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Abstract. The stoichiometry of dissolved inorganic carbon 1 Introduction

(DIC) and nutrients during biological uptake is widely as-

sumed to follow the Redfield ratios (especially the C/N ra-

tio) in large river plume ecosystems. However, this assumpJ-arge river plumes and surrounding waters are important as
tion has not been systematically examined and documentedroCessors of terrestrially-derived biogenic elements, such as
because DIC and nutrients are rarely studied simultaneousligarbon, nitrogen, phosphorus and silicon, as these materi-
in river plume areas and interpretation of ratios can be conals are transported from land to the ocean. Redfield (1958)
founded by strong river—ocean mixing as well as intense bi-first proposed a biological control for a fixed C/N/P sto-
ological activity. We examined stoichiometric ratios of DIC ichiometry of marine plankton, and subsequently inorganic
and nutrients (NQ, pc)z— and Si[OH},) in the Mississippi and organic stoichiometry ha_ls been exam|ned in freshwa-
River plume and adjacent continental shelf in June 2003 ander (Hecky et al., 1993), marginal seas (Frigstad et al., 2011;
August 2004 and calculated biological removal as the differ-Hupe and Karstensen, 2000), and the open ocean (Anderson
ence between observed concentrations and those predictédd Samiento, 1994; Hopkinson and Vallino, 2005; Li et al.,
from conservative mixing, as determined from a multi-end- 2000; Li and Peng, 2002). These studies have led to an im-
member mixing model and observed salinity and total alka-Proved understanding of the relationships between nutrient
linity. Despite complex physical and biogeochemical influ- availability and biogeochemical processes such as photosyn-
ences, relationships between DIC and nutrients were strongl{h€sis and remineralization in all aquatic systems. Redfield
dependent on salinity range and geographic location, and inStoichiometric ratios have been applied in coastal ocean bio-
fluenced by biological removal. Lower C/Si and N/Si ra- 9eochemical models in the northern Gulf of Mexico (Fen-
tios in one nearshore area were likely due to localized inputel et al., 2011; Green et al., 2006, 2008), and used in link-
of high Si and low NG water from adjacent wetlands or ing river nutrient loading with sea surface partial pressure of
preferential removal of nitrogen in the area. When net bio-carbon dioxide (Gypens et al., 2004) and ocean acidification
logical uptake was separated from river—ocean mixing andBorges and Gypens, 2010). These studies have widely as-
corrected for preferential N removal, the stoichiometric ratio Sumed that the dissolved inorganic carbon (DIC) uptake and
of C/N/Si was similar to the Redfield ratio, thus support- nitrogen removal ratio in the water column follows the Red-

ing the applicability of the Redfield-type C/N/Si ratios in field value (i.e. 106/16 by atoms). However, to our knowl-
river-plume biogeochemical models. edge, a detailed analysis of field data and thus a field valida-

tion of the stoichiometric relationship between DIC uptake
and inorganic nitrogen, phosphate and silicate removal are
lacking for large river plumes, especially when variability of
C/N/P stoichiometry of microalgae and of assimilation has
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been observed (Geider and La Roche, 2002; Donald et al 2000

2001). This is largely due to the fact that DIC and nutrient ” | e N S T4 DA Mimbson |
removal are rarely reported simultaneously for river plumes, 5, | o ° L, 1 2500
although such information is critical to efforts to characterize ° oG ) o o
factors controlling carbon sinks and sources in these regions 40 b /g % % . S g o 2000 _
Intense biological processes have been reported in larg 3 ;{EF 5 o @ Do t o ::
river plumes and can include high uptake rates of carbor B30 ro°T 4 BD o 1 1500 :
(Ternon et al., 2000; Cai, 2003) and nutrients (DeMaster anc g EF‘ '." ' =l s g’
Pope, 1996; Lohrenz et al., 1997). However, DIC and nutri- =2 [ 13§ iy ALY e
ent concentrations in plumes are also affected by temporally T PO A L A N
variable and spatially heterogeneous river—ocean mixing dy- " [ IRV AR
namics, which can complicate the interpretation of the bio- .

logical signals (as opposed to those within spatially boundec 212003 612003 9202003 1272004 5262004 9/23/2004
estuaries, Gazeau et al., 2005). In addition, there are exter Date

ive intertidal wetlan long the Louisian t th re_. . .

sive intertidal wetlands along the Louisiana coast that a eFlg. 1. Temporal variation of the Mississippi River discharge

