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Regeneration Processes of Nutrients in the Polar Front
Area of the East Sea
IV. Chlorophyll a Distribution, New Production and the Vertical Diffusion of Nitrate

Chang-Ho MOON, Sung-Ryull YANG*, Han-Soeb YANG, Hyun-Jin CHoO,
Seung-Yong LEE and Seok-Yun Kim
Department of Oceanography, Pukyong National University, Pusan 608-737, korea
*Department of Environmental Engineering, Kwangju University, Kwangju 502-703, korea

A study on the biological and chemical characteristics in the middle East Sea of Korea was carried out at
31 stations in October 11~18, 1995 on board the R/V Tam-Yang. The chlorophyll a concentration, new and
regenerated production, and the vertical diffusion of nitrate from the thermocline sturucture were investigated.

From the vertical distribution of chlorophyll a, subsurface maxima were observed near the thermocline at
most stations including the frontal zone, except at the southern stations where the maximum chloropyll a
concentration occurred at the surface. The nanophytoplankton was the most dominant fraction comprising 83.5
% of total phytoplankton cell numbers, but netphytoplankton were common at the southern stations where the

dominant species were Rhizosolenia sp.

Nitrogenous new production and regenerated productions were measured using the stable isotope N nitrate
and ammonia uptake method. The vertically integrated nitrogen production varied between 8.470 and 72.945 mg
N m~2 d7". The f-ratio, which is the fraction of new production from primary production, varied between 0.03
and 0.72, indicating that 3% to 72% of primary production was supported by the input of nutrients from below
the euphotic zone and the rest are supported by ammonia recycled within the euphotic layer. This range of
f-ratio encompasses from extremely oligotrophic to eutrophic area characteristics. The differences in
productivity and f-ratio among stations were related to frontal structure and the bottom topography. The values
were high near the frontal zone and low outside of it, and the station near Ulleng Island showed the highest

f-ratio.

Vertical diffusion coefficients were calculated from both the water column stability (Kz-1) of King and Devol’s
equation (1979) and new nitrogen requirement (Kz-2). The values of Kz-2 (0.11~0.55 cm?/s) were relatively low

compared to the values reported previously.
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= warm core} A FA¥ Ao FUs)

Dugdale and Goering (1967)91 2l3te) =¥ 2144
(new production)®) Mg e 7|2 F +JEL £
A4 1% (Carpenter and Romans, 1991), 7% (Duce et
al, 191) 59 71&o) st NFA 7188 o A
2A FFGel 3 F R L 9ulalo, Eppley and Peter-
son (1979)°] 9J3}H systemo] 4FHA) G 585 H
U ZFozRE A7 osta 529 £ e AL
ujgd, whdo] YA droh} yreast o] &
2% Wil 3se JFgd Jste FAHH, sys-
temo] FAH7] fstdde Yre £29 F Ye BE
ojty. FFN g FAAH BAFAE 2A3}Y] 93ty
= AN B ARI 4o}, T AN 2
83 S47AY COE FIRAE AVAA Yrlzn
H AAsE BE8E pump (biological pump) TS
gt g g4 AGae gAdge dad 9 g
715 CO:Y TFH sinko]7} w o], AWAL A AE O
EYH COE AATOLEZA AFedse] 95249
482 & 4 A (Volk and Liu, 1988).

479 FHE 9 5 2 5RE9 (54 133°
40'~135° 40, B9 37° 00'~42° 1009 FHALIGA
Ay 7, AR 2 42048 N 7 $39 ZA
SA4E Aotela 9Yg BT ¢ £ g8 yu
9 3% BAZA 7 £79 3 E4L FYsn ®
& 7 o9 AAYRAE 2AEIA o] AN U
B cEAEE THHLE oF3ly) AT 7xARE A
e Aok FHAY dFFY FEFAL Cho et al.
(19970 2EHJ oM, B =FdME chlorophyll ¢ &
E, AL 2R A G A% g dae
oEA

e

E L

€ A7E 1995 109 9YHH 19U71A AL} 7
FTATL BARIY BYIE ol 48t £YHUY AF
HH2 54 133° 40'~135° 40, 59 37° 00'~42° 10’
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Map of the study area showing sampling sta-
tions and the sea surface temperature,

(*: Stations where primary and new production
were measured).

