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Abstract: This study compared soil CO, efflux rates after fertilization, in Pinus densiflora and Quercus variabilis
stands. Compound fertilizers were applied to the forest floor in March 2016, following a one-year calibration period
(from March 2015 to February 2016). In situ soil CO, efflux rates were measured every month during the two-year
study periods, using an infrared gas analyzer with a closed chamber system. Mean annual soil CO, efflux rates were
higher following fertilizer application in the P. densiflora and Q. variabilis stands (P. densiflora: 2.180 ymol m™2 s
O. variabilis: 1.977 umol m™ s™') as compared with the rates measured during the calibration period (P. densiflora:
1.620 pmol m™> s™'; Q. variabilis: 1.557 pmol m™> s™'). The mean annual soil CO, efflux rates in the unfertilized
treatments of both stands were not significantly different between the two-year study periods. The Qj values of
fertilized treatments in Q. variabilis stands were higher in the fertilization period (3.41) than in the calibration period
(3.14), whereas the Q)¢ values in P. densiflora stands did not change between the fertilization and calibration periods.
The Qi values of unfertilized treatments in the Q. variabilis stands were lower during the 2016-2017 period (3.69),
than in the 2015-2016 period (3.85), whereas the Q) values in P. densiflora stands were higher during the 2016-2017
period (3.65), than in the 2015-2016 period (3.15). These results indicate that the increase in soil CO, efflux rates
in P. densiflora stands could be more sensitive to fertilization compared with the rates in Q. variabilis stands.
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AFAA A 25 SR ALY R R A2 dE)
A F2 2AHVAE IA o|4EEA(CO,), HTH(CH,),
oPtteA AN 0) 2 o] F0] At th7]& ol mA]= F3F
2 u]$ FckBravo et al., 2008). o] ot 2A7IA =
COy= FH A | 52 vid 1.9 ppm F= F7HE Hol
I QITHIPCC, 2018).
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& 3A 7lofshe 2A7EAER dEX CO9 Af T2
njAEolu Aolgls el T E o e Ash, Abg
A Y] o 7HA] A RS YEl = a3 A3
24 oJu|7} ik Abg B4R 53t CO, W& 5o o
sk dH o] PSS QXY E-goluh AR sfoll F3F
2 "Fo m(Jandl et al.,, 2007; Peng et al., 2008; Bravo et
al., 2008; Oertel et al., 2016), ©]&3t wk-3-of 714 =2A
71018t 831 B, B 2 g7 fas W
3t 22 dASF e B W 718 SHES &+
71, AIEBARE, S9HAE ) 22 7] E(substrate
quality)9] 2}7} ¢log deA ¢Jth(Nishina et al., 2009;
Oertel et al., 2016). E3F A EoFo]A HA3l= CO,
WEF] M A3 o2 ARt Hol7h Ay she
(Konda et al., 2008; Jeong et al., 2013), E&F =& 4 &
& Gt MR T A2 AtEEE Wk AFE AR A
7F 1xek A2 2l 2 AE W3}t ol /s vk
3} th(Ishizuka et al., 2009; Jeong et al., 2016).

AR AlEl= Hi7] F 247 CO0 4 5 #F
Aol 71 aaA el 4~k o 2(Kim, 2008; Moscatelli et
al., 2008) Als-d 4= glom, AFFAEHA Y] Fa%t 75

S, AR A= 2 R FaRE Y,

R
32 u]x|7| wj&Eo|tHErickson
et al., 2001). AJH] & ESF CO, W&EH2 Z7KFisk and
Fahey, 2001; Tyree et al., 2006), 7+4~(Lee and Jose, 2003),
H3l7l ¢l=(Bowden et al., 2004; Kim, 2008; Jeong et
al,, 2016) & 3, AR, AlH] W Fof whef oherdt
Hhg-o] HiE ek ol & &9 Al 3 B CO, W= 5
7}= ¥2] biomass 3717} 2lo] o (Tyree et al,
2000), E¢F CO, W& faes EG U & 8= 5
7ok s el Aot #R Al Bl 5o 7
A7F Yolo g AA|E v} QJti(Wallenstein et al., 2006).
2hE, Kim(2008)-> <3t S A% U9 A5 AlH] 2
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otk A= Akt YRIEA ol A= sk, A
A EN B

