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Abstract : We estimated the limiting nutrient and DIP limiting history based on alkaline phosphatase (APase) activity during the spring of 2017 in the
Southern Sea, Korea. In the frontal area, concentration of dissolved inorganic phosphorus (DIP), dissolved inorganic nitrogen (DIN): DIP ratio and
Chlorophyll a (Chl-a) were < 0.2 uM, 23.2 and 2.2 ng/L, respectively, indicating high productivity despite DIP limiting. The relationship between APase
and DIP indicates that the study area had limited DIP because of a strongly reverse correlation (r=-0.81; P<0.001). Relationship between APase and
Chl-a (r=0.61, p<0.001) also indicated that APase may have been induced by phytoplankton (ca. 60 %) and bacteria (ca. 40 %). In DIP limiting history
in this study area, frontal area and non-frontal areas might have induced long-term DIP limitation and the recent relief from DIP-limitation, respectively,
based on distributions of dissolved APase and particulate APase. Thus, these results suggest that by measuring the enzyme that hydrolyzes organic matter
such as APase in frontal area, it is possible to estimate temporal and spatial characteristics of limiting nutrient, thereby improving our understanding of

biogeochemistry cycles.
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1. M E Current), E5 735 714 AFE FHE AAYTFOR 52+

A 5= 4+(Cheju Warm Current) 12|31 ALH W7t} 52 &3

Zlutel @alehe F2A) S 8 F(Kuroshio Current)®] A5 &2 BAE = MSlEF-AREr(Yellow Sea Coastal Water)9} ‘e
53] 7 55(Yellow Sea Warm Current), thPH-54*(Tsushima 31 %1¢H(South Korean Coastal Water) 52 9&& i=tHNa
et al., 1990; Lie et al., 2000; Teague et al., 2003). S}AIol= A}
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2271 - ZHe
U Fao A Vs = el d A S8 <(Korea Strait Bottom
Water)7} =3 3HA] B o], O H343k B22Ql $ho] x4
F tH(Teague et al., 2003; Lie and Cho, 2016). F=3F vl 59
7173491 adld whet o5 o A 9 o] =) u
o, Fal e A7 Al o2 debITh(Yang et
al., 1998).

e Nz e 542 H T vt S o
dos QAL W ohiek AAYRA AEl &
o}, AR HA o
et al,, 1995). @3l A Bt A o] & 8 G
5o Fo MAAL~RE 4ol IJohKim, 1992; Choo and Kim,
1998; Moon et al., 2010). ‘&3l 1 el A xR 2} o] 3}
A wWpo] Ao @A -t ¥ RiITE Kang and
Jeon(1999)°] W¥H, A==FdE H 1 %‘—‘H"ﬂok‘:‘rﬁloﬂ AU
= TEEEAEY
Baek et al.(2010) =3 o
gtk 3} TS Jeong et al.(2013) 3H°L°ﬂ "1 A-
HE dep e AEEHAEY] A Al o 4 (potential
limiting nutrient)> AA4FA 0 & Thetstgl o, FA| 9 SHA ]
ASolt Qb on wIael.

U} A= Eu]s] HAS9] HEF(Liebig’s law of the
minimumyel W} Ao §ol Hrk APyl sfope
AT Aa, 9 aglar A9 8}E S E(stoichiometry), &
“Redfield ratio”(N/P=16; Redfield, 1958)9} “Redfield-Brzezinski
ratio”(Si/N=1; Brzezinski, 1985)°]] W& Ro = X F7}A] Gk
doll e AEEFAEY Aol B3k Ao Ta3 AR
2 A5 o] ¢hUH(Tilman et al., 1982; Hecky and Kilham, 1988).
Z4e] 49, DIP 557} Sug/L(eF 0.16 uM) FE= 300~500
H 7} 16 o]t o] at7t e
43t 4= Qlth(Reynolds, 1984). ©]+= A
S8k RE Aol EEe st AEE