Fig. 1.

S adE 1nE JERE, d@AE BEAARR
—20Co A WF BB 0% acetone 10 S 7}t
WaadA 2441t B AAE F2F F 2000 pmo
2108 dARYANA BEAE $3247) (Turner
Designs Model 10 Fluorometer) & ©] &8t} 5% gAkol
1~2828 A7he) A 39 §33 e 2439 g
A& ol &3t A4 AT} (Yentsch and Menzel, 1963;
Holm-Hansen et al, 1965).

T v
hi. Yy=FdX —— X(Rb—Ra) X —
Chi. a (ug/€)=Fd o ( a) v

Rb : fluorescence before acidification
Ra : fluorescence after acidification
T : ratio of Rb/Ra for pure chlorophyll ¢
Fd . appropriate calibration factor (Cd/Rd)
Cd  concentration D determined spectrophotometrically
Rd . fluorometer response for D

9 Aeld T 9 Fd &2 &4 chlorophyll « (Sigma) &
ol gstel B,
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AEEYa FHEE gotay] st 2 A4
EZAM AEE 1 liter ZNLA A5 Hao
Lugol &9 5mE ol 23N 3 Nge Fasgs
BAB7] st T n)y whuko 2 ¥As] B A
GadA BHsle] ¥z Sutstgn). du)A Bae
NEE AABNA 48A7 o) AAA e A5 e
AAR S 10m2 §5F oS Sedgewick-Rafter cham-
berg ©o]-&3ted 100, 400, 10008 2] wl&3tANA FA3 A
F3tad,

T35 AR A ZHL BNKNO, # BN-
NHCIY 5488 d3gnh ige 98 5188
Rosette =710 %€ 5 liter Niskin AFHE o] &3}
of 100, 49, 30, 15, 35, 1% %3 44 (LPD: Light
penetration depth) 1A 3Rt 2345 (E; extine-
tion coefficient)= Sechi disk (A7 30cm)E o]&3tq
2] E=1.7/Zs (Poole and Atkins, 1929; Idso and Gilbert,
1974) 0.2 d&Fom ofe Fze] g Lol Beer
o WY /L= (B:AFAF, 2254, nEE23E, ;4
Az X 9] Fx)ol aa} AR BEE A5 54
o #=2 2337 98 2 liter polycarbonate bottle-&
HEH nickel screen®.Z ¥48Eh (Stork Veco, Bed-
ford, MA, USA). W2 EZFd+2 W48 on-
deck incubator 4] 33t T}, wlF Al 2HA BN-KNO; (99
%) and 15N-NHACI(99%; Cambridge Isotope Labora-
tory, Woburn, MA, USA) & A% 5571 424 1,M 2
02pM H=2 HEAYd Wge FQE 7F0z ¢4
gt AQgsol A Pt

HFF AFAEE 450CN A 4N B9 vl f7)E
& AAE 25mm GF/F AR 2 o338 § JAAE 60
ColA} Azsle] AL A7) (mass-spectrometer) 2 N/
“NH|%} PON $E& F43%th (Owens, 1988). A4
3 A Ao A4k Wilkerson and Dugdale (1987) 3
of ofate] AAETE pros (Rhowos; AAE $4HS; nit-
rate transport rate; gM h™") 9} pyue (Rhong; G2 Yo}
&YHE; ammonia transport rate; M h™1) & T A7k
o @9 A Aogs grdoly F4&EsE g
W A YT gk A FFED Vo
(biomass specific nitrate uptake rate; h™") <} Vyu (bio-
mass specific ammonia uptake rate; h™) £ AJ7+e] o
T2 dvehdn], 25448 489S o ¢ryole
A o3 HEEZYAEY ARET ) 3 Fac)