“S“?"y neg_lected in Cons_ide_rz_itions of the Missi_ssippi RiVer(dashed line) and TA values from the USGS site St. Francisville
Io_adlng, which Cpuld be significant sourc_:es of d'§SOIYed nu'(site# 07373420, open circles), from the Mississippi River channel
trients such as Si (Struyf et al., 2006). This potential Si sourcesolid circles, this study), and from the Atchafalaya River at USGS
could further complicate the relationship between DIC andsite Melville (site#07381495, squares). The two dashed arrows in-
nutrients in adjacent shelf and river plume waters. Thereforedicate increasing rates of TA prior to the cruise periods: 1.7 i1 d
knowledge of water mixing and elemental exchange betweeniuring 12 May to 24 June 2003 (increasing 75 uM) and 6.4 ¥ d
linked river—estuary—plume—shelf systems is critical to fully during 22 June to 11 August 2004 (increasing 322 uM).
understanding plume biological dynamics, their relationship
to the stoichiometry of C/N/P/Si uptake, and ultimately
the forecasting and management of these systems in a globaig salt and brackish marshes. Rainwater is the only source of
context. fresh-water to the estuary except for occasional inputs from
To examine the stoichiometric ratios of C/N/P/Si uptake the Mississippi River's Davis Pond diversion near its south-
in the Mississippi River plume, we first considered the con-east edge+ 250 n? s~ when operative). The mean tidal dis-
servative mixing properties of multiple water masses by us-charge through the passes of Barataria Bay @50 n? s,
ing a multi-end-member model. We then calculated biolog-equivalent to 43 % of the average discharge of the lower Mis-
ical removal of DIC and inorganic nitrogen, phosphate, andsissippi River (Das et al., 2010). Such strong tidal exchange
silicate. Additionally, we examined DIC, nutrients, and their also introduces Mississippi River-influenced shelf water into
biological removal in relationship to geographic setting to this estuary (Li et al., 2011). The dominant coastal current
discern potential effects of the adjacent coastal wetlands oon the Louisiana shelf generally flows to the west, but a
uptake stoichiometry. clockwise eddy occurs in the Louisiana Bight adjacent to the
northwest of the Mississippi River birdfoot delta (Morey et
al., 2003; Walker et al., 2005).
2 Methods
2.2 Sampling
2.1 Site description
Two cruises were conducted on board RPglicanin June
The Mississippi River splits into the Mississippi and the 2003 and August 2004 in the Louisiana Bight and adjacent
Atchafalaya Rivers before emptying onto the Louisianashelf. The first cruise focused on the Louisiana Bight region
shelf. The Atchafalaya River receives about 30 % of the Mis-while the second cruise covered a broader area extending to-
sissippi River's water (van Heerden et al., 1983) with somewards Texas and including the Atchafalaya plume region.
additional inputs from a much smaller local river, the Red The first cruise followed a lower Mississippi River cruise
River. These rivers account for the majority of freshwater during 20-24 June 2003 (Dagg et al., 2005). Total alkalin-
inputs to the Louisiana shelf. The average discharge of théty (TA) and DIC concentrations were determined for water
Mississippi River was 17 30081 during 24—-29 June 2003 samples collected either from Niskin bottles mounted on a
and 9000 ris~! during 9—-12 August 2004. River discharge carousel included as part of the vertical profiling package or
was declining during both periods (Fig. 1). The Baratariafrom the ship’s flow-through system from about 1 m depth
estuary is located to the west of the Mississippi River andvia a floating water intake. DIC and TA samples were col-
just to the north of the river plume in the Louisiana Bight lected using 120 ml glass bottles thoroughly flushed with
(Fig. 2a). Barataria Bay, at the seaward end of the estuary, isample with extensive overflow>(60 ml). DIC was mea-
a large, brackish water dominated bay with extensive fring-sured shortly after the cruise by acidifying 0.5 ml of sample
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Fig. 2. Spatial distributions of salinity and TA in June 20@Bandb, respectively) and in August 2004 énde, respectively), and relation-

ships between salinity and TA for June 20@3 with linear regression line and for August 20@twith conservative mixing lines (dashed

lines). “A’ represents the Atchafalaya Bay, “T” is the Terrebonne Bay, “B” is the Barataria Bay, and “SW Pass” is the Southwest Pass of the
Mississippi River. Black dots on the spatial distribution stand for sampling sites. Black cirdesfjrare the end-members. The solid line

on(c) represents the linear regression line. @pr‘M”, “A’, and “S” represent end-members of the Mississippi River, the Atchafalaya River,

and seawater, respectively. The relationship between salinity and potential TA (=TA ¥ W& very similar to the relationship between

salinity and TA, for NG, concentration is much lower compared to TA; thus only the latter is shown.

