MThe Sea; Journal of the Korean Society of Oceanography
Vol. 17, No. 2, pp. 120 — 129, May 2012

Free Access

574 s A B E el Zhs B A el vhe
Aaxehe] AP s}

Seasonal Variation of Nitrogen Loads and Nitrogen Cycling at Tidal Flat
Sediments in Nakdong River Estuary
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We investigated seasonal variation of sediment-water oxygen and inorganic nitrogen fluxes, and denitrifica-
tion at tidal flat sediments located in the Nakdong River Estuary from July 2005 to September 2006. Net oxy-
gen fluxes, measured with sediment incubations at in situ temperature, varied from -37.0 to 0.5 mmol O, m? d"'.
Oxygen fluxes into the sediments from the overlying water increased due to the increased water temperature.
Denitrification rate (4~2732 pmol N m™ d"') in this study was higher compared to the other Korean coast mea-
sured with the same method. Denitrification showed the same seasonal variation as oxygen fluxes. Denitrifica-
tion rate based on '*N-nitrate showed a strong correlation with nitrate flux into the sediments from the overlying
water. Denitrification via “water column supplied nitrate (D,,)”, calculated from Isotope pairing technique, also
correlated well with nitrate flux into the sediments. Nitrate from water column seems to account for seasonal
variation of denitrification in Nakdong River Estuary. To understand general patterns and trends of biogeochem-
ical processes of sediments in the Nakdong River Estuary, we categorized biogeochemical fluxes measured in
this study according to direction and sizes of fluxes. Type 1(high oxygen and inorganic nitrogen fluxes into the
sediments and high denitrification) occurred in summer, whereas Type 2(low oxygen and inorganic nitrogen
fluxes into the sediments and low denitrification) occurred in rest of the season. Intertidal flat sediments seem to
react sensitively to influence of freshwater from the Nakdong River.
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S A2 74} sfjoko] e ol Aol flAskar glof
Qi BE, Y F5 T AEAed S8 oy $He0E50]
T2 Wehk= 3o]th(Prichard, 1967; Bianchi, 2007). T3t O]
A& SdelA fFdE f7lEel FFete], Aol =1 A&
e el Eof T2 | SEE oI th(Brix ef al., 2001;

a1, 2001; & 5, 2005; ?F, 2005; ¢t -, 2011).

S ] ok 83 BB AP Jole] 53
o QAN BT JPP F B PG FHEUCHBenthic-
pelagic coupling; Kemp et al., 1992; Cowan et al., 1996). = %
o 0w Qe Agto R AIE f71% F hRe AR
2] 737} o] Fo] X (Nixon and Pilson, 1983), 71 A3} A4k
A YR $E0R o), Yxb] Bast Aol
20-80%F HEE F AUrhRowe er al., 1975; Fisher ef al., 1982;
Glud, 2005; Sakamaki et al., 2006; Viitasalo, 2007). “12]2 = 3}
TR BREAN 5713 Bolsh F0R Y Feat
st 79 Slele] B4 9 2Aeks | Bgowm ol
#% olstela 4 sk Zlo] Hesth@t, 2005; 3 5, 2011).

ah A BN ek Bel, 519, 489 Qs &
715 Fal et A4 3 g ES X th(Boynton and Kemp, 1985;
Thornton et al., 2007). &#] 291 FoME F71E2] U} 2, 71
3 & S0l 4% Balgol] Fow 20w kA k. 4
& #BE A7)E B Es) sl Yonw, §7)
sale} 2e aolel ofa) 248 Zolct. olg) Hie] 5% 4
JYR BT, AR Ak AT Ak 9PD B
Azl %, 24 5ol HAE ) Arede] 9T
71X A] Bch(Blackburn and Henriksen, 1983; Kemp et al., 1990;
Sakamaki et al., 2006). AA2T8 FoIME 71 F sk 7P
eAslel], B ASHE AA dA el A VAR We
Aot 244 gE QA N0y s A=) o] 8at] ofEe Aa
7IAl FejlE wEgto 24, AEA Yol AAE AlAskHE 3
o]t}(Seitzinger, 1988; Risgaard et al., 1994). S]] 3|72 7
dE Ax F °F 10-60% FLrt BAstol] ofs) A7 o] At
o] RojoFals sk A o® 4w ATH(Nixon et al., 1996;
Nedwell and Trimmer, 1996; Ogilvie et al., 1997; Dong et al.,
2000; An and Joye, 2001).