2asic. S BE 482

Foll 21541 Bl e Y F55 E(uptake rate),
MEW FUFD SH-F(cellular nutrient quoter)S 3}t dHrl=
| WEel, AEELAE A A4S 7]

st AlgE 4% A A A} (indicator)7F 2 &3}
g g Foll &5 Hol A= e TR
inorganic phosphorus; DIP) ¥ 4F o}yl §&-R-7]< (dissolved
organic phosphorus; DOP)©] 9] 2.7 (Cembella et al., 1984; Oh et al.,
2005), R19 e o] A= g %= DOPY 0.1~0.3 uM
2 DIP9} 2ol 1 ZAE A ¢k +=th(Suzumura and Ingall, 2004).
2] Aol A DIPe] Al g el A kA 4ELe] DOP o] &-&
1. 313} © ™ (Nishijima et al., 1989; Dyhrman and Palenik, 1999;

2
2
18
Lo

e 7

AU
rkmru
o o

21 (dissolved

e
TET

S K

Oh et al., 2002; Yamaguchi et al., 2004, 2005; Oh et al., 2010),
£3] DOP % 914FRE o) 2~ H| 2 (phosphomonoester)= 3l 5=2]
oF &7l A A BT 2 AAES] f Ax(alkaline
phosphatase; APase)oll el 7F=5&-3l] Fof, 3|4 <l(labile-P)
o ez A Fadd 9TS FdErH(Cembella et
al., 1984; Oh et al., 2005). APase™ ==} dhe ] ol] A
EHof 9l YA -APase(P-APase)9} =0l & FHo] A+
24 H]-APase(D-APase) = T =™, DIP7} A|st Aol e}
S5 7] wio] DIPY ATFAEE VeI E AR A
Fth(Kwon et al., 2011). P-APase®} D-APase] H|- &S 3 ¢
DIP A% ol wa} 1 ugo] dehx]7] wlEof (Kwon et
al, 2010), Li et al(1998)= Ztzte] FAHE=E SHTOZH
DIP A|gHe] AIZHAQl ®istE F48 F e 7Fed& AlA
st

T & ATE 0179 R0 IR e
a @aele shebaa g e
22 (APase) S 7IHFO R EAL B

[e)

g'i
AAAE WA =3 A FA e W

lH i

o
2
o2
-

oATE 20179 49 3ol FAWI A BAM vt
(G/IT 1,494 ton)E o] &3}, Fabell A AF= 714 107] A
ol Al A #ASS TS (Fig 1). AAGY FAE 3
o}&}7] 913 CTD(SBE 9llplus, Sea-Bird Electronics Inc.)E ©]
&3to] F, g 185 &FALRE Ao, o] &
778 =35l 4(0, 10, 20, 30, 50, 75, 100 m) Rossette samplerS
o] &3t F|FE At

Ard AEE A SA FEIdF2E(@ 047 um,
GF/F, Whatman)E ©]-§-8}o] A&Z 8= AE7F 9354

ol oz

= 30mmHg o3He] e oz ofnsiglon, wAA
A FEYE 20T BRSSLh DIP 13§77

7 2~ (dissolved inorganic nitrogen; DIN=NH;-N+NO,-N+NO3-N)+=
ANFATHA DTl wht 233 5 Al (spectrophotometer;
DU 730, Beckman Coulter) = H] 2} %5} 3 tHMOF, 2013). DOP
= 8% 9l(dissolved total phosphorus; DTP)oll A DIPE A
ste] F71slgl o, DIP= AFSHAIE AF8-$F Koroleff(1983)2
Wi o8 =439 th Chlorophyll a(Chl-a)E= 35S BF2ko]
IA] (¢ 0.45 pm, Millipore)ell o] 33k 5, opAl= FE Wl w
2} Mabol A R 22819 THMOF, 2013).

