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Environmental Impact Assessment by Marine Cage Fish Farms: II.
Estimation of Hydrogen Sulfide Oxidation Rate at O,-H,S Interface
and Sulfate Reduction Rate in Anoxic Sediment Layer
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‘We measured the vertical profiles of O, HS, and pH in sediment pore water beneath marine cage fish farms using
a microsensor with a 25 pum sensor tip size. The sediments are characterized by high organic material load. The oxy-
gen consumption, hydrogen suifide oxidation, and sulfate reduction rates in the microzonations (derived from the ver-
tical distribution of chemical species concentration) were estimated by adapting a simple one-dimensional diffusion-
reaction model. The oxygen penetration depth was 0.75 mm. The oxic microzonations were divided into upper and
lower layers. Due to hydrogen sulfide oxidation within the oxic zone, the oxygen consumption rate was higher in the
lower layer. The total oxygen consumption rate integrated with reaction zone depth was estimated to be 0.092 umol
O, cm™ hr'. The total hydrogen sulfide oxidation rate occurring within 0.7 mm thickness was estimated to be 0.030
umol H,S cm™ hr™!, and its turnover time in the oxic sediment layer was estimated to be about 2 minutes. This sug-
gests that hydrogen sulfide was oxidized by both chemical and microbial processes in this zone. The molar con-
sumption ratio, calculated to be 0.84, indicates that either other electron acceptors exit on hydrogen sulfide oxidation,
or elemental sulfur precipitation occurs near the O,-H,S interface. Total sulfate reduction flux was estimated to be
0.029 pmol cm? hr', which accounted for more than 60% of total O, consumption flux. This result implied that the
degradation of organic matter in the anoxic layer was larger than in the oxic layer.
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AFEY A3 A Ak redox metabolism)o A Fz}o]Eol
= AE Al dEolth. dutd ez Ao
2 AARRElEE 2, 0, +67F2 88HA | AEEHY W3
Fe Fele] ¥ F3ES FAAUY. olHe BHLo=E s
X3}t =3he w9 B3 (Ehrlich, 1996; & &, 2003).
oA B2 FE FAIF(S0H) FEHE EAsict. Fiide
T8 Y (major element) T SHE B T % 25 mmol
LT olw, Atsl $Hgolix = Had R AdElE EA)sich a2y
F FAAZA e A tlAlEk f71E Bl ARtE-A)
2 ol &t} ofuff o]&¥ FtE-L F(sulfate reduction)= o] #
FHER YHSAMSYH ARG, FFSUIN RSt 3
£483E ATH B AA, 9 wet S4B
i Fal vz 425715 Bt sl TASe BaEA
= AL A F42 TS Taok A g A& A
HH 4L 4 A (Froelich et al., 1979; Jahnke et al., 1982;
Bender and Heggies, 1984; Wu, 1995; Liickge et al., 1999).

gt BHES f7)180] Bol TFHo] AaFAYo|7t % mm
82 AkskEo] FAZE vl gkl F, 2003; 2004). F71E0]
2ol FFHE HIYEE v g v Eo] AUEE A2
shu, E5 89 2714424 (early diagenesis)oll G Fot. &
E Aol B2 xolx 2714546k F 3 o8 A7 sk
o) N7E FEHE(Fe, Mn, V, U, Mo, Re, Cd)e] A 3}5H7
T8 {71E B oE Ui &8 T FFHAYTG
Jahnke et al., 1982; Thamdrup et al., 1994; Luther ez al., 1999)
el FH29 3 8 A Aaolia Fika FClA e #
2 (sulfate reduction)el] I3 F718 Bal7} {F3}87g oA 4hao
2%k 2 Btk ¢ & A0E d9H F0E &Y v E(sulfae
reducing bacteria)®] A2|3Ha] 544 9 o]El &3t fF71EH &
Mol At A7t ds] WE I Utkgrgensen, 1982; Kiihl
and Jgrgensen, 1992).
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HAZNA $1E B E FHsks s b FEAE
o] &&= W (radiotracer techniques), E4Hd FHAE S 5=

24 (measurement diffusive fluxes), <328 T 7 B3 (diagenetic
modelling), PIAIS o8- #5] Fo] $ch(Holmer and Storkholm, 2001).