o2 Sl Qe VIR ol Adsstal et
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. =
180 m W} AHEO] ARkl f]X|8bH, AFH FAb= 15~25°
olt}. &= Ao 2 AU (Zanthoxylum schinifolium
S. et Z.), Bd|(Rosamultiflora var. multiflora Thunb.), A
)G Smilax china L.), 235 Quercus servata Thunb.),
=25 Quercus variabilis BL.), 7} U5 (Rhus trichocarpa
Miq.), AFS7)(Rubus crataegifolius Bunge.) 59°] 3L 3}
U ohE BRARS] w5l ) okeh 2AK O] mek
2 Emerel Ajgfolut @fo] A Alelol] SAlak, o
A E DR O] HESHh ZAPE 33
E(block)o.2 AR, 4 52 2709 10 m x 10 m
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HHEE 20l6d 2¥7MRA = AW[AE Ao =4 7|zt
(calibration period)© & &}ttt A AE= 1d 3¢
2016\ 39 9 7} S tider Ejuvet =9
AJH] 7]Z8HN-P-K: 113-150-36 kg ha' yr')S %W A]H]
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Table 1. Stand density, DBH, and basal areas of the study site.

B F7NAL s EY =
Aejol] IHEE XS o= A4 5 om, 2]
o] B cores AF|Et] AR 2bstith AW
AR onbE AR S go] EYS 2M KCI 50 mlE 7}
3to] 21232 7](Model 24VE, Sample Tek, KY, USA)©]
ofsf B¢F NS F=3 ¥ Yol A et AatefE
A FEE o|2AFEA7)(AQ2 discrete multi-chemical

analyser, Seal Analytical Limited, UK)2 EA43}%t)

(vario MACRO cube, Macro Elemental Analyzer, Germany),
EoF §melAke UV E3FEA7|(Jenway 6505, UK)o|
sl sttt wed 2w, e, vavled 25
2.5 g9 A% E%] 55 ml NH,Cl 4L A5k = 16

AFFZ7](Model 24VE, Sample Tek, KY,
USA)o| 9J3l |HS FE351%thKalra and Maynard,
1991). &% 802 ICP-OES(Perkin Elmer Optima
5300 DV, USA)E o]&3to] EA51 ]

gl

6. X2 24

ZARHE 3709] block W AlBlF 9 HlAE| S EFE
T glek SAE ARP < 005 AulT D ulAuTE
dlhe2 SAS9| Ak AP WHGLM)E olg-ato] Alu] A
24 717H2015-2016 Z47HT} AlH] (2016~20174

S FAH ApolE AZF HlE S35k P < 0.05

Stand density

Mean DBH (cm)

Basal area (m* ha™)

Stand Treatment A
(tree ha™) Jan. 2015 Dec. 2015 Dec. 2016 Jan. 2015 Dec. 2015 Dec. 2016

Unfertilization 1,633 17.19 17.36 17.69 37.85 38.74 40.05
Quercus (372) (1.52) (1.49) (1.55) (8.65) (8.86) (8.93)
variabilis Fertilization 867 18.21 18.43 18.86 20.46 21.00 22.05
(168)* (2.53) (2.58) (2.63) (2.92) (2.95) (3.32)
Unfertilization 1,433 17.71 18.08 18.48 38.11 39.79 41.71
Pinus (272) (0.92) (0.87) (0.89) (8.89) (9.29) (9.80)
densiflora Fertilization 1,466 15.92 16.25 16.69 30.14 31.50 33.15
(317) (1.61) (1.68) (1.74) (2.09) (2.17) 1.97)

*Values in parenthesis represent standard errors. DBH: diameter at breast height.
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Zoll A AABFATHSAS Inc., 2003). £ CO, ¥
ﬂr EF2E Hgteto] BAl= Aok BdS st
O Ui CO, WEHF = Boe” (B, BI : 3| EAE
sto] dojzl A4, ST 1 EF2E)], EY CO, W&
B UEE A 8 O FH00 = )
AlAFsF tHSaiz et al., 2006).

flo 10 offt 3@ off

AH]TE 1,466 - ha'!, H]A|
B ha'2 27 7+ 2 2pol= Q19 o K(Table
1) 2 QB A8 867 - hal, H]AIH]T 1,633
B ha!&2 vAJH]Le] Q& Koyl oF 770 B A wkor
o B FuABe A4S FHUT YR AvTE
18.86 cm& B]A|H]TL 17.69 cm@} FASILE, Farehw A
B A H) 7} 40.05 m? ha & AJ¥]5Ee] 22.05 m? ha

Table 2. Soil particle size distribution of Quercus variabilis
and Pinus densiflora stands.