APase /42 A4 AHoA 4 30 m7HA] B35
RPN ERER

(hydroxymethyl) amino methane-HCI solution (pH 9)&

disodium phenylphosphate, tris
Hkatol
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¥ =

¥ 5 ferricyanide S % 7}5}<
disodium phenylphosphate®] 7}isll= 2%
%33 =7(DU 730, Beckman Coulter)Z H] 1 7
2F 3131 tH(Yamaguchi et al., 2004). P-APase®} D-APase®] =i]&
FafA e o9k ol A (<30 mmHg) BHFe] A (¢ 0.22 um;
Millipore)& ©]-&3}o] o#gt F, 1 o] HE D-APase= IH
313 0.1, F APase(T-APase)°l| 4] D-APaseS 3 A5} P-APase
= 7HRI T BE APase A2 AAdoll A Al |

ELENG
a9,

, aminoantipyrine

=
Rl

=
2 ZA

A% 5

128°E

Fig. 1. Location of sampling stations in the Southern Sea, Korea.

3. g1} 9 pE
F2e A A1 A290A 128CHE 154C7HA 28 L
A A3 A5l A 12.6CollA 15.7CT7HA] w43 F>83tE
woomw Umx AYoME & $29 WHirh Y
2ol AR A4e] F4 20m oAl A 11T B F&H0]
BZ3sl9thFig 2). 98%= AH A1 A2004 34.3 psuell A

34.7psu, A4 A33} A5ollA] 34.6 psucll Al 34.7 psuZ AW 37}
How, 44 A49] 30m oJAdlA B FRE BW
Aol A v gk Y ERH A TH34.1 psu; Fig. 2).
T AR A AlT A2(8.8 mg/Lol A 8.3 mg/L)
A37} A5 A1(9.1 mg/Loll Al 8.1mgL) T3¢ W
, A3 A49] 30m o]l 9] vk SR o
Yol A= FHE 2ol 7t glod
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Fig. 2. Vertical distributions of temperature, salinity and dissolved

oxygen in the surveyed stations.

re=
o -=

=9 A= 2uM ot e YER A THFig. 3).
DIPE 0.15~0.67 uM&] ® Y 2, DINZ} FAFSH B E 7 ol o
), 53] 44 A37 A4°] EFolA] 02uM oJFtR W FE
Z YEh S thFig. 3). DIN: DIP H] &= 5.19~23.20] 1, B4 39
A 59 ®EFolA Redfield Hl(16)XH T =A YERGL(FH )
23.2), 21 919] AN A= Redfield H| S} FAFSEAL, @A U
el th(Fig. 3). 3FAIRE, Chl-a= A3 A13} A2, Z28]a BH
A3 A ASO] ZFOA =A JEher, Hd s=E 4A
A3Z} ASAPololl Al 221 ngLE YEF(Fig 4), 719 Bl
A FHs oA F& AEAAe] Beltks AT o

%] 5} tH(Kim, 1992; Choo and Kim, 1998; Moon et al., 2010).
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Fig. 3. Vertical distributions of DIN, DIP, DIN: DIP ratio and
Chlorophyll a in the surveyed stations.
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Fig. 4. Vertical distributions of total alkaline phosphatase

(T-APase), dissolved alkaline phosphatase (D-APase) and
particulate alkaline phosphatase (P-APase) activity in the

surveyed stations.

oA 1] g o A T-APase= 0.11~2.04 nM/min®] Y=
Efidlon, A3 Adoll A SHE BE FAA =2 845
1.9 TH(1.50£0.45 nM/min; Fig. 4). A9 2 212 A=
FrALe A4S UERA 9UH0.11~0.48 nM/min; Fig. 4). Redfield
H|(DIN: DIP)= A4 A4°] R oA =& HE e, DIP
7F A AR Z Y EFEA] U(Fig. 3), T-APase= A Aol A A
Z 5 o] DIPAI3HS A A18}SI T A A T-APases} DP9} 7}t
oA o] FAAAE B r=-0.81, p>0.001; Fig. 5), Xwoﬂﬂ} a
TR 92 DIP7F Algtd slgo® ned & drk &
A e T-APaser= AREE 7] Z1E]an vl