AT o] g8 BAUEE AEe] AT glo] W2 4]
A AR ZHE ¢ o] B A 2AEHE A9d 2 FddTe
HA43} Al71H, sub-mm SHEE 7IAISL o] Abd: F3pZlels)
I mm ©]3R1 AT A =2 A Tbiofilm)elA Hofvks 3] &
85l shhied gl At 71 A HE eIt Revsbech and Jrgensen,
1986; Kiihl and Jgrgensen, 1992; Tankéré et al., 2002). Kiihl and
Jgrgensen(1992)2 A kel A4, pH, 8354 nAFE T4
of &8sl Ar4/EslA AARO,-H,S interface)oll 2] 3}
T Akg), Bk 3 kg B S AERom 243
A kA SR §71E BI7F AHEE A A dojuls &
# A9l Ztiy Bustdtt. E&, Taillefert e al. (2002%= Aw/
Hg microelectrodeE ©]8-3l% Delaware Tt 2% HAE T4
oA} 4kds, & #8HE, Mn®, Fe, FeS.y, soluble organic-Fe(IIl)

]

65

A~

% 9Tk 19101, FeSwt FeSy(pyrite)2]
7THEEAIZIT AL BALEkATh
3ol iz SeEsk

113

5101

goA

3 TR

orglA o] Haka #17 AAjol) Ehatd
bacteria: SRB)YE ¢l 37
7E {71, 7l LEEE

ok 2y "7 FUolA] FelE 2%
o] A3 B B A7 Adle B4

HoH Falgloit, |24, 737)5 v
Ae] AR =2ole} pyrite FAJol
A AT g Ao {78 B Fald ol AR|ske F8
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Al=2HE

5 HHE A EE 20039 119 139 7peiet
g 45399 s oF 7] Ao AR
(box core, ©&: 0.04 mHE °|-&3ste] A3 THFig. 1).
Al & (sub-sampley= 3|5E A Holel]l 98 £1 o= E
8 cm, A°l: 5 em)yE XA3] AUt At AFE AlE
Y 225 FAAIIEA A8EE A HEHelM 2= W
371 0.1°C o]kl 3 2ol AIRE gof 4 228 AEA
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type2] A =(Unisense, OX 25)
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. A=) stirring
AR 1R ol A

o] AL 73 FYAS] ascorbic §N} AbA4vE xjgl HAF
TE o83t AFolA HEE AFY AbhEk by A8

¢] micromanupulator(Unisense, MM33)°]]
AEol A AUt AhEEd FHsdh A3 HE:E
pA B9 AHF= picoammeter(Unisense, PA2000)2} ol 21~
)X g HE7|(A/D converter: Unisense, ADC-10)E A%l th2

Foh& AFre el Agstart.
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Fig. 1. Map showing the study area. The arrow indicates the sam-
pling site near Hwa-Tae Island. Many intensive marine cage fish
farms are located nearby.

pH &3

9] pH 42 A33717F 10 ums] pH glass HIAIAS
(Unisense, pH10)3} Ag/AgCl 7|73 (Unisense, REF25y& ©]
2319t pH PIAA3T Ag/AgCl 71FAFL B2 YIUXS
Z+= pH 57471 (Orion, 520Aplus)l A2 F- F4skirh. A

SHAZHL)E oF 302 ol3kith. BHe) pH 3L $EL
2xus SYsiA HAgel S0umd sty S4sec

s BE

B35 AF 2 AL AF =277 oF 25um, stirring
sensitivity”} 1~2%, HAFWHEAI ZHo)o] 0.2s 0181 §AE& 7
E 3344 oA (Unisense, HoS 25y ©]-2-319tHFig. 2). 4
Foll AMEE EFE £HL o7 Zo] A=sIET pHZE 7(20°0)
21 100 mM2! 2+3-8-9 (phosphate buffer solution)oll 24 7F2(Ny)
£ FYUANA 4L A3 AAS T AT NaSE £5)AA
2F 0.01 M total sulfide®] stock solutiong F=H]3153T}. o] oo
83t F= methylen blueH O 2 WAAIA BRJFTAE A&
3lo} FHZSIATH(Cline, 1969). A2 M2 th& 5= ) ol
2 AZT ¥ & U AFe] BAZHE =33 Fg. 2).