7120 Aol AAee B89 “fratic”E o
&9 A& ojg3te] Atatdrt (Eppley and Peterson,
1979).

f-ratio=Pno3/ (PNO3+ PNHs)
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1% BEAFA LPD7HA 3 HEF AN L Int
Pros, Int pnwes} Int p (3+4) 2 Yehliflen 2zt g9
BAY AR, ABAE AXNZANE Jgujgt, 9
AMEE AT F4EEE FP99 A 12, dr
Yobe 733t F58E n2do 188 Fato Axal
At

T4 &L AF Kov F 7R wgog AN
H, AA+ King and Devol (1979)¢] 42 oj&3}d &
el 3 BT (B)2HE T8¢

Kz (cm%/s) =643.0 (10°E) ¢

d
E= £ X107, the stability of water column

d
f - density difference around the thermocline

AT A2 NH ASY AL STFS o] 25}
TaAed, HAY FANEHE /HHslo] AMge 04
Ao 2HEY i) Mg F2o07 FIFHL E
59 AN =& 94 g4 o, Fnd §%3
Well M HEEFAE &) F489e 209 93 29
© ZZ30A T 28 o] 83te} A4a Ytk (Shimoto
et al, 1996).

Fn (ug-at/m*/h) =Kz X [dC/dz]
Fn ! the upward flux of nitrate (new nitrogen require-
ment)
dC/dz : the slope of nitrate concentration at the pycno-
cline

23 3 1%

1. Chlorophyll a2 2%
chlorophyll a9 FE& ZHEGA ol3lol A (.71 yg/e9
e olgen AC 2 D lined EH HANA chloro-
phyll ¢ 59 &AM E Fig 20) YeERAUTh A E A3
g At £4 30~50m F2)N RS Y
or 100m °l3te A AEFANHY gL B
At AA A39] B EZFA chlorophyll ¢ FE7}
Aol Atk Cho et al (1997) ] 9&td A A1RE A4
Atole] 5 & 20| 2147~2174C9 nLoln GRS
31.87~32.08 %) AUFEA o] FH 2o YA
FEFYS ARG AFE B2dde 2ZU59
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Fig. 2. The vertical profiles of chlorophyll a concentration at each station along the A, C, and D lines.

t4E chlorophyll ¢ X7 W% & AR HuHd
Ao (Kim, 1987). AA A2 9 A3olA 4% (Table
1) Chaetoceros affinis B Rhizosolenia alata® X T Rhi-
zosolenia sp. 24 °]8 2 A oA E3) 2AH
I Atk E=3 olg FANNE FANSF F 27} 25
um ©]%9] netphytoplankton®] 8]&o] B} H S nj3}
o ¥4 (Fig 3).

352 dY¥Y 29 323 R 59 A
B AN (fronta) 2one)d) BAZ FEE b e
(Laubscher et al, 1993) A lined] ¥2# =41 50 mojA
9 43 YL ¥ USE Fig 4o YehiAdd A
lined ¥% &% 74 (temperature gradient)?’} 714 &
Z2 A3 A189)A4 A20AF0] =2 3.7C/1852km FE0IN L
o whzbA A lined EFAM A A18% A204F0] (B
40° 30'~40° 400 Hdol FAHARL & 4 o
Aty oz AR Fuge] wohn deix o
W 239 chlorophyll ¢ 55 33 Al~A4°] ¥4
ERgx AN RBaola £33 ZHE vehlA sttt
28 4 50m F29 #2%F M= chloraphyll ¢
FEIL dARZGA HHg B,