SAnslel] AEE AN 2 BRE FEE, o
E9eaT o8¢ Bdast 27 o] mHRA o)F 4=
9] F2o] Zhsall X th(Nielsen, 1992). &, HAEE F9€E 7%
Arkgdo] @i agle) o] gHe 7% (D)}, EAE Wl FAikst 7
el g3l AR dAakgdo] gdasle] o] &5+ A-9-(Dyelth
(Nielsen, 1992). D= ZHsh= Q91L& 59 Aadd 5, H7
= A8l F7 5o SlY(Christensen et al., 1990; Dong et
al., 2000). D& F&sk= Q212 7|EA 0% Hilsle| JEe 1)
A= Q0l9} UX|EpY | Ak4o] T3} Z1o](Christensen ef al., 1990),
AU A ZF2] B3 (Risgaard-Petersen et al., 1994), % 4
H4E U dBFY A9 55 (Blackburn, 1996)7F At} A<k
sl AIAE A o] 3 F o' o] e dolvs

#) sjefsh= 21 o] Azglel st BES ¥ 5 9

4 s 121
L 3ol RS & 5 QA ek, FAPAE A 7]
Ao zA AL BEL Bt 2 ALEA welo] F

Q3 @40tk (Dong et al., 2000; Thornton et al., 2007).
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59 s g 7124 AEEA] P4 o]},
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Y57 shte AelA B EAR 28l =] Huje] 4
7139} ARG} wheolzl Low 2539} gl o&) 1 et &
dglol Wakskal k=t 71, 2006). 1987\ sH+5 AHEZ A
EA12] Wsk7F A ot 3o, o]t Q19]4Ql wiske} vl
o] ApAZRI B FUF Wstel] weh A Al AHEE WskE
& otk F, 2006; & 5, 2008). FAF A4S YEA 52
thuks Aol $1X18k 231l 7P Eolth(Fig. 1). ©13:8] ol 4
< 1.7 m A% o]n, REJFFolth&F 5, 2001). BAES AR
C33F YE: 2.6-3.9D)E o]FolA] glom, HE 4 F L 11.4-
59.2% Ao thEHd3E, 2007). Q1o 2o, ARy T2t
o] QA sl 9lom, BAE EFol AMvMzF o] &
Z TN, 2007; Kang et al., 2007).
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Fig. 1. Study site (maked x) in Nakdong River Estuary of South Korea.
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Table 1. Water temperature, Ignition loss and chlorophyll-a content of surface sediments, nitrate+nitrite and ammonium concentration in water
column at sampling date in Nakdong River Estuary (Mean+standard error, n=9).

Year Month Tem(;iecr?ture I(g;oit(ii(r);l i\?ts)s ( Ifglnf-z) Water co(l:;ﬁ;l [NOx] Water C(ztlﬁ; [NH,']
Jul 26.0 2.1£0.4 nd 139.5 4.5
2005 Aug 25.0 2.5+0.5 nd 60.3 1.9
Oct 18.0 2.2+0.4 nd 141.4 10.2
Nov 10.5 2.9+0.6 66.9+15.1 77.2 13.2
Feb 8.5 3.5+0.6 nd 435 13.9
Mar 10.5 2.2+0.4 42.3+14.3 33.1 10.9
2006 Apr 19.0 2.4+0.3 24.5+8.5 47.9 7.3
Aug 32.0 1.8+0.3 31.0+3.8 96.9 6.2
Sep 25.0 2.4+0.4 37.6+6.2 113.1 5.2
nd: no data.
7] $lste] EAE sk go] o]Foi it 2005 7EHE] 2006 FE] At ATk(Nielson, 1992).
W 97 & oslel] A, 7k A] 3 o} 3ol (l: 4 om,
201 22 e ol§ate] oF 7 em olel HARE At DsTPCON M
(Table 1). A5 548 Tl #P50) A PREVZ DY e o