and quantifying the released carbon dioxide using an infrare®.3 Estimation of stoichiometry
gas analyzer (LI—CO@ 6252). TA was determined by Gran
titration on 16 ml of sample using a semi-automated systemrg examine the stoichiometry of net carbon and nutrient
equipped with Kloehn pumps. DIC and TA measurementsuptake’ we applied a three-end-member mixing model to
had a precision of 0.1% (Cai et al., 2010; Cai and Wang,the data of August 2004 (which covered the larger sam-
1998) and were directly referenced to Certified Referencep"ng area) and a two-end-member mixing model to June
Materials for accuracy. Nutrients, including JOPO; ™, and 2003 data (which covered a smaller area). Further justifica-
Si(OH)4 were determined for samples collected from Niskin tjon, for the use of the different end-member models is given
bottles or from the flow-through system on the first cruise andi, sect. 3.1. Similar approaches have been applied using a
only from Niskin bottles on the second cruise. Nutrient sam-yuyo-/three- end-member or an end-member-free model to es-
ples were filtered (0.2 uM) on shipboard and frozen for laterjmate the Redfield ratio or stoichiometry of remineraliza-
analysis. Nutrient analyses were performed as described bygp in open ocean waters (Takahashi et al., 1985; Anderson
Dagg et al. (2005). and Sarmiento, 1994; Li and Peng, 2002; Li et al., 2000). A
multi-end-member model was used to estimate the Redfield
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Table 1.End-members of the Mississippi Rivex (), the Atchafalaya RiverXa ), and marine endXs) for DIC, TA and nutrient values in
June 2003 and August 2004. Unit: pmot| except salinity. Uncertainties: 0.1 % for TA and DIC, and the detection limits for nutrients are
0.07 uM for NG;, 0.07 puM for ch_, and 0.1 uM for Si(OH).

Season End-member Salinity TA DIC NO POZ‘ Si(OH)y
Jun-03 Xy ol 2032 2058 1149 2.0 97.¢
Jun-03  Xg 335 24225 206 04 07 1.6°
Aug-04 Xp 012  167% 1728 722 24 1039
Aug-04 Xy 014 22000 22668 107.% 3.1% 104.P
Aug-04 Xsg 35.8 25027 2119.% 1.2 115 1.8

1 Cited from the lower Mississippi River cruise (Dagg et al., 2005).

27A, Pcﬁ* and Si(OH), were modeled by discharg@] to species’ flux relationship (concentratier), and NGy

was modeled by nitrate to nitrate flux relationship in 2004 based o thwe 28 July.Q was adapted from USGS site
Morgan City (site# 07381600) and species concentrations were adapted from USGS site Melville (site# 07381495).
3 Used an empirical equation DIC = 1.63TA in the Atchafalaya River and the Mississippi River, based on 2008-2010
measurements (unpublished data).

4 Average observations on 20 July 2004 and 17 August 2004 at USGS site Belle Chase (site# 07374525).

5 Sea end-members were sampled during the cruise.

stoichiometry in the Arabian Sea (Hupe and Karstensen(ASi). To determine the value of the three unknown frac-
2000) to accommodate strong mixing gradients in coastational terms, in addition to Eqgs. (1) and (2), we use the TA
waters influenced by major freshwater inputs. balance as the third equation of mass conservation. One other
The framework for a three-end-member mixing model is process that can change TA values in the river plume is the
that the sum of all fractional end-member inputs is unity formation of coccolithphores and the precipitation of CaCO
(Eq. 1). Since salinity is a conservative tracer in this model,Although we observed coccoliths when filtering samples col-
the salinity for a given water parcel can be estimated adected at some stations during June 2006 in the Mississippi
the sum of fractional contributions from the various end- River plume, analysis of Ga : Na' ratios of the particles
members (Eg. 2). The contribution of precipitation and evap-on the filters from several stations across the salinity gradi-
oration to net freshwater balance in the area can be neglectednt suggested that calcification was not of sufficient magni-
as its maximum effect was less than 2 % of the river dischargeude to alter the TA to salinity relationship (W.-J. Cai, un-

during these two cruises. published). In addition, CaCG{»aturation statuses calculated
from pH and DIC were much higher than 1 in this plume

1=fs+fu+/fa and (1)  (Guo et al., 2012), showing that it was unnecessary to con-

SAL = fsx Ss+ fm X Sm + fa X Sa 2) sider dissolution of carbonate minerals. However, TA will

increase by one unit for every one unit decrease resulting
wheref and SAL are the abbreviations for fraction and salin- from the biological drawdown of ND, i.e. ATA= —ANOg
ity, respectively. On the left hand side of Eq. (2), SAL is (Brewer and Goldman, 1976; Wolf-Gladrow et al., 2007).
the measured salinity value at a specific station. On the righRiverine nitrite and ammonium concentrations are only 1—
hand side of Egs. (1) and (2), the subscripts S, M and A des3 % of riverine NG concentration and can be neglected in
ignate the end-members of seawater and the Mississippi anthis study. A combination of the conservative mixing and the
the Atchafalaya Rivers, respectively, which are listed in Ta-biological drawdown of TA can be expressed as:

ble 1. _
Similarly, the TA value due to conservative mixingix) TA=fsx TAs+ fu x TAu + fa x TAA + ANG5. (4)

is the fractional sum of TA from the various end-members Based on Eq. (3) the biological drawdownsNO3 can be
(TA values ofXs, Xa, andXy in Table 1). expressed as:

Xmix = fs X Xs+ fm x Xm + fa x Xa. ) ANOg = Xmix — X = fs x NOzg+ fm x NOgy ®)
. +fa x NOz, —NO3

