mass spectrometry using an Aurora 1030W total
organic C analyzer coupled to a Thermo Delta V isotope ratio mass spectrometer (IRMS)>2.
Sodium bicarbonate (DIC) and glucose (DOC) of known isotopic composition dissolved in He-
purged Milli-Q were used to correct for drift and verify both concentration and 8*3C of samples.

Reproducibility was + 0.2 mg L and = 0.1 %o for DIC and + 0.2 mg L™ and + 0.4 %o for DOC.

Total *3C in water column DIC and DOC was calculated for initial, the end of the dark period (12
h), and the end of the light period (3 h) as the product of excess *C (excess *C in labeled sample
versus relevant natural abundance control), core volume, and concentration. Total excess flux of

13C as DIC or DOC (excess **C m2h) was then calculated as:
Excess 13C flux = (Excess **Cstart — Excess *Ceng) / SA / t

where excess *Csiartand excess *Cend represent excess *C of DIC or DOC at the initial and dark
samplings to calculate dark flux and the dark sampling to the end of the light incubation periods
to calculate the light flux, SA is sediment surface area, and t is incubation period length (h). Net

fluxes of excess *C (excess *C m?2h) for DIC and DOC were calculated as:
Net flux = ((dark flux * dark hours) + (light flux * light hours))/ 24 hours

where dark and light periods were 12/12 representing in situ conditions. Total carbon fluxes for
DIC and DOC as well as DI*3C and DO®C exported to the water column from initial labeling to
each sampling period was interpolated using measured net flux values for each treatment during

11
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each sampling period (0.5d, 1.5d, 2.5 d, 3.5d, and 10.5 d). Carbonate dissolution made a
negligible contribution to total CO> during incubations and therefore no corrections were applied

to DIC fluxes®.
Global flux estimates for DOC (Tg C yr) were calculated as in Maher and Eyre 3:
DOCglob = 6.7 * (DOCnet * Interarea * 365 * 12.011 ) / 10%°

where 6.7 represents the increased DOC flux observed from priming effects in this study,
DOCnet are minimum and maximum average diel DO C fluxes observed in Maher and Eyre?®
(2.7 and 3.7 mmol C m2 d1), Interarea is the global intertidal area 0.62 (10'? m?)** , and 12.011 is

the atomic mass of carbon required to convert from molar weight to grams of C.
Characterization of DOC Efflux

The UV-visible absorption spectra was measured from 300-700 nm on a Horiba Aqualog using a
1 cm cell. Absorbance (A) is converted to absorption coefficients (a) using ag) = 2.303 A(L) /1,
where A()) is absorbance at wavelength A and 1 is the path length of the cell in meters. Spectral
slope was determined by fitting aoo-700) to a single exponential decay function using non-linear
regression®. The spectral slopes from both 275-295 nm (Sz75-200) and 350-400 nm (S3s0-400) Were
calculated through linear regression of the log transformed spectra. Slopes are reported as
positive numbers following mathematical convention. The slope ratio (Sr) was calculated as the
ratio of So7s5.295 and Ssse-400. Sr IS inversely related to the molecular size of the chromophoric
dissolved organic matter (CDOM) within the sample and is expected to increase with decreasing

molecular size.

12
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SUVA 254 (L mg™ m™) is an indicator of relative aromaticity of the molecules comprising the

pool of CDOM ¢ and is calculated as:
SUVA 254 = a4 / DOC

where ags4 is the absorption coefficient at 254 nm (m™) and DOC is concentration of DOC (mg L~
1 within the sample. Elevated SUVA 254 indicates the increased presence of aromatic moieties

contained within CDOM.
Radiocarbon dating of Dissolved Organic Carbon

Samples from the dark flux incubations from ambient (n=2) and elevated treatments (n=2) at 10.5
d analyzed for *C of DOC. The ambient samples failed to successfully graphitize during analysis
and were lost, likely due to low DOC concentrations. Samples were selected from the dark flux
to target the high concentration measurements for DOC that occurred during respiration and to
avoid the potentially confounding signal from newly produced extracellular polymeric
substances from diatoms that is expected during light periods. The **C-DOC samples were
analyzed by accelerator mass spectrometry at the Australian Nuclear Science and Technology
Organisation®’. DOC samples were acidified to pH < 2 and dried under vacuum in a rotary
evaporator. The residue was heated in a glass tube containing CuO, Ag, and Cu wire to 600°C for
2 h to remove any sulfur compounds. The sample was then graphitized by reduction with
hydrogen gas in the presence of an iron catalyst at 600°C. Results were reported in percent
Modern carbon (pMC) normalized against the *3C of the graphite, with an average 1c error of
the AMS readings at = 0.3 pMC. Radiocarbon age calculations are presented as ‘conventional

radiocarbon ages’ (years Before Present)®® and not calendar ages using the equation:

14C age = -8033 x In[(1+ A¥Cinitiar/ 1000) / (1+ A¥*Cam/ 1000)] **C years

13
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with A¥Cinitiar as the initial radiocarbon content and A¥Cam as the radiocarbon content of the

atmosphere at the time of deposition.
Results and Discussion
Treatment application and labeled exports

The pulse of labeled MPB-C produced by the in situ MPB community (1549 pmol C m-
2 added as OC) quickly underwent processing by the microbial community. Significantly more of
this newly fixed C was remineralized and exported as DI*3C under increased nutrient availability
than under ambient conditions (two-way ANOVA: treatment F1,10=12.3, p<0.01, day F4 ;9 =2.4,
p=0.1, interaction p=0.08; Fig. 3A). Increased export in the elevated treatment was observed at
0.5 d after nutrient addition and maintained for at least 10.5 d. Cumulative export of DO'*C was
similar across treatments, with lower DOC fluxes than DI*3C fluxes, and increased significantly
over 10.5 d (two- way ANOVA: treatment F1,19=4.3, p=0.02, day F4 ;9 =9.4, p<0.01, interaction

p=0.9; Fig.3B).
Increased DOC Efflux

MPB-C stimulated breakdown and export of pre-existing sediment OM and increased the
efflux of DOC derived from this material to the water column under increased nutrient
concentrations (Elevated treatment, 10.5 d, Fig. 4B). Increased efflux of DOC from pre-existing
sediment OM in the elevated treatment was significantly in excess of the ambient treatment

across 10.5 d (two-way ANOVA: treatment F ,=51.2; p<0.001, day F, ,=27.6, p<0.001;

interaction p<0.001). Efflux of DOC derived from sediment OM was larger for the elevated
treatment (1.2-6.6 x; Fig. 4B) than for the only positive efflux observed within the ambient

treatment (10.5 d; 670 + 212 pmol C m2 h'’; Fig. 4B). Because we were able to partition

14
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completely both the non-labeled and labeled pools of C that composed DIC and DOC effluxes,
we were able to identify a substantial increase in the efflux of unlabeled DOC, which comprised
>99% of the cumulative total C export (Elevated 10.5 d, Fig. 4B) under increased nutrient
availability. The statistically significant differences in fluxes between treatments indicate that the

effects observed were robust to low power caused by limited replication (n=2 per time period).

Global DOC fluxes from intertidal zones are estimated at 7 to 10 Tg C yr-*(minimum to
maximum) 3 with similarly scaled estimates from the elevated treatment in this study resulting in
estimated DOC fluxes of 46.9 to 67.0 Tg C yr’. Although this estimate reflects a 6.7 x increase
in DOC flux measured for this site-specific study and has considerable associated error, the
magnitude of increased export of DOC from the elevated treatment is concerning given that the
global estimate for total OC burial within coastal sediments is at a similar scale (300 Tg C yr?)?2,
Our estimate of enhanced DOC flux likely overemphasizes the global role of priming effects,
given that not all intertidal zones are microphytobenthos-dominated. However, our estimate
would conservatively decrease current organic carbon burial estimates by ~8 to 11% using an
estimated spatial occurrence of 50%. The scale of this effect highlights that the DOC flux
increase stimulated by priming effects are potentially globally significant for enhancing the
removal of refractory carbon from coastal sediments. The global estimate provided has been
calculated from fluxes measured from a single site and is inherently uncertain. The estimate does
not incorporate spatial and temporal variation and/or the impact of ex situ incubation on sediment
processing. . This estimate was derived from a nutrient amended treatment during a short-term
period and is predominantly intended to highlight the potential for priming to contribute

significantly to the global organic matter budget.

Characterization of exported DOC

15
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To verify that effluxed material resulted from the additional breakdown of old and
refractory sediment OM, we used three approaches: UV-visible absorption spectra (Fig. 5A &
B), C:N (Fig. 5C), and A'C dating. We characterized the DOC efflux for both treatments by UV-
visible absorption spectra, using both slope ratio (Sr)*®> and SUVA 254% to characterize size and
relative aromaticity of the molecules comprising the effluxed DOC. Molecules comprising the
DOC efflux within the elevated treatment had higher C/N ratios (Fig. 5C), a reduced molecular
size (Fig. 5A), increased aromaticity (Fig. 5B), and an inverse relationship between the two
treatments across time (Fig. 5A&B). These characteristics all indicate that the DOC produced
over 10.5 d in the elevated treatment became more refractory than ambient DOC effluxes.
Although increased DOC effluxes can be associated with hypoxic or anoxic events in the
sediment®®, the increased export of more refractory molecules in the elevated treatment here
occurred under oxic conditions (lowest O, measurement 4.85 mg L™ at the end of dark period at
10.5 d) with DOC effluxes that were comparable during dark and light periods. It is therefore
unlikely that increased DOC efflux was due to either the development of hypoxic or anoxic

conditions, or large shifts in redox conditions in the 20 cm sediment cores.