Am gtEglom d7F 25 sk derzeld H4E il
oFoll AHg-= St
BAE wjoR Mkl HAE Fo] o1 9 2403t F
2 250] A Al (pre-incubation)dFSitt. Bl &
Z2- okslA| Z7IAA £ Ak E3E T 90% o|skE ol
A BT AneE 5, AN e 2wo] 9l 23
EA & ¥2] 1 PAR(Photosynthetically active radiation)=20 pE
m? shellA wlkstl o, 0, 1, 2, 24413kl 742t 27]¢] 510e]
A &g AeTe ARSI o] AAAEEEE §E 7hAg)
WL FEE FYIE FETHAAR (08} T ALAE
Xz A7 A(PN,, *N,)) =7 o= Membrane inlet mass
spectrometer (MIMS)Y’} ARE-E|S]tH(Kana et al., 1994; 2, 2005).
P A (NH,, NO;HNOy) 42 913+ Al S+ GFF 2] At
o] #}2] (Whatman)= oj#}ste] W By & daow 274319
Tl(Strickland and Parsons, 1968). B2 Z¥A = Al7te] Wl &=
29 B4 wx H3lERE ARG oA R ER A
He EYAE S0 e, HAE FHoR §EHE

€2 GFenel PO Lhehic,

_d(0, £ DIN) 7V
dr A

» o

¥

o

e

F )]
$] 2lellq F, 0, DIN, V, A= ZtZF Z8~(mmol m? d'), A4
FE(mM), £E 7] i FEmM), 7o 5759 F3 (L), HE
(m?E oJu]sict,

e 251 ALEIALBNE 2R 0] 45k (Nielsen,
1992; QF, 2005), $lollA] 713 ka2 F7)1244 ZAe 59
3k afjekellA ST FAE ook Al vl E w2t
°F 100 pM©] E== Na'’NO; (98 atom% "N, Sigma AldrichyS
A7sto], ok 2417k FRF AN Blglen, Auleke] B+, 0,
1, 2, 2471310] H&= Al el 2719] FofelA EAE A4S A
25 Aste], MIMSE ©]83te] A2 7IAI(N,, Ny s 525
SAsIl). Bl ashs Azl TE PN, N9 s HIEE

ZP(ISNISN)

91 AellM p(“NEN)ZE p(PNEN)YE 212 PN, N A3
oufshe, Dys= H7FE PNOsE o835 BaAske-s vEh,
D= “NOyE o] 835 Bashes vt o] dvrolM= 2t
AdeEle] “NOyell €J3t D& SRS RE LERISIT o At
of|x] AR-# isotope pairing techniquellAi= B4 A3l o] 8 H&=
Aol o AuE Fall FUHUETE 2RI A 75
oA FFE NOy& o835 243D, EAE HelA At
stoll ofsfl AdH Akl o] &3 FHASKD)E HA=E S
= ZAFE 2] UN:BN B Z5-E ZAXHItH(Nielson, 1992).

D, =Dy["NOi1/[°NO3],

D,=D,,—-D, 3)

9] Aol [SNOs = S50l 27Kt Aaked 5ol [“NOs =
FZof| 7)Ee] EAGH= AR o),

HS EME20| R7I2 L USA-a T 24
E3 SRl em) U] $71% 2 G5 3 2AL 99
AEE AR BB {71 B nmA) A AP

A A-a FHL 90%

Al #olg A FAG BlE (%)= FER]
OME 10 miE EAE Al 7k 5 WekiolA 2443 &
QF M5 FE310, 2000 rpmolA 5E Bt 44 Fel k. A

NS BAA=A (Shimadzu, UV-1650PC)E o380 SJEE
73t 3, Lorenzen(1967)2] 25 o]g3to] AXksISITt.
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Fig. 2. Seasonal variation of (A) oxygen flux, in situ temperature
and (B) ammonium fluxes, in situ ammonium concentration at Nak-

dong River Estuary from July 2005 to September 2006. Bars indi-
cate SE (n=9).
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Fig. 3. Correlation between oxygen flux (meantSE) and in situ
water temperature in the tidal flats in the Nakdong River Estuary from
July 2005 to September 2006 (y=1.45x -12.88, R?=0.80, P<0.001).