Analogous relationships and corresponding end-members ) . )
are applied for our nutrient species of interest: DIC, NO By replacing theANO; in Eq. (4) with Eq. (5), we have

PO}( and Si(OH). We then calculate the difference between TA 4+ NO; = fs x (TAs+ Nogs) + fum (6)

the observed concentration of an elemekXi) éind its pre- _ _
dicted conservative concentratiol ix) as the biological x (TAM + NO3'V') +ax (TAA + NO3A)
drawdown or addition4 X), i.e. AX = Xnyix — X, for DIC We can infer that the potential alkalinity (TA+NQs a
(ADIC), nitrate ANO3), phosphateAgPOfl‘) and Si(OH) conservative tracer in addition to salinity (Bates et al., 1998;

Biogeosciences, 9, 2782792 2012 www.biogeosciences.net/9/2781/2012/
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Brewer and Goldman, 1976). However, it is important to rec-and the Atchafalaya Bay (Fig. 2e). An examination of TA
ognize that in coastal waters N@oncentration changes as- versus salinity relationships revealed multiple end-members
sociated with water mass mixing do not contribute to TA; with strong contributions from the Mississippi, Atchafalaya
only the part associated with the biological use or release ofind seawater for this period (Fig. 2f). A three-end-member
NOj contributes. mixing model was therefore applied to data (which equated
Thus, for any paired observations of SAland to salinities greater than 24) as we did not collect nutrient
(TA+NOg3);, we can derivefs;, fuvi, andfai by Egs. (1), (2) samples from the freshest waters, which were confined to
and (6) and deriv&X mix and A X for other species thereafter. immediately adjacent to the river mouth. In addition, as the
A non-negative least square solver (Lawson and Hansonriverine TA end-member was increasing rapidly during the
1974) in the Matlaff software package was adapted to solve period before the cruise~(6.4 uM d™2, Fig. 1), it was nec-
the equations. Because there were uncertainties in bdth “ essary to adjust end-member values to account for this in-
and “y” variables, a Type Il linear regression, or the major crease. Therefore, as the freshwater residence times were on
axis method (York, 1966), was used to calculate the ratios othe order of 8.5 days to reach a salinity range of 27-32 (Green
slopes forADIC to ANO;, ADIC to APO}‘, andADIC to et al., 2006), we chose river TA values as the end-members
ASI. close to 8.5 days before the cruise for the Mississippi and
Additionally, the biological removal rates were calculated Atchafalaya Rivers (Table 1). The uncertainties introduced
by dividing ADIC by the plume water residence time (Cai, by the water residence time are considered in Sect. 3.4. By
2003). Plume water residence time was estimated as 1, 1.5, &plying these appropriate river end-member values (USGS
and 6 days for salinities 0-18, 18-27, 27-32, and 32—34.5, redata, Table 1), the TA values for salinities greater than 24
spectively based on satellite-derived suspended sediment digeere generally within the three-end-member mixing trajec-

tributions collected during 1989-1997 (Green et al., 2006). tory and thus were taken to be conservative (Fig. 2f). On the
other hand, high TA values for salinities less than 24 were

viewed as the result of the dramatic increase in the river end-

3 Results and discussion member TA in the days prior to the cruise (Fig. 2f).
3.1 Mixing schemes based on salinity and total 3.2 Mixing pattern vs. biological removal intensity in
alkalinity various locations

Patterns of salinity and TA distribution were used to exam-DIC and nutrients in both cruises showed non-linear relation-
ine the mixing of freshwater and seawater in the Mississippiships with salinity (Fig. 3), reflecting mixing and biologi-
River plume. In June 2003, there was a strong salinity gra-cal processes, which is consistent with previous studies (Cai,
dient across the Louisiana Bight attributable to Mississippi2003; Dagg et al., 2007). For the June 2003 dataset, maxi-
River discharge and the coastal circulation patterns (Fig. 2a)mum biological nutrient and DIC uptake were observed at
Salinity was lower closer to land and towards the north-salinities between 10 and 16 (Fig. 3a). This early removal
east and higher towards the southwest. The TA distributionwas possibly due to a bloom seeded by freshwater diatoms
(Fig. 2b) was very similar to salinity distribution, consistent (Dagg et al., 2008), and was different from our observa-
with the dominating influence by the Mississippi River in the tions made on a dozen other cruises between 2003 and 2011,
region studied. As such, we used a two-end-member mixwhere maximum biological removal was observed at salin-
ing model — Mississippi River and seawater. This two-end-ities above 18 (Cai, 2003; Guo et al., 2012; W.-J. Cai, un-
member mixing model is robust because of the strong lineapublished data). For example, DIC values deviated greatly
correlation between TA and salinity for this period and regionfrom the mixing lines when salinity was higher than 24 in
of study (Fig. 2c). A two-end-member mixing is a special August 2004 (Fig. 3c). Such different patterns of mixing ver-
case of the three-end-member mixing when one of the endsus non-conservative biological removal were also evident in
members can be neglected or two of the three end-membermsutrient—salinity plots (Fig. 3).
have similar property values. ThereforE;,x and AX in Relationships between DIC and nutrients also reflected
June 2003 can be solved by settifig as zero in Egs. (1), both mixing and biological processes (Fig. 4). Mixing pat-
(2), and (6). The river end-member was also relatively sta-terns were examined for their corresponding sample loca-
ble, as the river end-member TA value increased only aboutions to identify regional differences in biological removal.
1.7 uM d-1 during 43 days prior to the 24 June 2003 cruise In June 2003, DIC, NQ, PO}‘ and Si(OH) concentrations
(Fig. 1). deviated from the conservative mixing line and approached
The salinity pattern was quite different in August 2004 the biological uptake line (Fig. 4a—d) for stations with surface
with low salinity confined to the area immediately adjacent salinities less than 24 (northeastern Louisiana Bight, Fig. 4e),
to Southwest Pass (Fig. 2d). Salinity increased with distancesuggesting strong biological remova X in Fig. 4f—h). The
from the riverine freshwater sources. Distributions of TA regions corresponding to strong removal of DIC and nu-
were characterized by higher values close to Southwest Padgents coincided with regions with high Chl-a and DOC