2. MAMD KHAM

AR ZRL 5ARPAA gy ed, F@E A
A A} (puos; nitrate transport rate) < 0.055~2260mg N
m~2 h7'e) H9E vehgglon], AW (pys; ammonia
transport rate) #2 0434~2546mg N m2 b 'S B
o} (Table 2). A4 2 AT 73] AT Yg
A3 BPolM HUAE B o] oz RE AAH
29| U2 AR 0718, 1Y AMEZ BPEH A A
fratio 3& B A12004 003022 713 1 ¢85
047022 E& #& Ho U2 FHA A £E

3T

Table 1. Total percent dominance (%) represented
by the dominant speceis which occupied
more than 5% of the total standing crop of
netphytoplankton at each station

species/st. A2 A3 A6 A16A24 C7 Total (%)

Chaeloceros affinis 41 - - - - 5

Rhizosolenia alata 53 - - - - )
[5: 712 -1 - 2 32
Gymnodinium_sp. - 51 111 9
Total (%) % 21 1 2 1 3 54
Dominant species number 3 4 1 2 1 2

8

8¢

Number of cells(%)
3

A2 A3 A6 A12AM A6 A20A24A26 C3 C7 D! D5 D9
Station
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- N fr :

Fig. 3. The relative composition of size-fractionated
phytoplankton density.

ratio® Alolstd AMAF ghat fratic T3] A YA
AR BAE Holvy R YT 081§ fratioZ
o AHE o 44 U2e ¥9%¢ A9, BPE +9Y
il 2ok A, 123 19 FHEL NEY #9
EA4g Jvehia 9w} (Harrison et al, 1987; Dugdale
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A line - surface
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T
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Fig. 4. Temperature and chlorophyll a concentration
along the line A at the surface and 50 m
depth.

and Wilkerson, 1992). U2 AHd A9 7|24k 27

57 ggtow AAFH QA ZAHHA FdG

THEEE HY 30m FHNA DA (+o}dkd) 9

FE7 470 M2 OE JAHEY 1M olFET WS

A deisth & 2529 #¥E AAAFY wstz

Aot FFEY Faol B dojvn A&E £F

@ 7 Ao AF HAAF wse] g AU F

747 21831 90tk (Denman et al, 1981; Chang et al,

1995). 18} B Ao A s o2 g 49L& FE &)

€ 7N2ALS fR&Fo #F A87F REFA of

712l tistel HEg Muo] YEut

49 F A2 MS B3 B1olA 8470mg Nm2d™!

B 7bg uga, A4 229 A4 BPAA 729452 713

O:

=

AME 953904 21282 EL #FHS YUY AQR
oA WA vEhd olfe °é°&<§ 58 2499 37
of st A 4G FF 2 THNH] g
F5tel vlsto] Eig UM AT Aoz B HA
g R A CINHZF 2A YedE olfE Aas &

29 WFA o] GEAE REAHo R 7] A5, FAt
Ho| FEIF dolA Aide Fvt AdFez e
A 719shs AEld Eddol o & 8oz AZdd
o 5N S¢HbHe A8 fratiod & 2 C: N A
= H2E gL WAz (3~6 A EUd EF 5 o
FE71e] Baad zolg BY 4 gloH, me i
3 dRote] F7t dFHEE Ho)y) g (5
5] R Yole] A% dark uptake’t AEE @& HY)
3 &%) Z23v} Dauchez et al (1996) <
3 for t107} 0.2 01'5} A% AR 5 umol
EFAEN o3 &4 A (carbon fixation) E
7§7°-°ﬂ“: A e] =4 eige
-7—7]-4 Fe A A s
oj4 r"‘?ﬁk%

U

gol 4% A4 A3 Al2 B,
o4 479 ¢+A % (King and Devol,
1979) ol &3 ¥R AL o] T WYoR £
2 84 Al &= (vertical diffusion coefficients) 9 24t o] 4
% FA (upward flux) & Al4H3e] Table 391 YERA A,
Eppley and Peterson (1979)2 sfol A Ux44HE &

FoA FUdE 3ol B2 A4 (regenerated produc-
tion) & YRZHE FFE F%g) g QAN (new
production) &2 WFlth. Dugdale (1967)2 ¢S
25 AAR Y FRY dYFol 1EE AR