BRI 228 20066 8€0l| 32.0°CE 71 =911, 2006 20
8.5°CE gttt EAE Ul f7]E &%(1.8~3.5%) A&H
2005 1187} 20061 2ol A4 0% =941 w3} ofFoll vot
A= AEFS HAth 75 Aa G0 =3 FEs AE s 2
o], URFEE AL a1 o5 W veld o, Al A
3} Fol] Wl o5l =2 &S R TK(Table 1, Fig. 2, 4).
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Fig. 4. Seasonal variation of (A) nitrate and nitrite fluxes, in situ
nitrate and nitrite concentration and (B) denitrification, in situ tem-
perature at Nakdong River Estuary from July 2005 to September
2006. Bars indicate SE (n=9). nd means no data.

s 7L, AR B A EOA AREE A ®olon,
¥} =8 AHEAE ERITHR?=0.8, P<0.001, Fig. 2, 3). -&0]
EE AFHE & 29 #e 1o, HAEA At O &
T ¢S Btk AL Hols Ak H(net) 22 o] 4
1, FE0 7 Akar)t wEE gl

32

') A £5oR 85 AL H4E

2 FYyE 43S BATHFig. 2). 20059 7¥HE 2006 2€

ko] 5] YERFAITE 2006 olE5-oll= 2005

Wit 2o F5or gy &%) Atk A EYAE B

= Axkelo] A EeA T2

2REE Zo® et Aakdd ZEAE 5 Ak gt

AR AP EsS Uehdlo], 5 A s =39 o154

of FTolA HHAEZ s Aakd E 20t = YeERt
(Fig. 4).
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Table 2. Sediment-water oxygen and inorganic nitrogen (NH4", NO,") fluxes and, denitrification (total, D,, D,,) in tidal flat sediment of the
Nakdong River Estuary (Meantstandard error, n=9).

Oxygen flux NH," flux NO, flux Denitrification D, D,,
Year Month - S -
(mmol O, m~d™) (mmol N m~d") (umol N m=d™)
Jul -20.7+2.4 3.6+1.1 -15.4£1.8 27324443 1833+287 899+158
2005 Aug -30.1+1.9 0.7+0.6 -3.3+1.5 nd nd nd
Oct -14.3+x1.9 0.3+0.4 -2.9+1.0 480+106 40+19 472+105
Nov -3.6+0.6 -0.6+0.1 -1.0+0.9 20+3 10+3 3+1
Feb 0.5+0.1 -1.5+0.7 -1.8+£0.7 6=+1 0 7+1
Mar -0.1+0.1 1.4+0.7 -0.6+£0.4 4+1 1+£0.4 3+1
2006 Apr -18.9+1.4 - 0.3+0.1 -2.5£0.5 636499 55+14 551£107
Aug -37.0+£0.4 0.7+0.7 -11.6+0.7 2083+101 32432 2287+168
Sep -12.8+1.1 -0.1£0.2 -4.1£0.7 481+77 0 916491
nd: no data
o E
s 150 .-.2'5 -O- Temperature 0 o
= :F’ 2.0 —@— NOin water Q Qc,_'; E[XMEAZ 7} A Tl Qo ZEA JHEE
e ' —b, /(. 30 3 n="To T (MENES ; E:_E_'_ f:o i
8 100} =10 f— D v g o] ZAllM Z4E AtAh ZYAE do] EA5HE AEl &
g § 0 £ 98 BomA, AMulHzR et FRYoR s, gl
ol = v A EEE 9% AR RE(SOD; sediment oxygen demand) K.
g S| 005 10 S R ke S 1) Zlo|tkSakamaki ef al., 2006). S 714¢
3 g 2 2rlol} e R Qlslel, Wl #7lo] g w=s wakshe
= ol o0 — 1o & @Folh A om o)3te] Halshs AAAAFELS WA i
Flal <0t B Eebibar grAug;Sep s el A3l He Wele W zdd AP