www.biogeosciences.net/9/2781/2012/ Biogeosciences, 9, 27B12-2012
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Fig. 3. Variation of DIC and nutrient concentrations along the salinity gradient. DIC versus salinity, aﬁTd WiBsus salinity@); NOy
versus salinity and Si(O)versus salinityb) for June 2003. DIC versus salinity and E’Oversus salinity(c); NO5 versus salinity and
Si(OH), versus salinity(d) for August 2004. End-members (solid circles) with abbreviations, “M”, “A’, and “S{dpand(d) are as those
in Fig. 2f. Conservative mixing lines (dashed lines) are shown for DIC versus salir(@y &nd(c). The inserted figure ofd) enlarges the
crowded area with logarithm scale in y-axis. Nutrient data for waters with salinity less than 24 were unavailable in August 2004.

concentrations, consistent with high biological production, to autotrophs and heterotrophs (the former being higher than
as reported previously (Dagg et al., 2008). In contrast, DIC,Redfield). Differences in uptake by various biological com-
NO3, PO?[ and Si(OH) concentrations were closer to the munities may explain observed temporal and spatial differ-
conservative mixing line (Fig. 4a—d) on the southwesternences in stoichiometry (Pahlow and Riebesell, 2000; Li et al.,
Louisiana Bight (Fig. 4e, blue squares) where salinities were2000; Li and Peng, 2002). For example, C/N remineraliza-
greater than 24, showing less influence of biological removation ratios of 5.48 were reported in the Atlantic Ocean (Li et
(Fig. 4f-h). al., 2000) compared to 4:60.6 between latitudes 4525l

In August 2004, there was less deviation from mixing for (Li and Peng, 2002). Despite the fact that several factors can
all elements compared to June 2003 over the Louisiana Bighaffect theADIC : ANO;3 relationships, it is notable that re-
(Fig. 5a—e), suggesting less intense biological production andults reported for this study (Table 2) were surprisingly close
nutrient removal (Fig. 5f—h). For low salinity waters prox- to the Redfield C/N ratio and comparable to previously re-
imal to the river mouth, nutrient data were lacking and soported remineralization values. This result implies that the
it was not possible to calculate net uptake or stoichiometry.net effect of autotrophy and heterotrophy on net biological
These results show that patterns between DIC and nutrientgptake stoichiometry was close to the Redfield ratio in the
were affected by salinity, sampling location, and strength ofMississippi River plume.
biological removal. We observed large deviations from the Redfield ratio for
ADIC: APO?“ and ADIC: ASi (Table 2). Higher slopes of

ADIC to APOZ‘ could have resulted from utilization of or-
ganic phosphorus, an argument supported by observations of

In considering the stoichiometric uptake of DIC and nutri- hiah alkaline phosphatase activities in the olume (Ammer-
ents, it is important to recognize that DIC uptake and nutrient '9 In€ phosp IVILES | plu (

removal as determined in this study (i.e. by subtracting con—nl?.nba?d thlc’\:fr’ 2?0%; _Sylvan ?t al.r,] 200; ), and CIOUId %Isfo be
centrations estimated for conservative mixing alone) reflec ™ PY % do "?O Ivei mc&rrg]]anlt(; P ostp lorulsgég ea_trsrt]e rc;\an
the net effect of autotrophy plus heterotrophy. The concepfSUSpen e€d particulates (Chambers et al., )- ese o
of varying source terms that differ in stoichiometry was re- explanzg)l? ns were a'?o probable reasons for the relatlyely
ported by Frigstad et al. (2011), who found that the averagé]Igh PG concentration (3.6 UM) measured at the station