Fgllol| A BBl E (sulfide)] EEE-2 H3AH,S), hydrogen
sulfide ©](HS"), sulfide ©]-2(S™)7} 3l o]&9 &4 & 3
3}=-(total sulfide, TH,S)E} 31t} ©] 52 pH, o] 7=, 25%of u}
g 58 BE Aol s AtiEQl el AR Eh(Buffle and
Horvai, 2000).
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Fig. 2. (A) Typical calibration curve for the hydrogen sulfide microsensor
in 100 mM phosphate buffer solution (pH 7). The solid line repre-
sents a linear regression between current and total sulfide concen-
tration (R*> 0.99). (B) The stepwise graph showed the variation of
current due to the response time of the H.S microsensor. The 90%
response time (tyo) was estimated to be less than 0.2 sec.

H,S+H,0 = HS +H,0" (1)
K, = [HS ][H;0'V[H,S] 2)
HS +H,0 = S+ H,0" 3
K, =[S 1[H:0"VIHS ] ©)
[ZH,S] = [H,8]+[HS |+{5] )

i

8 HES olgsle HAslrAk T B F AsE vxo #A
& =318 2] (6)°] HH, 589 pH7T 9 ©]8tollA] sulfide ©]
2(8)e] EAlFo] wi-g- Ao FA] psToe Hejstd 4 ()0l
Hth(Jeroschewski et al., 1996).

K, KK,
H,S1=[ZH,S)/] 1 — 6
(5] = [ ]{ +[H30+]+[H30*]) ®)
K
H,S] = [SH,SI 1 ! 7
[HLS] = 1{ +[H3O+]) %

714 pK2 6.919°]tHBroderius and Smith, 1977).

Aot 3] AIAR < S (pH=7)0IM & F3EY ¥
ol vl Ao 2 Y ARFE o183l & dslEe H
o2 olE9] #AIS T35 pH Z234E 9 4 (7)ol st
S5 FB3lrid g s thJeroschewski er al., 1996;
Kiihl ez al., 1998).
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£ 4B|(R: consumption)el] 2l&] AY AT}, 3 d el (steady state)
E 7P Ak} dslrdo] Au) WAAL 134 4t uks
-one-dimensional diffusion-reaction) W34 o2 FH 4 3

Berner, 1980; Nielsen ef al., 1990; Kiihl and Jgrgensen, 1992).

8C(z,1)
87

0C(z,
ot

9= 9p, +P(2)-R()=0 (®)

A7 Ce 54 BAT Zo] ziem), A7 () = Ak
g3 FEumol LY, ¢ EFE, D ZAW7) gl
“+F(apparent diffusion coefficient, cm® s)o|th. wabd A4
H(steady state)e} 7FESPH, AP 2H|(RYES] ZFol(net reaction
rate; P(z)-R(z))= A& Zold w2 Fx=@sle] 23 T3k
AR DY TFEDE FT FErF "ok 9). 4t
A2 E Fead FHY] EHAIFD(0)=1.17X10" cm® 57,
D(H,8)=8.84X10° cm? s™')= Broecker and Peng(1974)°] =
& BRG] 2%, & tortuosity FES HAHG
% ©]8-39tH(Ullman and Aller, 1982).
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P(2)-R(2) = —¢D582L(f) =0 9)

8z
A5 BEHE FFEoA a2 Aslrad s A
Hold, vhe-& R A7 dAFsH 7P EE 2 (9)e] o
sl = 23} 3 Felo|th(Nielsen er al., 1990). Tk, T349]
Ao} BElea Frel nASAREsF AE8H] B EAS U

Zhile 7%ke] tPd ©] net reaction rate’} SAAV F& A4k
o} &7} gl Folvt. v, HlAE F7he 4k A% (consumption)
2} #3ppso] A3l (oxidation) By 34 9] 89 (reduction)©]
Hojups 7boln). mNFZA B Y FATE 7187 2 ¥
X oI AA e gkl 3] AgE RAolth. A4
22 FFpU el vl M7 (vertical microzonation) 32t
o 23A S-S ARAEP) 2 2RISR I BEE 8l
q& vl Ee] SFa A BReFEA k-5 olF| skt -
98 A RE AT (Nielsen et al., 1990; Kiihl and Jgrgensen,
1992; Kiihl et al., 1998).