S9o BAudHo] 27 i g g H]E’_
i of| ] A}-8-gt 7] (phenylphosphate)?} 7
o2 =44 9y vlustd, €£9 Uranouchi Inlet(1.20
~70.1 nM/min; Yamaguchi et al., 2004)2} Tokuyama T+(0.00~142
nM/min; Tanaka, 1984)H Ut} w2 &S HQow, S
2 i Al vk el 7Fekeh0.51~5.21 nM/min; Kwon et al,
2011)2] A HUE Wity dRo] A= 19793 FE ¥
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A Fe el e Qlal
H Seto W3l 37 ¥ 5 ZXH(Law Concerning Special

Measures for Conservation of the Environment of the Seto Inland

Sea) Ha R ¢l A37|FE 43t B ¢lo] FiE AA Ax F
Ao wet FoR 1 FYgol Hayoel FsAS AS-
DIP 557} A& olgte] #& HolE 5(Yamamoto et

al,, 2002), -2lvtet s r et DIP7F A A= o] A7) W

ol =& @do] Bl oz AZbHET
0.6+
C)]
0.5
o0
S 044 €O
E [
a 0.3 .. y=0_69x-0.02
a ®®. -081 P<0.001
0.2
o
0.1 5, @
0.0 . — 0 & . ;
00 05 10 15 20 25 30
3.0
. (b)
= 251
<
2 O
= 20+ o) ~"y=0.01x+0.71
e s r=0.61, P<0.001
o o
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O 1.0 g
— L
< 3
ey =
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Fig. 5. (a) Relationship between dissolved inorganic phosphorus

(DIP) and total alkaline phosphatase (T-APase). The
hyperbolic curve is calculated by power equation. (b)

Relationship between chlorophyll a and T-APase.

D-APasei= 0.04~0.93 nM/min2] H¢] o], T-APase®} 79|
A Adol A e FAo] KBS0 (0.75£0.13 nM/min), L}
2] Aol = WA T, 0.30+0.10 nM/minZ 7 & 5] 9 UH(Fig.
4). j_a_ﬂ P-APase= 7<4x4 A49]- olt' =] x%,] /\loﬂ}qu} g
Aol =4 5 vH0.50£0.50 nM/min). T-APase% D-APase®] H]£&-
A A4 A 30~70 %S o, LR A Fo| A= T-APase
o] D-APase® EAISIGITH &5 A F] A5 A&
B Ee g el Mxd &4 2 AxERZRE W
AZH RS oA, YA FA A=
ol A 3 APase= {lom, AEZZHEH &4
APaseWt EAgth= AE YERATE Eg A A
DIP2] 73t A|ehS AJALE Ao 2 169|742 DIN: DIP H]ol

w2 DIPA Sy} I3 AwE Vel sbubvke] A

22

R
.

=

[e)
ST,

A=}
RUN

R o o

3f 3 o

=
=

Feo] H7t
T-APase 5 D-APase &7J 9] H]&o] AL} FAAA 8~15%
2 OFEo] P-APase® W] &S YERHATHKwon et
al,, 2010). °]+= Wk <] DIP A3k =7 2 s n) A3t
o= AE ou gt oA Z-EE -9
2 2 g3 A3 DIP AR AEE 7K
ATHLI et al, 1998).

ala Fol free D-APase®t 2
A @ p-APase ZA3o] we} @
AEE M A= 9T (Li et al, 1998). D
D-APase®} P-APase”’} 7 AEEA FEvhd &l A
DIP Agto] fAAY oFst o], @ W2 D-APases}
P-APase®|™  # <ol DIPZ} AR dlYelx, @
D-APase®} P-APase®] -9 #7]%F DIP A gto] A= 3 Y
ket 2= giu) u}x]moi @ =e
739, ol DIP Aghe] sfj4H
3P°4 23S AR 731} Zd*d

>

=

=

=9} DIPY A%

©

Al

D-APase®} Y2 P-APase

P A gto ] <ol

HE
1%
U 0_1_4

A3Hr=0.61; p>0.001), 4]
%St 40% A== XW Eas
BEEEH ] Aol A %= vk 2o}
S %393k= AH$-(Cho and Azam,