The old radiocarbon age (6855 + 120 years BP) for DOC in the elevated treatment further
showed that old sediment OM was broken down and exported as DOC as a result of priming. The
old age of DOC resulting from the breakdown of sediment OM at the study site suggests that the
material forming the sediment was composed of older scour material deposited on the mudflat.
Flooding within the Richmond River occurs at regular intervals*®** and dating of basal core
organic matter just upstream from our study site showed an age of 5,312 - 5,583 y BP*2, which is
similar to the age of the effluxed DOC. Given the tendency for material composed of older A*C

to be less photo-reactive and bioavailable, and the refractory nature of the characterized
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compounds, the exported material is likely directly transported to the coastal shelf with minimal

reworking after hydrolysis by heterotrophic bacteria in the sediment.
Is this priming?

The higher C:N ratio, smaller molecular size, and radiocarbon age of effluxed DOC in the
elevated treatment provide compelling evidence that priming occurred within the intertidal
sediments in this study. Microbial processing of MPB-C under elevated nutrient loads resulted in
carbon released from breakdown of older sediment OM via hydrolysis* that was largely
exported via DOC effluxes (Fig.1B). The combination of a labile pulse of C, enhanced by
increased nutrient availability, stimulated microbial degradation of older refractory OM, likely
through increased bacterial production of hydrolytic extracellular enzymes*. Although we did
not measure enzyme activity, increased breakdown of sediment OM was indicated by the old
radiocarbon age and increased aromaticity of the increased DOC effluxes produced in the
elevated treatment (Fig. 5A & B). Unfortunately, no direct comparison can be made for the
ambient treatment radiocarbon age, likely due to the low concentration of DOC being insufficient
for analysis. The pulse of labile MPB-C was strongly retained within sediment OM in both
treatments across 3.5 d (Fig. 3), with relatively low effluxes for DI*3C and DOC across this
time resulting in relatively long estimates for MPB-C turnover (419 d ambient vs 199 d
elevated)?®. Strong short-term retention of MPB-C in both treatments indicates that the microbial
community readily used the newly produced labile *C and subsequently recycled respired DI**C

to support productivity.

Respiration of older sediment OM provided increased DIC to support MPB productivity

(Fig. 3A) within a system that has been previously found to be DIC-limited?*. Algal production
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supported by recycled DIC was captured by oxygen fluxes and production to respiration
measurements, as increased bacterial respiration of OM increasingly offset initial productivity in
the elevated treatment (Supplemental Fig. 1). However, these dynamics are not supported by
consideration of DIC fluxes alone, as the considerable primary productivity that occurred during
light periods offset the respired carbon that would have been exported in a less productive
system. A potential solution to this problem could be to include DOC exports from sediment
OM, a byproduct of remineralization that has not previously been considered in evaluation of
priming effects (Fig. 3B & 4B). It is important to acknowledge that DOC exports can also consist
of MPB exudates, therefore exported DOC must be characterized as having arisen from bacterial
remineralization of sediment OM. Characterization of DOC effluxes (using both molecular and
radiocarbon techniques) serves to confirm that the DOC is not predominately composed of labile
compounds copiously produced by MPB. Inclusion of the fluxes of DIC and DOC together
enabled more complete accounting of the export of C that arose during a priming event within a

highly productive benthic environment.
Implications

We posit that some of the difficulty identifying positive priming effects in aquatic
systems'! may be due to the examination of solely heterotrophic relationships during the
processing of OM. Exclusion of any interactions with primary producers misses potential co-
metabolism or processes that occur in situ (Fig. 1 bottom), including the recapture and recycling
of the products of priming (CO./DIC) during high productivity. This is largely an artefact of
priming studies having been developed in soils>*® where remineralization is has been considered
to be the sole process affecting the respiratory CO> evolution, primary producers have not been

included, and CO: is easily monitored as a production only function (Fig. 1 top). In aquatic
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systems, the evolution of COz is likely to be at least partially offset by primary productivity in
many settings where priming is likely to occur (e.g. shallow benthic microbial communities,
suspended estuarine microbial communities). Therefore CO> production alone does not
adequately represent microbial heterotrophic processing in eupthotic systems. Further
development of a standard metric for quantifying potential priming that accounts for both
respiration and production would be useful in investigating the dynamics of co-metabolism in

communities containing both microbial producers and bacterial heterotrophs.