dutd o g uAFE 2k B Seepdo] AAEX e} 4] (9)
2] dwtafql 22k FE )83t 2T (Nielsen er al., 1990).
X, 249 A AFEE A 23} ITFHEHE HaA5E e
H&3it)h I FaAlert Bdsoha JH s, # Ak

ole] 2j3] 7] Zlo|ct. wlEbA 2 H
27} & Aol 8 Hols 77 MER #elste o3l oA F
22 HESATt o33 U S WHEA OB FafEie] 7)b7
o) vlA77HE AslE e, 7t pkeich Aaeiks ATt
ulH] 7kl A 9] Ak AT E(oxygen consumption rate), 33}
424 4F3}8 (hydrogen sulfide oxidation rate), &4t ] L&
(sulfate reduction rateye {bA % &3] AR EFE FHAA
SHE 245t AL 23} o) e AR AT (D) F
(92 F3te] Tk T 7} vlA77hlA Aksk 9 S

u
of o3l A4 Fe 2ulEE B e 2 F 0g B
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o=
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g
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(total reaction flux)= oA Aakd Z ¥kg-&of v+
Al(em)yE Fsle] AAtsidct
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B A& /5|4 AH (sediment/water interface)x} AHA/3814 A
H(O/H,S interface)o| A E& 9] S} FEX(F(z)y= 4 (103 2
°o| Fick®] A¥xez BHAT 4 (100149 ¢= T8, D,
= 2R 84 Aol

8C(2)
oz

F(z) =—¢D, (10)

HAER)T AWM Aol F - (total flux)y= 2 (10)9]
Yuksl & T Akane] AaEFo) 2838l 43I tH(Bouldin,
1968; Cai and Salyes, 1996; Epping and Helder, 1997; ©] %,
2003; 2004). F4itE F B S0 e F 4ls £
2 e At AR 77 Bk o] Aoyt
= 7 Alele] AE B5A4E vERE 7S o] &3t Al
TH(Table 2).

Ao o @

pH, 0y, HiSS| £X2E

T35 pH, §844, Selea e AT AR
o) H|4=& - 7¥(vertical microzonation)1A412] 4k4y AF & (oxygen
consumption rate), #8429 413} &(sulfide oxidation rate),
ForAFA At o] 29 S(sulfate reduction rate)2- Table 154
Fig. 3o YT

pHe| M= 6.11~6.372 AZ STl AFE Az} st A
53354 AH(0,-H,S interface)°] X183 3ol A (z=1.1 mm)

Table 1. Microzonation of O,, H,S, and SO,* in marine fish farm sediment. Rates of consumption/production were calculated by adapting
simple one-dimensional diffusion-reaction model to vertical distribution in each microzone. The rates of consumption/production were
>stimated by integration within the reaction zone, while total flux was calculated by applying Fick’s first law to O, concentration over the
entire vertical profile. The total hydrogen sulfide and sulfate reduction fluxes were estimated by applying Fick’s first law to the linear part of
the H,S profile between the H,S oxidation and the SO4* reduction zones.

Sub Reaction zone Consumption rate/production rate Integrated rate of consumption/production Total flux
ubstrate (mm) (umol cm™ h™) (umol cm™ h™) (umol cm™ h™")
o, 0.00-0.50 1.27 0.063 0.092
) 0.50-0.75 1.43 0.036
H.S 0.50-1.20 0.43 0.030 0.028
SO~ 5.00-7.30 0.13 0.029 0.028
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Fig. 3. (A) Oxygen (solid circle), pH (solid triangle) and H,S (open square) concentration profiles measured in fish farm sediment from
Gamak Bay. The microzonations and specific reaction rates of O, consumption, SO} reduction and H,S oxidation were estimated from the
measured profiles. These are presented as boxes. (B) The magnified upper part of the sediment profile between 0 to 3 mm, shows that hydro-
gen sulfide is largely oxidized at the oxic/anoxic interface. The linear increase below the H,S oxidation zone indicates that there was no net con-
sumption of H,S. The H,S simply diffuses upward to the H,S oxidation zone.