Particle size distribution (%)

Stand Treatment -

Sand Silt Clay
e 25.7 59.7 14.7

Unfertilization
Quercus (1.5)* (1.2) 0.3)
variabilis I 28.0 58.7 13.3
Fertilization (4.9 (.7) (1.6)
e 41.0 49.0 10.0

Unfertilization
Pinus (5.5) (3.6) (2.3)
densiflora Fertilization 36.7 52.0 11.3
(8.3) 6.1) 2.3)

*Values in parenthesis represent standard errors.

A109¢@ A3ZE (2020)

of Bls| A yepbtth v o] Bat Far
AB]E7) 16.69 emZ B A|H]TE 18.48 cmo] H|3f 2
o, 21 A Frgd A F= vjA 7k 4171 m? ha'
AJHIE 33,15 m® ha'el] B|3] =LA el
=R AuE 29 Ba, viAlL HE vlee] 45
AJH]EeE HIAJE]SE T O—WOl Apol= UK Table 2).
EATO AL Frh R o2 o njAlRSE, AU 9
FYEY MAREGER Ul*} dgol =4 Yebdth
vt & =A) A E9F(Jeong et al., 2003)9] A
2wl 24.5%, TA} 51.2%, HE 23.3%=2 2 9]
LA T AL AE TS Wit el uske
u, ol B Aare] A} 2017} 0~5 cm2AH EE
AN MY Arkel YEe| Aot ero] WAyt
o2 At Eth
AlH] A AlH] & EF ShehE o] 2 Aol= N
CHTable 3). 18U &7 219 HL FHUFE= AlH] A
10.1 mg kg, AJH] 3 21.6 mg kg, A= AJH] A 9.9
mg kg, AlH] —? 42.4 mg kg' 2 g EoF HHo|| vl &
B
o

i

IN' Ho A
Mo (‘10

3t 5 . QIARA BlE AlE] & EQF
fra Ql %E«l EFJ 7= B AtollA EarEar gl
S (Jeong et al., 2017), Q18] HL- EoF U] o]FAo] =
A oot Aol o8l FEA| Y A T2 AEET
jEo 2 oFalx] ¢JtiWeil and Brady, 2017).

A
9 wEe usd A0 $EY
Y& BT TEEA ST %]-xro
174l 6.50 pmol m? s, AJH] 7]7ke] 6.58 pmol m™ s
2, Al8]3te] 24 717t 3.80 umol m™ s 1} AJH] 7|7k

S 23

N

Table 3. Soil chemical properties for calibration (2015) and for fertilization (2016) period in Quercus variabilis and Pinus densiflora stands.

Organic C Total N Avail. P Exchangeable (cmolc kg™)
Stand  Treatment (mg g") (mg g") (mg kg K* Ca* Mg**
2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016
Unfertili- 2.71 3.33 0.20 0.24 12.69 1.93 0.04 0.03 0.28 0.42 0.11 0.16
Jation (0.65)  (0.37)  (0.05) (0.01) (1.78)  (0.65) (0.0003) (0.0003) (0.06)  (0.07)  (0.01)  (0.03)
Quercus a a a a a b a b a a a a
variabilis Fertiliza- 3.25 2.76 0.23 0.21 10.10 21.61 0.04 0.04 0.59 0.36 0.17 0.16
tion (0.38)  (0.24)  (0.02) (0.02) (2.81) (14.43) (0.009) (0.006) (0.27)  (0.01)  (0.04)  (0.03)
a a a a a a a a a a a a
Unfertili- 3.78 2.84 0.19 0.17 9.41 8.87 0.02 0.03 0.26 0.41 0.07 0.10
Jation (0.08)  (0.60)  (0.02) (0.03) (0.62) (0.94) (0.003) (0.006) (0.11) (0.21)  (0.02)  (0.04)
Pinus a a a a a a a a a a a a
densiflora Fertiliza- 2.70 1.88 0.15 0.12 9.94 42.37 0.02 0.03 0.22 0.19 0.08 0.08
tion (0.18)  (0.20)  (0.01)  (0.01)  (0.43) (1891) (0.0007) (0.006) (0.01)  (0.03)  (0.02)  (0.01)
a b a b a a a a a a a a