C/N ratio of suspended particulate organic material (POM)N30 km south of the Mississippi River channel in August

in the Norwegian shelf was the combined result of that due2004. Since this value was higher than the end-members, this

3.3 Stoichiometry

Biogeosciences, 9, 2782792 2012 www.biogeosciences.net/9/2781/2012/
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Fig. 4. Relationships between DIC and nutrients, betwadlC and A nutrients, and their sampling geographic locations for June 2003.
Panels(a) to (d) show relationships of DIC to alkalinity, ND. POZ_, and Si(OH), respectively, with conservative mixing lines (black
dashed lines) and Redfield-type biological removal lines (green dashed li@gndrkers with abbreviations “M”, “A’, and “S” are the

same end-members as in Fig. 3. For salinity higher than 24, Low Silicate and Low Nitrogen (LSILN) data were on the southwestern Louisiana
Bight, and for salinity less than 24 data (£<24"), High Silicate and Low Nitrogen (HSIiLN) data were on the northeastern Louisiana Bight

(e). Panelg(f) to (h) show relationships oADIC to ANOj, APO?(, andASi, respectively, with their correlation lines (dashed lines). All
panels share the same legends &gjt).

Table 2. Stoichiometry of DIC uptake and nutrient removals and their correlation coefficiEﬁ)s (

ADIC/ANO;  ADIC/APQ}~ ADIC/ASi ASi/ANO;  ANOz /APG;~ CISi/IN/P
Jun 03 5.70.3 281.9:213  11.2£1.1 0.5+0.1 49.86+2.9 91+5/8.0+1.6/16/0.3:0.2
R? 0.745 0.621 0.416 0.588 0.773
Aug 04 5.0+1.1 135.3+18.6  4.1+0.8 1.240.4 25.9+4.4  80+18/19+6/16/0.6+0.3
R? 0.875 0.578 0.443 0.733 0.644

www.biogeosciences.net/9/2781/2012/ Biogeosciences, 9, 27B12-2012



2788 W.-J. Huang: The stoichiometry of inorganic carbon
(a) 2500 08>24, LSILN [:] (e) 296
2250 0S>24, HSILN M X g
_ 0s5<24 T T z 292
ARl Tt i
O o150 b : £ 88
=] A Biologicaliuptake 3
1500 . L 28.4 L . .
1600 1850 2100 2350 2600 -91.0 -90.5 -90.0 -89.5 -89.0
Alkalinity (uM) Longitude (W)
2500
500
(b) M () 08> 24, LSILN
_ 5 L L ing 1ANE X L
o 20 s wising 1 _ 4o 0S>24, HSILN
= e OETTEL = 300 |
0 2000 | < gp Bm\ogﬁ:?l U, i='- ’ y=50x+6.7
E uptake * o 200 F -
1750 + % A 2 0l S "
1500 L ! : 0 == L L L
0.1 1 10 100 1000 0 20 40 60 80
NO; (uM) ANOy (uM)
2500 500
() (g)
e
2250 f sw-ﬂ,‘m%'\:\t‘\x M _ 400 +
= Biological .--*"ﬂ = 300
CA ! B et EX
= 2000 Siptak BE = = 135, .
S uptake cgil S | y :;s‘suas 2
2 \ =) -
1750 XA 2 100 F o ?5’ _QD%
1500 - 0 =2 :
0.1 1 10 -1.0 0.0 1.0 2.0
PO (uM) APOF (uM)
500
c M 400
g 2250 Biological g Mix‘mg-_i_‘:n_e_—"x g
3 200 “E{akf......q. ,;,._.:.-..----:féﬂ::‘éﬁh = 300 +
o 000 e 8 g .. o 200 | y=41x+111
A s — I -
21750 s 5] | 3 =
) 100 __;j@m-n‘ e
150() 1 1 1 0 L A A A
0.1 1 10 100 0 10 20 30 40 50
Si(OH), (uM) ASi (pM)

Fig. 5. Relationships between DIC and nutrients, betwA®1C and A nutrients, and their sampling geographic locations for August 2004.
Panelqa) to (d) show relationships of DIC and alkalinity, and of DIC and nutrients, with conservative mixing lines (black dashed lines) and
Redfield-type biological removal lines (green dashed lines).rharkers with abbreviations “M”, “A’, and “S” are the same end-members

as in Fig. 3. For salinity higher than 24, LSIiLN data were on the southwestern Louisiana Bight and the adjacent shelf, and for salinity higher
than 24, HSILN data were on the northeastern Louisiana BehSalinity less than 24 data were near the Mississippi River mouth. Panels