Table 2. Consumption rate, integrated consumption rate and turnover time for O, and H,S in the H,S-oxidizing zone.

Thickness of reaction zone  Average concentration

Consumption rate  Integrated consumption rate  Turnover time'

Substrate
(um) (umol L) (umol cm™ h™) (umol cm™2 h™) (sec)
0O, 250 2.01 1.43 0.036 5.0
H,S 700 12.7 0.43% 0.030 106.6

Turnover time=average concentration/consumption ratio.
"Hydrogen sulfide oxidation.

HaQr). 281 H4F o)t ZeoldiXe Fld Fdat e 1
AE SF o alkalinity F7F 2 g3 25 AsE 89 F
o2 QE) Ha} 718 tH(Cook et al., 1986; Herlihy and Mills,
1986; Glud and Gundersen, 2002).

AEFY $2NLEEE 205 umol LG, 2 EA)S A
A= 95 umol L2 A AIZ (DBLYE Al T2 100%
ol & ztolE EPATHFig. 3). 59E A4 FFH 3 (oxygen
penetration depth)2] ZolE 0.75 mmZ ©|E3 4tk F3zlo],
Zmax= (2CoD,/ R)Z AR 2H0.76 mm)F & X530, b

o] 5(2004)¢] AFHE FY oAF 7FE FAF HHYENA &3
st A3 ¥diA= < 0.1 mm AU

T 254 A B2 2 M ol
7o)tk A WA w7+ HAE Zlo] 0.00~0.50 mm Aol 2 o]
FollA 9] 4k AH S (consumption rate)Z 1.27 umol O, cm™ hr!
Gt W7 FA 2 G734k AW & (integrated consumption
rate}> 0.063 pmol O,cm™ hr''2 YERGTHTable 1). 5 HA +
7S 0.50~0.75 mmAO]E At 2w g 2 AR Ak AR gE

Z¥7} 1.43 umol O, cm™ hr'9} 0.036 pmol O, cm™ hr'2 FA H



B ARSI BASTE Bt 69

ATHFig. 3). T FLAA Abs Awge) e Az F7HE ol
8] 73 & AbA AR ZFX(total oxygen flux)e] A} oF 10%
oluie] xjolE ERATEH

galriE HAE ¥2A 045 mm7ER AEHA) okol 4k}
% 3ol dd] agE ATk a2y akhe) Fsleart
FTESE 329 AAF3leA AW o|FRE wEIF M S
= g52 gdol & 7 mmPEE o 680 umol L2 IR F=
& et 53], A8l & g Asl/FAts A H (oxic/
anoxic interface)oll X F3lr4e] % W3y} HAY AAE
Rl FA3] A o] Fshedo] Ast s 718
He A& AARREL SUckFig. 3).

MEpRAS HATH 9 AA ESEA A MM A 3
gela0| M}

X2 HAE A5 ok v EEE HEFoE FYH
= R71Ee A, AR g {71EY i B FiAFA
ZFE QA itz Axo wal oekd) Fe s Yepdo
‘Berg et al., 1998; Lansard et al., 2003). IEZ 2 ¥F E ¥
Bole 3o 2R A% f7180] RFYHL S = $
HEZo] FFHo] Aas}(re-oxidation)’} FLPH A4k ARG
2] AdREEZE o FHE vepdh B B E RF0AM #
AEF ] FFo] Zol 4kahFakh AAHANA Aiksl Jgo] &
3o «vo] FHE VJER IS FTHGlud er al., 1994; De Wit
et al., 1997; Wenzhofer et al., 2001). o] |F A= RZol
98] RZoA & AA: ArEL BYThFig. 3).