H FEEL FHEY Hol] REF IR FOE N

ne
2
ox
>
S
o
o >
o
22
O

EA vebdd @A A4 s A4 22 3 ¥E two box modeld AAFFEd, §2 229 ¢
BPolA 22602 AE A< Redfield ratio (Redfield, 1958) ~ AA4te E2Z G350 o3 Jadel Ao o=
of Hgte] 1359 ¥ S UEE, 08 AE an 833 5 AN e 2022 B9 JFy
Table 2. New and regenerated production, f-ratio, and C : N Productivity ratio
Date 1% Inc. pros PNEt . Prot PP C:N
ST. # ] f-ratio ) , ]
(y/m/d)  LTD (m) Time (hr)  (mg N/m?/hr) {mg N/m%*d) (mg C/m*d) Prod. ratio
A3 95/10/11 46 4 0.101 1.323 0.071 25039 3365 13.44
Al12 95/10/12 68 4 0.057 1.817 0.030 33.386 3182 9.53
B1 95/10/13 65 4 0.055 0434 0.112 8470 180.2 21.28
BP 95/10/14 50 24 2.260 2546 0470 72.945 164.5 2.26
U2 95/10/18 46 4 0.615 0.241 0.718 11.720 - -
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Table 3. Diffusion coefficients and productivity

parameters
® @ 3 @ (5
upward new nitrogen
Station ( Kzz/-l) nitratefix ~ fratio  requirement (KZ;?)
an’/s (I-g-ﬂl/mz/h) ([g'at/mz/h) cmy/s.
A3 058 27135 007 1240 026
A2 172 7403 003 503 012
Bl 060 5659 011 1042 011
BP 076 56.73 047 4083 055
U2 048 6998 072 - -

(1) diffusion coefficient calculated from stability; by
King and Devol's equation (1979) : Kz=643.0 (10°
E)~', £=(do t/dz)X107?

(2) (1)XdC/dz

(3) fratio= pnos/(pnos+ pane); from N incubation

(4) primary production X(3)

(5) diffusion coefficient calculated from (4)/dC/dz

* Primary production data obtained from Dr. }. G. Choi

at Inha Univ. were used in calculating (4)

o] A &N & 43& 2=} (Shim and Park, 1986).
ojEo] o3l A o g Aage vy FEE
B S0l AY A4 34 (nitrogen fixation) 5o 2l
TREY £2%3S 53 499 £33 Fao) 1%
Fa% FFdolgdn Busiyd. ARde 4% FA
(nitrate upward flux, Fn)& 4] Fn=KzdC/dz ¢ & 7&
F Sl 971 Kee #AFAY Aol dC/dze 2
44 439 71€70l, wetA] Keghs ¥ ANY §
%9 #3 B¥2HE AYAE A4S 5 10} (Shimoto
et al, 1996). AE L WPl 7HH& AAZE A
Adgol 249 AAH FAFMAF (Kz2)E FoB
o, 34 A39 H$ 20~50 moll +2okFo] dAE ] 9
oA dC/dz2 0.131 mmol m™* o]t} Aid] & gio
& 482 Redfield ratio (66)9} Ztlx 7133ln 49 ¢
A+ 4+ (daily primary production) & 2X-E A4® A&
EZ3Ed g8 F58 A2%S 425mgat-Nm?d?
7t €9, FAY el g A v E Jeide
f-ratio7} 0079122 Fn2 02975 mmol m™2 d7! o]H,