(f) to (h) show relationships cADIC and A nutrients with correlation lines (dashed lines). All panels share the same legenda&3.in

value was not included in thAP@l‘ calculation. We no- phytoplankton community structure, which are likely to oc-
ticed that slopes oADIC to Apo}; differed substantially ~ cur during spring to summer conditions, and with decreased
between these two cruises, and this may due to differences iaroductivity. We found that the slope afDIC versusASi in
relative rates of remineralization and uptake during the twoAugust 2004 (4.1 0.8) was different from that in June 2003
cruises (for example, as was recently reported in the Norwe{11.2+ 1.1, Table 2) and also noticed that the slopeAdi
gian shelf, Frigstad et al., 2011). Given the potential contri-VersusANO; was 0.5Ct 0.1 in June 2003 and was H20.4
butions of other P& sources in addition to those sources in August 2004 (Table 2). Further explanations for the dif-
that were also likely DIC sources, it is acknowledged thatferences in the slopes &DIC versusASi, andASi versus
using riverine phosphate input to estimate the carbon uptakdNO; are discussed in Sect. 3.6.
in the plume area may result in a bias.

Carbon and silicate uptake also varied greatly between
these two cruises, but this is to be expected with variations in
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3.4 Impacts of river end-members and plume residence ities higher than 27 (0.120-0.491 g CAd~1). Such higher
time on stoichiometry assessments observed rates for salinities less than 27 in June 2003 may
be due to the fact that the plume appeared to be very pro-
The change in the river end-member TA value could also in-ductive (cf. Dagg et al., 2008). Similarly, primary produc-
fluence the accuracy of the mixing model, which assumedion rates (1-5gCm?d~1) estimated by thé“C incuba-
constant end-members. River end-member concentrationson method also showed a maximum in the mid salinity wa-
generally depend on river discharge. For example, TA val-ters (Redalje and Fahnenstiel, 1994; Lohrenz et al., 1990;
ues increase with decreasing discharge (Cai et al., 2008) iDagg and Breed, 2003), again consistent with our estimates
the Mississippi (Cai, 2003, Fig. 1) and Atchafalaya Rivers, of maxima DIC removal. Furthermore, as the uncertainties
e.g. TA increased 1.7 uMd before the first cruise and mentioned in Sect. 3.4 also affect the estimated biological
TA increased 6.4 uMd! before the second cruise (Fig. 1). removals results, we have more confidence in the mid- to
Therefore, as the river end-member varies, the appropriathigh- salinity biological removal because of less sensitivity
river end-member for a parcel of plume water would dependto the water residence uncertainties. Despite the larger water
on the corresponding water residence time. Thus, the uncerresidence time uncertainties for our estimates of biological
tainties of water residence times propagate to the uncertainremoval at low salinities, our estimated removal rates were
ties of the river end-member. For instance, if we assume astill on the same order of magnitude as previous studies.
uncertainty of 1 day for the water residence time, this leads
to a propagated uncertainty in TA of 4-14 uM for the river 3.6  Silicate removal and Si—N relationships
end-members, assuming the TA river end-member increases ] B ) ]
2-7uMd1. Additionally, the relationship between nutrient Correlations — of ADIC:ANO;  were fairly  high
concentrations and river discharge differs from nutrient to(R* > 0.745), but the correlations oADIC: ASi were
nutrient (Lohrenz et al., 1999), e.g. phosphate concentrationg'uch lower ®* < 0.443) (in Table 2). To further explore
in the Mississippi River have been reported to slightly in- the weak correlations betweexDIC andASi, we compared
crease with decreasing discharge (0.1 M over the same pdbe observed values of Si(Oand NG in relationship to
riod), while nitrate and silicate concentrations were foundSampling locations. We found that the relationships between
to decrease¥ 0.6,~ 1 uM d~1, respectively). Therefore, the Si(OH) and NO; were strongly dependent on locations
uncertainties of the multi-end-member model depend on thdFig. 6a and b), which is consistent with the observed
uncertainties of water residence time and variation of rivervariations in relationships between DIC and nutrients as
end-members. However, we argue that our estimates of biodescribed in Sect. 3.2 (Figs. 4 and 5). A relationship of
logical removal are robust because (1) the river end-membekigh silicate concentration~(2 uM) relative to low nitrate
was relatively stable in June 2003, reflected by the good lin-concentration € 10 uM, hereafter referred to as HSILN)
ear correlation between salinity and TA, and (2) a 10 % varia-Was observed for the northeastern Louisiana Bight in June
tion in the river end-member on 15 August 2004 would result2003 (Figs. 6a, 4e, 3b) where biological DIC removal
in only a 0.1 % change in estimated values for salinities largewas particularly high (Figs. 3a, 4f and g). In contrast, low

than 24. concentrations of silicate and nitrate (hereafter referred to
as LSiLN) were found in the southwestern Louisiana Bight
3.5 Rates of biological removal (Figs. 6a, 4e) where biological DIC removal was relatively