—?—(Yanada et al, 2003), A EEFAES] At
(Robans et al,, 1996) & 2Fo] & Ho]7] wjtol] APase
ote} A FEFIAE] AEFS Afold upgl WA
2 B AN W1 E o] G D
< ALE JUEE @0 e dAd99]
APase®] - FAE 719 oz B
Mﬂr(Nausch, 1998; Yamaguchi et al., 2004;
2011; Huang et al, 2007; Samo et al,, 2012). 3 -8 9ol 4] 2]
EZZAEY dHgote] JAAEH
carbon; POC)°ll W&t 7)o &0l ot

pud

PAREEE4

O] ==

Kwon et al.,

7] gk~ (particulate organic
AT7E AH-7E A o]7]

wliE-o] APase?] QIHIAE AFs|d = FE FEo] UA
Wk APase?] 43} Chl-q®] #AIE 7|2 living POCE A&

ZFAE deEolrl oF 60:40 M EE AT oz A
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LM% gWe
Eagl=S
ShA T APase”| 95 ¥F3]7] f1g A A0 AFE A
Ao g o] o] Ut} APaset A EZHAEI vy 2o}
Ao F2ste] glom, RAQ] FAY T HE A
o)

Edzox fA 23 =

2 TF(Nausch, 1998). w
2hA *Hi—r APase«] FAE B de AEA Aol Z
L3 Aoz HL)

A FHs) 9ol DIP 5 DOPS] Hl&5 B oL
WL 63%2 MG A 2 DOP H &S
Ao sfdol A DOPS TS Awol tE
g B2 A o] oy wjitel 7HA AL 9lA %A RE, DOP

AR+ o] 212 (Tangential Flow Filtration)

2RH g Fo §ER7IES TAFLE £ F U
Wol MEEWA oF Inm, FAF 1,000das AAR
A& DOPS} A #-A5F DOPZ -4 ¥ t(Benner, 1991). T 9]
FH ol A= DOPE 519104-4% E] (ultrafiltration) S &3}
of F7ldF2FH Eel-sFo] 7hestA HAen,
&4 ¥ (Nuclear magnetic resonance spectroscopy)s 2} -2 4
7)o el el AN 24 set s A4Y = U
%) 2 tHSuzumura et al., 2015). ZLEA% DOPE C-PA S| u}
2} phosphomonoester(PME)$} phosphodiester(PDE)Z -] 31, &
IS 238, PMESH PDEE

o =

&) 77]

314 phosphonate”}

77} APase$} phosphodiesteraseol| ©]3|A] A& & A E0] o]
43 4= 9l DIPE 7123 E th(Suzumura et al., 1998). 2
Q4 AgolA ekl A $Ha AREAES 1
A DOP o] 84 HyolA dit-Ee] AEEZAEC] o &
Aol e AL 2235 THO et al, 2010). 3 Oh et al.

(2005)3} Kwon et al.(2011)& APase® 7}E3)7} Holz 3|
4 % DOPE 7}=+3)Q14+<d (Alkaline phosphatase-hydrolyzed
phosphorus; APHP) .2 A 2] 5}a1, 7]Eof uleg|olo] o&) &
&7} o] TFH+E DIP ¥9r oluEl APHPE A el A ol A
83 Ql IHdoR AWt 53] APase &l o

T8

7hitdll | APHPE APase 45 7FA 3l QA 94oH, DIP
HE 3 813 (half saturation constant; Ks)7} S r-strategy 2 &
EZAE] 58t A5k A9E AT 5 vk 1
27] el 2 alee) Ao at FRs| S o] DOP & APHP
o} & Es|4 DOPY X % 4 (PMES} PDE)2] o]sf=
“?§? DIP A7k el A =2 g“%“ﬁ S A skl

2 7o

Y
)
o)
oy
1%
Ho

Ab Ab

o] =& FAWet A& Ae) st 20161 )0l 9

ATHAREHT B3 2 A7E st gl W

& Ead T FAUE geks AgE S A R
AN
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