3
(D, SE) and D, ( SE) and FAES ZH= A o7 U] QTkBrinkhuis ef al, 1976). ©] A
Fig. 5. Rates of D,, (mean+SE) and D,, (mean+SE) and in situ tem- A AL ek 2 o o) o] WAlo] =
peratures, nitrate+nitrite concentration in overlying water column at Aol AR 32120 WE m 5T AefA 2] et ‘_f_

=

tidal flat of Nakdong River Estuary. FRTR= U Welol Eakar Qlont, ANHAQl 31 A1EA)
o] B Wolelx A FINES 2 A= 1HT o 4
® Jul05 o 2] A H9e BN ES BRY AR VdErhEE T,
O Oct05 2007). o ZAPIA SAE Aka ZYAE oS 270 b
41 Y Novoe o Aol A] ZA gkel W9l el EEITHTable 3). 7S WO
M Mari0o = 5741 ?h2005)3 3] 520117 HISRE ghe] MelE yet
E 25;%66 i WO Rysgaard et al.(2005)2} Sakamaki et al.(2006)R.Th= St
< Sep06 PY 2 e B
—  Regr ¢ "

AT B i ARREE AT 39 gk vERo, 39
d Hobe f71E ol o] g AT SAIES LER
o} Aka Z2YAE g Akl v A3 FARH -2 A
3lof| oJaff F3Ist Al WE-S YERITH(Cabrita and Brotas, 2000;
Sakamaki et al., 2006). S154d EAZoA 9 2 AkA AR E
s T2 T OE v i St 71R1E Zow Y Eh

Denitrification (mmol N m2 d™)
N

o
O

0 -10 -20 (Fig. 3). A&Hell= v 2500 o3 A& 2k AR7F F0]
NO, + NO, flux (mmol m2d") w2 A, AXmAIERRE] FAo] Audow S-AsHl e

. . o ) o LA, A7) BJEEofA 502 WEE A o2 FYEck(Rysgaard
B e i and e Tl nd Snii el 193 Dong el 200 Sk ar . 2000, 131
September 2006 (y=-0.17x -0.03, R>=0.81, P<0.001). ]F oJF- el nls Al vud & XF H4E g954ha T

o] 275 of(Table 1; 20063 8, 92: 31.0~37.6 mg m?; 2005
d 119, 2006\ 39: 42.3~66.9 mg m?), A A 7o o5
FE-S AAEdnk &, 2005 723 11€0llE U2 Adds Ak o] A Adides A 719 §2S F4T 5 9l
] Zatslel] ofs) AdH HAakls o] gt B D) ¢ UTK(Table 1).
Alskeict. URF EHAE o5d FEoE £EY 1 AEH BH=
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Table 3. Ranges (min/max) of sediment-water oxygen (mmol O, m? d') and nitrate fluxes (mmol N m™ d"') and denitrification rate (umol N
m™ d™") reported in other estuaries (negative values = uptake by sediments; positive values= release from sediments).

O fl Nitrate fl Denitrificat
Location Depth (m) Treatment ?;ygen X 1 ate Tlux .em rhicaton Source
min max min max min max
Nakdong River Estuary, Korea  Intertidal flat Light -37 0.5 -154  -0.6 4 2732 This study
Gwanghwa Island, Korea Intertidal flat Light -32 14 0 389 QF(2005)
Light -19 4 -3 1 8 720
Suncheon Bay, K Intertidal flat 5] 5
uncheon Bay, Korea ntertidal fla Dark 19 5 4 4 12 769 3]5(2011)
G River Est X Intertidal flat Light -22 -14 2 12 1207 e
o] =
oseong River Estuary, Korea ntertidal flaf Dark 20 ) -10 1 5 555 d 5(2011)
. Light -120 72 -3 0 48 1632 Rysgaard et al.
Kert Nor Estuary, D k 0.5
ertinge ot Bstuary, Henmar Dark  -144  -19 2 1 24 1728 (1993)
Light -168 69 -7 7 i
East coast of Honshu, Japan Intertidal flat Dagr K 134 12 14 g Sakaggl(;;)e tal
. Light -360 89 48 4080 Cabrita and
Tagus Estuary, Portugal Intertidal flat Dark 240 125 48 6000 Brotas(2000)
Light -17 -1
Douro River Estuary, Portugal  Intertidal flat Dlagr K 19 B Magazlzh(;\gzs)et al.
. Light -139 312 Thornton et al.
Colne Estuary, UK Intertidal flat Dark 176 36 (2007)
. Ligh'[ 150000 Dong et al.
Colne Estuary, UK Intertidal flat Dark 57600 (2000)
0% 2wEE o] Uehdth(Fig 2). A8l & ool Al W5t wR 9Eaue g2, 20050 793 8