2apEoiy st Ak e Tk B A E 7o) 0.50 mm
~0.75 mm Alo] 2 2khe) HFsEE ¢F 2umol L )31t o]
F7holl M 248l turnover time(3t: HawE O] 4AHAARE H)E
2F 5 52 A4t o WEA dojuk UATH(Table 2). ¥bH
A Fa)ea Abshs 4beke 2 #3952 ¥ge H8E 7o) 05
mm ~1.2 mm Ale]ollA dojubar i, o] 17tlM sl
29| B FEE 127 umol L, Fsled 2b8kE (oxidation ratey
D43 umol cm™ h7, RE&-77 AR HEF F3pi kg
‘integrated oxidation rate}2 0.030 pmol cm™? h™'@At}. 3 33}
A7t o] A A3 A A== 7K HEle Al (tumover
ume) ¢F 107 sXATh.

HEZQ HHEN 9 Falrd sl Aol 93 318k
\balel 4bsl 2 B 37l M3l nAE &3l % AE
513 28t vk, &l F3lraTt Abdel oa)] Ad] Atst
ded dde A7k 4 BoA 4 A7ke] Al i, vA
Zol 2%t ASPAZERS = ZolA] A 2 AEEA vAE 9
3 AEot Betd A3 Bo 5839 vhgoE 4R o
Revsbech et al., 1983; Millero, 1986; Kiihl and Jgrgensen, 1992).
L27t A Axe o 28 oY= o] F STF wkge] &
FHom oL 8-S BAFE 0 AT 5 ti(Table 2).
23, Fig. 39| F4t4 g5 3004 #3l44 2¥8H= Beggiatoa sp.
2} 22 s AARNA M e Fstera 4 dheE
ol] &g ot AR AZFETHTankéré er al., 2002).

o] ‘7ol FBleA4st abhe] AN G WE oF 0.84390). 33
Fae] 2kg) Wg-42 off e wkeA(neE ¥H "k

r\l r\l

H.S + 20, = 2H* + SO 1D

Z, 33154 1 molo] AtslE wf 2H4 2 molE: M)A "ot
Shof] Fol|A] Ffpart dhiel ofsiM et AtstETE AR
H] (H,S8/0, molar consumption rate ratio)= 0.5 ©|3}7} HojoF &
Rolty, 2} o] A7 Ade thh & g UEhlo] duiye
2 33les gbskgo] AU Athdrgoe] g Zo= e
t}. Revsbech and Jgrgensen(1986) Beggiatoa sp.7} LU EE A
28 biofilmoll A F3}EAAbAE 2|7} ¢ 0.6 o) YL Bl
B 0] elemental sulfur(S%)e] AAC 2 71 A3Z 43512
ATH ol 2 A7 HHE] A S A AW F
Bl g AANE 717 F A 2 A 850 93 s
ZH-g o)glo ThE A|A 71Fe] Ue-2 AL Sl

7FsAl0] 7Y =& Ao 2 sl Aka ol9d A
(NO3), 231 47HMnO;) 2 431 (FeOOH)H 53 k-3 2|sf
2+3lx| o] elemental sulfur(SHE MAISHAY 98 Uiz A
(Mn*, Fe?*)o} &3}4-9} wh8-31] FeS$} FeSa(pyrite)s} 7242 &t
AFES Y4 AAs FIFolA AAEE AolthAller and
Rude, 1988; Thamdrup et al., 1994; Heijs et al., 1999; Luther et al.,
1999). Aller and Rude(1988) F4ta 7oA HAEo] wkd
uf Ateiniziel] ols) AslEo] AtskE & &S AMFFeH, &
715 ko] 2 HAEd It o] #A3lE f9lol & X
A 7tEAo] vl =iz B sttt ¥bHe] Holmer and
Storkholm(2001)2 4+3}3 & (FeOOH)o| &3} Alsle] F438
A AR 0)8-F 4 riar B s rh. EI FakA $h
A BIECHS)! 3P 3 2 W) 2% AAHE 3
S vl 2 itk (Luther ef al., 1998; 1999; Tankéré et al., 2002).