*Values in parenthesis represent standard errors. Different letters between unfertilization and fertilization plots in calibration (2015) and fertilization
(2016) periods represent a significant difference between treatments at P < 0.05.
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(Figure 1). AU QJHo] Ao w ZXJ 717kl H]ATH]E
3.93 pmol m? s, AJH]F 1.98 pmol m? s, AJH] 7|79
H|AJH] L 4.25umol m? s3I+ AJH]TE 424 pmol m? sTE
et Th 7o S ST HAHFY] E9F CO,
W&ol 7HE A vehd Ae B AR HlE w2
L2 Qlste] He] wpolemjAg Ry WA 4
o] ZA uE7] fEo® Atw Hrh gHH,

ZA o= #e] o] A7 o2 1293 1Y

CO; Ho %%k% s e e e s
]_

4.98 pmol m™

O

e dr o
fol m2
ot

~
o

Jo lo O 30 mo
o

1o
3
a e
B
O

ESF CO0 ¢ %%Oﬂ 05%% Ulﬂ% s el 4
T+ B2y 72 =0 st WARE WAZE vehu
A low, di7|EE, BEE o, B pH, B EC,
E9 f7IetA 5=, NH), NOy 5o 9 HEie=
= A7} Yl ckFigure 1). e 20154 8€2] 24.9C
9] & EYREo®E E6taL, o WETt 7P =%
9 2 HAEEY] ¥ CO, &S 4.10 pmol
m? s'T2A], 799 Eokew 19.7C 2] 6.50 umol m? 579
H|3l et a7t skl en, of 713t 5 BEF
ol 124 %=A B 2A 717¥<>ﬂ H|5l ofjejzom v
A Heht B9 CO, EFol sl fel s Als

(Figure 1). f-ARSH A2 EQF =H1315F0] 15 % ©]

I,

ol
-
o

d 7 B CO, el dF= MIAA S (Deng et
al, 2010), ol B gl W& 49 B vid=
olUf Mg sk AE}E olsle] EoF CO, WEgFo| 7hAa
st Ao=2 d#HA thEpron et al., 1999; Borken et
al., 2002; Vincent et al., 2006).

3. EY CO, WE ¥ stARQI0| A M3}

2015~20161 %A 7|7t} 2016~2017¢ AlH] 7|7 &5
¢t Bt BEF CO, HEFE U ool AH A
1.620 pmol m? s'¢} 1} AJH] & 2,180 pumol m? s'& &
o|F o g Fristalen, U ARG 27 7|1t
1.557 pmol m? s'o] A AJ¥] & 1.977 ymol m? s'& oF
0.420 pumol m? s Z7}8}¢thFigure 2). 5 717+ St
ZFE bRt 24 7]7k] 3.00 pmol m? s R
E] AJH] 717k 2.913 pmol m? s, AUE 24 7|71
1.593 umol m? s' o] A] AJH] 7]7}011 1.713 pmol m? s &
== ashglont, AU <
2 oF (.12 pmol m? st Z71EFg 00 2A 71743 Al
712k Abeloll o]l Zfol= glichFigure 2).

Alelof| W& E¢F CO, W& Ui TFY YA
& AolRt At HaEar Qlry ol A 2AbE B4
g T 4ds 28X EY CO, WEHS AR

o 0T

0.087 pmol m? s' 7

2.34 pmol m? s, HJAJH]TL 2,52 pumol m? s & AJH|GL7}
oot ol 4el Aol gl9eri(Kim, 2008), 2150
A ZAFE AU %I—F_‘r—ﬁ— AJH]FE 3,12 pmol m™ s, H]A]
H|L 2.95 pmol m? s'2A] AJ8]E7} 0.17 pmol m? s =
QfthJeong et al., 2016). =] AL Ailof| wl=2H 24
Z H]E A8 A] 297} Y Ao E9F CO, ¥
2o 7IAaste Ao g A 9l o m(Bond-Lamberty and
Thomson, 2010; Janssens et al., 2010), o]&= 24 A|H] 9]
74 = pH7} Wol 3 1 23} vlage) 4ol viof
A B CO, WEFo] 2asl] Hiolth et & o
TFolA= A B A S 23tehe B3R A E L
1, Aol T o pH Wk ekt gho} Eo
€O, W& ol uAE ol 2x e 4 Ak