e EAE AESS SR RS AAte] AR, o]
A3l dEgo] HAEANAN TFTOE v 858 A0 AR
UHHerbert, 1999; Rauch et al., 2008). 7&-Hojli= 504 EZ]
2 Ege] fFEE, ol AXnMER] FEAd T
% PEES] AF7) =k, AL vl AFES]e] % dnE
FHo] AHHT} AQkS-S- AAE}(Nielsen ef al., 1990; Thornton
et al., 2007).

TR QoA PR $220] Ak BElaE sk 7}

2

=4
& F8% 24 QR1o® AAXY, & olgel Al FIe
X QR1E YA Ak E8AE 24T 4 QItK(Cabrita and

Brotas, 2000; Sakamaki et al., 2006) , AP M| ZFe] FEA]
of JEEE A= W AFk JUd TSL e 283 AEE
sh&S 2dskeE 718 A *o] 9\12 = SAth(Herbert, 1999;

2
Magalhdes et al., 2002). YRS 2 §718 332 VAAEY
7w wlE SRARITAL A Qlo], AArARE ST

SItHBoon et al., 1999; Rauch et al., 2008). SFA|WF Middelburg
et al (1996y= 7} &7 7o =43 HAE ) v]YE %Eiﬂr
FAE 4718 s Tl gloka BusiSith HAEe] &
F71E JHTE 5718 T wAdEo] 2alsk] 4 171 (labile)
o HF, & A7IEY Ao] s &l o 28-S ANEL
CHLee et al., 1998; Herbert, 1999).

2005\ 7, 823} 2006 9¥el 23 = {7
31101}, 2006 92RT} 2005 7, 880 ol HAER f
QlElE= AkA ZYA 77 o Ao, drEE 2005»1 7, 8]
L F2o8 855 dhd 20064 9YolE HAEOA ARE
%W(Fig 2). Y7} s QAR R Ao g o]oH 9]
WEego] F4711 7, 890l HFHE Ae] ot Ay

& sk=ke A

% Ho‘v%k% 77} 5004, 5420x10° m® mon' ©.F 20063 92
FH(908>10° m* mon™) Hr} su 0] eIt 121 P R 2006
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Fig. 7. Correlation between ammonium flux and rate of D, in sed-
iment of Nakdong River Estuary from July 2005 to September 2006.
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THAn and Joye, 2001; An and Gardner, 2002). E|8=% 4%
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1994; Lorenzen et al., 1998; Dong et al, 2000; An and Gardner,
2002; Thornton et al., 2007).
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Table 4. Classification of biogeochemical fluxes in Nakdong estuary. H: higher than mean, L: lower than mean, flux direction “+” indicate

£

release from sediments and “-
flat sediment of the Nakdong River Estuary were also presented.

indicate uptake by sediments. Mean rates of each type of oxygen and NO, fluxes and denitrification in tidal

Percentage of

Mean value of each type (mmol m? d)

Type  Oxygen flux Denitrification NO, flux occurrence (%) Oxygen flux Denitrification NO, flux
1 H H - 26.8 -30.6 2.1 -11.3
2 L L - 53.4 -5.8 0.2 -3.0
3 H L - 11.0 -21.2 0.5 -3.8
4 L L + 7.3 24 0.01 1.1
5 L H - 3.7 -11.2 1.5 -6.1
6 H L + 3.7 -22.6 0.3 0.3
7 H H + 1.2 -20.5 0.9 0.1
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