This study suggests that nutrient enrichment of coastal systems*® may be an additive
factor in stimulating the decomposition and export of C from sediment OM. Increased nutrient
availability stimulated increased efflux of DOC sourced from older OM most likely through
increased bioavailability of OM to heterotrophic bacteria. Bacterial processing increased export
of sediment OC that was previously immobilized and unavailable for processing and export. DIC
and nutrients that arose from bacterial remineralization likely supported MPB productivity and
were recycled within the sediment by co-metabolism within the microbial community. Increased
microbial recycling resulted in increased contribution of uncharacterized material to **C within
sediment OM in the elevated treatment®2. Therefore, inclusion of the byproducts of
remineralization from sediment OM (DOC) allows for more complete accounting of the C arising

from priming effects, especially in highly productive systems.

Increased remineralization and export of DOC under elevated nutrient conditions
provides a potential priming effect resulting in increased C export from estuarine sediments to
the continental shelves and should be further considered within blue carbon inventories for
coastal sediments. This study has shown that immobilized OM in shallow photic sediments that

is otherwise considered to be non-reactive and buried may become bioavailable through the
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combination of benthic algal production and elevated nutrient inputs. Inclusion of the DOC
export from sediment OM in priming studies may allow identification of priming effects in
systems that include primary producers. Further development of this method has considerable

potential for broad application to aquatic systems containing algal producers.
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Figure 1: Fluxes of C within heterotophic dominated soil (top) and autotrophic dominated
benthic sediment (bottom) under normal (left panels A and C) and B) and priming (right panels,
B and D) scenarios. The red arrows indicate stimulated production of hydrolytic enzymes by
fungi (B) and heterotrophic bacteria (D). Note the bi-directional flows of carbon associated with
productive benthic sediments. Soil conceptual diagram (top) adapted from Kuzyakov (2010)

(30). Photo credit: Philip Riekenberg, NIOZ.
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549  Figure 2: Method diagram comparing priming addition methods. A) Priming experiments

550  typically introduce *C-labeled labile and/or refractory material to sediment OM. The export of
551 labeled material can then be traced as additional export occurs, but the unlabeled OM pool is
552  muddled, making it impossible to track decomposition of pre-existing sediment OM. B)

553 Additions of 3C-labeled algal-derived carbon from prepared phytodetritus or label additions
554  processed by the in situ microphytobenthos community allow for simultaneous quantification of
555  both non-labeled and labeled DIC and DOC effluxes. In the current study the combined addition
556  of microphytobenthos (MPB) derived C and nutrients enhanced export of both pre-existing C
557  from sediment OM, primarily as DOC, as well as labeled DIC. Numbers indicate cumulative C
558  fluxes observed for the elevated treatment in mmol C m2across 10.5 d. Photo credit: Philip

559  Riekenberg, NIOZ.

25

ACS Paragon Plus Environment



560

562

563

564

565

566

567

568

569

Environmental Science & Technology

Page 26 of 28

7001 m DI*C Ambient 60+ m DO'*C Ambient

- A DI™C Elevated A DO'C Elevated

' 600 - A 50

= A

= 5001 a

% 40 4

S 400+ A A
w 30 - ™
[3) n

< 300- A

[ A

> 20 -

= 2004 A a [ i A
S ]

A
§ 100 - = - 101 N §
s 3 r £, -
0 T T T T 0 1 T T T
0.5 1.5 25 3.5 10.5 0.5 1.5 25 35 10.5
Day Day

Figure 3: Cumulative export of A) DI**C and B) DOC from the sediment for individual
replicates within each of the ambient and elevated treatment applications. Export of 13C
represents microbial utilization and export of fixed microphytobenthos carbon from the treatment
application. DI*3C export was significantly higher in the elevated treatment than ambient (two-
way ANOVA: treatment F119=12.3, p<0.01, day Fs19=2.4, p=0.1, interaction p=0.08). Further

indication of core replicates within each treatment is provided as Supplemental Figure 2.
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Figure 4: Cumulative flux of non-labeled A) DIC and B) DOC. DOC flux was significantly

higher in the elevated treatment than ambient (two-way ANOVA: treatment F1,19=51.2; p<0.001,

day Fa,10=27.6, p<0.001; interaction p<0.001) and represents export derived from pre-existing

sediment OM. Inset graph highlights the differences between ambient and elevated fluxes of

DOC at 0.5-3.5 d. Grey region indicates uptake of carbon.
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Figure 5: Characterization of DOC efflux via A) slope ratio of DOC for both treatments, B)
SUVA:s4 of DOC for both treatments, and C) Molar C/N ratios for dissolved organic material
efflux. All measurements for indicated treatments were performed on duplicate cores

(mean£SD).
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