B APolA et 25 Qo) Auo] o o
CO, HETre] $o15el S/l RoF pHU £9F SR
glo] Wahiriis Aujo] whe Eof U 718 4el NH
o] Frbol W el Aok AR Aoz
Qlatel W] B4ol /eI TEY 4 Ak fAR
AT Gao et al.(2014)= Ao A2 22 o) Au] 5 ok
CO, W= S7h= AlIZEY 7kl e EY 25
2717} 9low mag up glrk FhE, Ak —34
A= OB T5o| oF 27 % Zj‘/\é}oi(Jeon al.
2016) AJH 9] E9F CO, WHETe] Zlo] = 55
o] 7loes W s AtrEh

El

4, EY CO, W EAR2Eol| 27
ZAR} AUT JE BE 9 Y CO, $EY
A B2k Afolof] {92 1(P < 0.05) A|4=gh= A
7} 9= Ao g Yehygth U JRe 23 77kl
2015~2016W 9] AAAR)E AlB|F- 0.76, B]A|H]FE
0.79(Figure 3), AUF QJQELS AJH]GL 0.56, H|A[H|E
0.72% ™ (Figure 4), ST A& A4 2444
7h AU QRof Hla) 2A] Uehdeh w3 AH] 77kl
2016~20174 Apole] 79 B Qi Au| el A
xhq]f;h 0.84, HIAJH|LE 0.8602 T A2t Alo]o
Aol glglth. AU QRo) ALw Au] 7|zkel
2016~2017Ld Ato] A=Al e] A A= AlHIE 042,
HJAR] G 0.86. 22 H|AB|GHO] AAA 7L =4 e
27 7120} FARE AR Bl glollA AR 9
FE Yo AlB[FEe}E BIAIE|GEO] 2|4 AAA =
0.881} 0.86 0. & A|H] &J5Fo] F x| ¢FQF S m(Kim, 2008),
AL AT A Ao AR Qo] Ao AU
0.88, B]AJH|TL 0.91 Z(Jeong et al., 2016) AJH|o] W= 4
A gkl M= gtk 28y v Ao A
AG e BHUE AT 84T, AU A



276 W ARRHE S EE #1098 AI3E (2020)

CRET] 55
N"" (a) —O—Q. variabilis {F) —8— Q. variabilis (UF) o (b) —O— Q. variabilis (F) —8—Q. variabilis {UF)
[l —— P. densiflora (F) —&— P. densiflora (UF) LR TR —— P. densiflora (F) —&—P. densiflora (UF)
—_ aa o]
[=] i a =
£V bb b 2 33 |
3 bb ap ®
= 9 bb b} ]
X a 22
£ ° §
] AT
g3 =
<
] 0
E 345678 90101112|]1 23 4567 8 91011121 2
2015 2016 2017
Month Month
150 50
(c) —C—Q variabilis {F) —o—Q. variabilis (UF) o (d) —c—a. variabilis () —8— 0. variabilis (UF)
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Figure 1. Monthly variation of soil CO, efflux (a), air temperature (b), air humidity (c), soil temperature (d), soil water content
(e), soil pH (f), soil electrical conductivity (g), soil organic carbon content (h), NH,* concentration (i), and NO; concentration
(j) from March 2015 to February 2016 (calibration period), and from March 2016 to February 2017 (fertilization period) in Quercus
variabilis and Pinus densiflora stands. Vertical bars indicate standard emror. Different letters on the bars represent a significant difference
between treatments at P < 0.05.
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Figure 2. Mean soil CO, efflux (a), air temperature (b), air humidity (c), soil temperature (d), soil water content (e), soil pH (f),
soil electrical conductivity (g), soil organic carbon content (h), NH," concentration (i), and NO;™ concentration (j) from March 2015
to February 2016, and from March 2016 to February 2017 in Quercus variabilis and Pinus densiflora stands. Vertical bars indicate
standard error. Different letters on the bars represent a significant difference between treatments at P < 0.0S.
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