Ete] EH3l 81 UM EHE0IM 7718 26

olxksl(sub-oxic)2t F-4tA(anoxic) BANA A4LEAE T
8l thoFst 3151(MnO,, NO5, FeOOH, SO, 5)E°] AX+&
A& o]&Eo] §715 2B E FEIT} 53], Firge Faky &
¢ dhE2]ol(SRB)Y] EF o]8FH FalisE AT At
HHE] FAkA S0 it e o f71E9] Bal=
oF 50% olAdS AABHH, oluf| Zho] dojuhs Thekgt AR slekE
ol W& B3 ¢8g AH3= 28 8.2 F shuo|th(Jgrgensen,
1982; Tankéré et al., 2002). WEhA] Fakh F7olx] Ak 29
o] A FAY3 FA U9k WE(NO;, Mn, Fe, S 5)
9] 48 A}AL ojallzhe A& At A EXE Helsled F
[3j

gkl gglo] Aok F7He B&& 7o) 50~7.3 mm ARe]
Hom e Ao 2L 6~7 mmE A F Y} o] A 7))
F71E o] B At € 7HrE] FF 5 EA =AM 2
o} GARIATHHolmer and Kristensen, 1992). ©] 7-7keil4] 244
d Y8 0.13umol cm?h, HHE o)z A3 Y S~
£ 0.029 pmol cm™? h™! o}tk o] A4 A BL&L rA
Bo] A=E M3tT & biofilmolA &4 R Hot <k 64)
ol 22 gho|Ux, FE 2 dA| 3u) o &gt e} A9t
2 9] FHAE HEMe 22 AT T3 7129 FF
B A B Aot FAFSIATE (Holmer and Kristensen, 1992;
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Kiihl and Jgrgensen, 1992; Albert et al., 1995; Thamdrup ef al.,
1996).

Fakh HEZ A4 Bshras Ao FY B
urelgloHSRB)N 2l A=) FRFo R BFE o] ol FHET

sl

AN FLE 28 2D FHAFE Zerl 7Rk ¥
5] g3l5ae] A7 ¥ BRI 351440 Asket Ak
599 Axd me 2FATt T o] F ykgo] o= 77
ApololA B 71871 F3kea Akgl EEa 2 GAE 849
HAE S0 gn|dit}, FAkd 30 {71E Falol S
o] AAFRAZ AREEo] FBl5AE A, HHF Wl
5] AstEThd Salae 4he T Tk AN &
718 B0l o]gH el FAg vkt
dukz o 7 FIo] AAu|AHSFE o]-§5to]
EJAE {7189 B 4HE Ak E¥Aa2 FHATHGI
et al., 2003). O)AL A3} 37 slellx {718 B3 A A
71 & (heterotrophic respiration) @ & 2tSk(nitrification) ¥-7F
oz} 3leae] AEE T8 Zolt). FErAE 2 mold
2T SHlEe] AstgoR Al o]gE Ak FYHSE 2X0028
umol O, cm™ h™' = 0.056 ptmiol 0, em™ ™2 g€t ol& %
2 EE 2o ok 60%0) AP E Aafoln, YmA] 40%= W
B 35 2 AN wkgo] 2H|HE Zo7 FHET o] e
7F5El A e 4718 Aol B HAEAAN f71E
B Az FanFA ¥ & 98 & 208 Hd3H
= Adelth. a2y 9 FEeA AR AR Y 0580 7AA
ZAAE (NOs)F Abatd F&50 98t slae] 4138 3 Mn™, Fe™
3 e & EAne] A4 F A29 ki AA 713 EAY
7P e AARITE AXANO)H 2EE4Mn0,, FeOOH)S
248} ghe T shd, o] JFollM FAT FAkL HEH Sl Bl
HE #7189 A % ) Bt HAE 7Rl A W
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H9g Aolth, wgb ik HEHFA Fagtdd 9% f71=
+3-g A oasly] YalME 4tet - U 55%9] A7
7} B4 o]FolHof & Ao 2 AzFgH(Revsbech er al., 1986;
Kiihl and Jgrgensen, 1992).
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o (A T4, BlEE AR), Ad 5197H1997~2002) A
o] AAIE AN WAtA: FH7F FAEE IF g WHHHA
o AE 8EF7]9 (dissolved inorganic phosphate)?] §-EF7]
A2~ (dissovled inorganic nitrogen)°l] Bls) WA} Frkehe AFE
veRd Tl AT 4, 2002).
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Roz Azbert.
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