EX R X R

m2tA Kz2w 026cm’ s™! 7k €t o)} 22 Wio g
Uoa ZHE9 K225 AT

Kz-2% new nitrogen &7 F S HHRH, Kz29 3¢
0.11~055cm?/s = AA BlollAl 713 ¥k AR
A4 BPlA 714 &34t} New nitrogen 752 503~
4083 p-at/m*h2 A A12004 7HF @gtn AHG B
291 A BPAA 71 %ol 38 King and Devol
(1979)9) #39 ABEE o] & Wy ALS 4t
A% (Kz-D¢ nitrate upward fluxE AHEW Kz-19]
3% 048~172 cm’/s® A2 B3 U294 7H wkn
AH A12914 74 ¥tk Nitrate upward flux®
27.35~74.03 pg-at/m*/he] MAE FA A3A HF Bk
3 AA A1AAM P w4

Table 4°] ©& |G 2AE F482A 59} nit-
rate upward fluxE& S48k B ZAL Hol A Aste
3t ws) B, Kz-12 King and Devol (1979)9) hi
o AMNE I} ¥|2d1 K28 Kz1®ohe ozt 3
A vetgton #Rael +3AH FEZRE FALMAS
Z T3 Lee (19959 # (0.07~0.08 cm’s D EGE 7
ettt mel FASAA g A A SR DA o
©}7l King and Devol (1979)2] 4] $oluz} A8
AMAAHG 245 7 g dof dojA A s vedtofor
gAlolt},

Al At

AT FaA712E £9& £ BRE 4FF AL
AEGUD, 2 d7E 19059 283 8%/
ol sredT 2469 Ao gl s,

(@] ok

I =
@3 58 FHAG9 4 - SH4E S4olUE 24
19959 109 11Y5H 184744 T3 S5FH 9 310
RN 7MY SebsE olgstd FHYC

Table 4. Comparison of diffusivity and nitrate upward flux with others

Upward Flux

Kz (cm?/s) (ugat N/at/h) Study Area Source & Remarks
0.05~1.10 112 ~1118 eastern tropical Pacific King and Devol(1979) (n
22 208.3 Japan Sea (warm core ring) Shimoto et al. (1996) 6]
0.13~0.72 55 ~ 362 southeastern sea of Korea Shim and Park (1986) (2)
0.22~0.96 1348~ 9258 East Sea of Korea Chung et al. (1989) 2
0.66~143 73.38~18243 ” Moon et al. (1996) (2)
0.07~0.08 - “ Lee (1995) (3
0.58~1.72 27.35~ 74.03 v This study (2
0.11~0.55 503~ 40.83 % “ (1

(1) from N new production; (2) by king and Devol, eguation (1979); (3) from ***Ra and **Ra



Clorophyll ¢ ¥, 444

chlorophyll a8 =2 E ¢ A447 £ 4302 RH
o ABE9 FHGH] EAFHAG.

chlorophyll ¢} B% M= BETA o3l 072
pg/l2A R AAAN Hdsre F2SFFF24
A LAY, A 99 EF FEdME BFAA
UElG ol £ ANHLZ petphytoplankton?] H] &0l
UL $HZozE AUAA FF FHEE Rhizosole-
nia sp.°) ATt

BN A4 dEUel FHHHE o3t SAE
Ah ARNTE AL FREFY JET Fagde
8470~72945mg N m™2 d"'9] g& Hgen 7z
F A ake] AAehe H &S fratiod ¥ E 0.03~0.72
2, 712489 3~72%7F £HEY T ddtd TH
v Addd gA FAHZ UrA 28~97%7F £F
el £3se dRYold 93t FAEYGE As B
AFc}, ol ¥ fratio #e FEY WFF A
Ry g9 5AL I FHR A4S
fratiod] ole A9 X9 A (FFE)Y AHE &
AAGo] A Y= Aoz BT 2 AAdgM e
AT fratio7t EA, WelAe @A Jeliged &%
E F2AN M £ fratios BT

FAFMrE 5 A wEeE 7AdEd, King
and Devol (1979) 8] Ao vetd #3 A= 2HH A
28t Kz-17 new nitrogen &7 F2ZHE A Kz-2
olth, Kz-2% 011~055cm’/s ¢ WHZ 0|79 f& 4
TE o& Bug gl HEA @it
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