low (Figs. 3a, 4f and g). A similar spatial dependency in

Results showed that biological removal rates crested in mighutrient relationships was observed in August 2004 (Figs. 6b
dle salinity waters and decreased toward higher salinity. Inand 5e). If we only consider the LSILN area with salinities
June 2003, non-conservative uptake deviationsA@IC  9reater than 24 (Fig. 6c and d), the slope of @i versus
were upper to 450 puM for salinities less than 27 and were les@NO5  relationship was 0.£0.1 in June 2003 and was
than 130 pM for salinities greater than 27. The correspond-1-1+0.2 in August 2004. These slopes are comparable to
ing rates of DIC removals were upper to 2.2 gChd1 relationships reported in a previous study (0.8, Fisher et al.,
for salinities less than 27 and 0-0.18 g Cha~ for salin- 1988) and close to the Redfield Si/ N ratio of one (Redfield,
ities higher than 27 (over 2.5 and 8.5-14.5days, respecl958; Brzezinski, 1985). BecausaSi was lower than
tively). In August 2004, DIC removal rates were 0.38— expected if removal were due to equivalent uptake of both
0.78gCnr3d-! for salinities less than 27 and 0.03— silicate and nitrate, such as uptake of a diatom community
0.18 g C nr3d~1 for salinities greater than 27. These DIC re- (Brzezinski, 1985), we infer an additional source term for
moval rates were comparable to those reported by Cai (2003yigh silicate and low N@ or a preferential removal of
of 1.5-3gC nt3d~1 for August and September 1998. When nitrogen over silicate in this highly productive area (Fig. 6¢
compared to the study using the same water residence timand d).

(Green et al., 2006), our estimates of DIC removal rates were

slightly higher than theirs for salinities less than 27 (0.102—

0.818gCnm3d1), and were comparable to theirs for salin-
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Fig. 6. Relationships between Si(Olfyersus N@ for June 2003a) and for August 2004b), and betweem\Si versusANOj for June
2003(c) and for August 2004d). For (c), the linear regression relationships (dashed lines) for both LSIiLN, and HSILN daté&d)r-tine

linear regression relationship for LSILN data (dashed line) and the linear regression relationship for all data (the solid line). Le@ends for
c¢) are the same as in Fig. 4 and legendgford) are the same as in Fig. 5.

3.7 Therole of salt marshes and bays is apparent that the Mississippi River exported inorganic nu-
trients and their uptakes in the plume are the dominant pro-
We considered the possibility of a mars and bay influence bycesses in this complex coastal system.
examining Si:NQ patterns in relationship to proximity to
Barataria Bay. The marshes and bays could export dissolved o
Si (Struyf et al., 2006) and import ND(Cai et al., 2000; 4 Summary and implications
Gribsholt et al., 2006; Das et al., 2010), and thus could showThe biogeochemical processes in the Mississippi River
high Si:NG; ratios in the waters from the marshes (Ren etplume and the adjacent coastal waters exhibited considerable
al., 2009; Struyf et al., 2011) in contrast to a low Si: NO spatial heterogeneity, with evidence of strong biological re-
ratio (~ 1) from the Mississippi River (Turner and Rabalais, moval of carbon and nutrients in mid-salinity waters. The lat-
2004; Lohrenz et al., 1999). We found that shelf waters closeer was especially true in June 2003. Relationships between
to Barataria Bay had high Si concentrations and low;NO DIC and nutrients were also strongly dependent on salinity
concentrations, especially in June 2003 (Figs. 4 and 5), an@nd geographic location.
we speculate that this was due to net export from the bay, The stoichiometry of carbon and nutrient uptake in the
a phenomenon that might be expected for a coastal ecosydississippi River plume was affected by multiple biogeo-
tem experiencing wetland loss (Ren et al., 2009). In the samehemical processes. Slopes ADIC versusANO; were
cruise, Dagg et al. (2008) also found that particulate organidargely dominated by net biological removal. Slopes of
carbon and nitrogen, Chl-a, and TSM (total suspended maADIC versusAPOf’( were also likely affected by additional
terial) were high in the northern Louisiana Bight and arguedPQ}~ sources, including remineralization of organic forms
that the particulate materials were representative of outpubf P and release from suspended particulates (Chambers et
from Barataria Bay, consistent with physical characteriza-al., 1995). The slopes akDIC versusASi were influenced
tions of exchange processes in this system (Das et al., 201Gy a localized input of high Si and low Npwater from ad-
Lietal., 2011). jacent wetlands or the preferential removal of nitrogen. Pro-
In addition, low diatom abundance was observed at locavided that these non-Redfield processes are excluded from
tions coinciding with our HSILN stations during the same analysis, our results show general agreement with Redfield-
cruise in 2003 (Dagg et al., 2008). This was consistent with aype C/N/Si ratios for predicting the net biological uptake
reduced utilization of Si by a non-diatom dominated popula-relationships of DIC to inorganic N and Si. These findings
tion. Therefore, the degree to which elemental stoichiometryhave implications for applications to biogeochemical models
might reflect inputs from the extensive intertidal marshes orof large river plumes.
reduced Si utilization needs further investigation. However, it
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