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Abstract: Background, aim, and scope Forest ecosystems are important carbon sinks for terrestrial
ecosystems, the analysis of the dynamics and phenological characteristics of carbon exchange of forest
ecosystems has important practical and theoretical significance for evaluating the carbon balance in
terrestrial ecosystem. Since the 1990s, the research on CO, flux in forest ecosystems has become a hot spot
with the development of eddy covariance (EC) systems. Thus, this study used EC systems and phenological
models to analyze the carbon dynamic characteristics of a subtropical forest ecosystem in Zhejiang, China
for better understanding the carbon cycle of terrestrial ecosystems. Materials and methods This study
used the CO, flux data, meteorological data measured by the tower-based eddy covariance (EC) system in
Fengyang Mountain of Zhejiang, China to analyze the dynamic characteristics of gross primary productivity
(GPP), ecosystem respiration (Re), its environmental control factors and its phenological characteristics
using the phenology model of a subtropical forest ecosystem among different time series at local scale.
Results (1) The yearly net ecosystem carbon exchange (NEE), GPP, Re of this ecosystem in 2017 (excluding
September) was —89 g-m “-a ', 1377.75 g-m >-a’', 1288 g-m *-a ' respectively. This forest ecosystem
played the role of carbon sink in 2017. (2) The growth rate of GPP in the forest ecosystem reached a peak
recovery rate of 0.25 umol-m >-s ' on 174 d of 2017, the growth rate of GPP reached a peak senescence
rate of —0.21 pmol-m >-s ' on 228 d of 2017. The GPP showed a tendency of inverted “U” shape in
different phenological periods, while Re at nighttime was slightly higher than the daytime and there was
a steep drop during the alternation of day and night. (3) The main environmental control factors of GPP
and Re was the air temperature (7,, °C) on daily or monthly scale, but Re was more sensitive to the change
of other environmental control factors than GPP at the daily scale. Conversely, the response of GPP to the
change of environmental control factors was more sensitive than Re at the monthly scale. Discussion Due
to the lack of data for September in this study, the study may underestimate the annual carbon sink value.
There should be a combination of analysis in several aspects, such as anthropogenic forest management,
to propose some guiding forest management measures. It is generally accepted that forest ecosystems
act as carbon sinks, but it is more important to explore how forests achieve these functions and how
they are regulated by environmental factors. Although this paper got the different environmental factor
and the GPP, Re, but its real regulation mechanism still needs to continue to explore. At the same time,
different calculation methods may cause differences in research results. For example, the single-point
method used in this paper may underestimate the carbon sink capacity of the forest in the study area,
because the carbon storage term of the forest canopy is ignored. Conclusions The Fengyang Mountain
forest ecosystem is characterized by carbon sinks throughout the year, which can regulate the local carbon
dioxide concentration; the forest ecosystem grows vigorously during the growing season, and the GPP
and Re peak in the stable stage; There are differences in the response of ecosystems to environmental
factors over different time horizons. Recommendations and perspectives As the global CO, concentration
increases year by year, people are paying more attention to the carbon sequestration function of forests. As
one of the most important ecosystems of the earth, estimating the carbon sink value and carbon exchange
characteristics of forest ecosystems will make important contributions to the future research of the global
carbon cycle.

Key words: forest ecosystem; carbon cycle; eddy covariance; environmental control factors; phenology model

R RS B WS P ) (gross primary  f) (=%, 2001) , FEHBBRTEVE - RAKAS
productivity, GPP ) JEFSHEHBEAE AR R PYE e Huad R EZ A A (Chapin et al, 2002) , 18
BYEH = BAE R, MARESE—MeAd = RAEgE A HOC A EHBE S (Kramer, 19815
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RN, 2015) o MBS RARRGEZ —,
JE Bl A= 25 R G P A R A RR AR Y [ AR
Ky i fili b A 25 R G A0 i %) 2/3 ( Kramer,
1981) , FEVET BRI LBl o A= 25 3R S i B4
o P S VE A ( Dixon et al, 1994) o 7E
SRR ST, BIRRI RS RG
LIRSS FRAE, AT HEREE R R F-, X 4k
SN ARG T i A ) bR A A AR LA
B S EAEIE E  (ZEE, 2008 ) o A iEf
H R A A RGP B AR R I A S R
Sl OF AT TR AR 2 —, R PSS
WA B — R (ARG, 2013) o AEBR
i (ecosystem respiration, Re) F-%4g +I1HEIT
W RRE 9 L3R4 P (A7 5, 2016) , 2
i b AR 2 AR G ) R RE CO, 1 BRI (R
FeibaE, 2017) .

Sk T R A UL i b A 2 R G S R R R A
e, TR &4 (eddy covariance, EC)
(A AEL DY 5 R TRl 52 48 ) F 9 ok AR, i L i
KT R G WA T EEAE TR T,
Fb N 57 B 23 SR BE A R R AR ) (5K 55,
2018) , HUEAZ HHOK 2 WA 58 iR AEAE 1L
RAPES (2016) . FIGMEF (2017) | M
2 (2018) $EH TR XS AR S RGN F
B B SRR BRI sk S (2018 ) [
FEXT B AR TS R G B0 R BUE S RGPS
- HEK Ay AR AN RS (2016)
M (2019 ) 5 58K 53 F 3818 3 W] ief
P ASRETR, HAEZEFE (2016 ) #EHAE
KRBT R AR ER BN, BB i vl 68
SANE F RS RET, B (EHEE,
2016 ) FIRE T 252 i ol M 2B 28 R G sc e, 22
) S FPER F SR (Yuetal, 2013) o - HiH]
FHZE R AR Al 25 7 5 52 e A 25 2R G5 1 [k g
( Schimel et al, 2001) . Hfa] 2425 R 48 P FIK
HHE2 (VPD) (MRS, 2015) . GG AR
RS (PAR ) (fi 2445, 2011 ) Fit T FRFE 4L ( LAT)
(/NS 2016) % GPP A BEFm, M E
B RGN GPP FA7E I BE & N LR (A I EE 5,
2018 ) o AR K JE X GPP (K50 32 [ 1 (1) R
il CERE4E, 2018) . GPP HA BRI ZET N4,
FEARHR B PG A A, L SRR R AR AR A
BRYG GPP B HAbMAT K ( EEGFATE, 2010) .
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A WF 5T 48 H B i 547 GPP JC R 55, Ko
Hi DX BGOSR DG (RS, 2016) o &HXT
T-JHI GPP A GE &30, K FHER S AR 1b 25 52w ]
(B AR AZ B AR SY,  HIHOGRER A 8
) FOLEERRA SE80E)Z GPP AL (4%
FKAE, 2014) o XTAERARAM GPP G #E 17 WA IF
58, KBUARAK GPP X FEMI L, IR A AR S A
AR A 1) e ] A7 B B AR A 5 2R RUAY RE R, T AR P E
FEI TR AR AL & 2 A, ZRAR GPP Y BEIRE Y
FhE i ERm CAJRE %, 2017) o HERD
B NSEAT AT A PR 7 10 M 18 R S R Gk
TS YA T S A . RRIE RS . MM
Mr GPP., Re HJZSALAFAE LA K HE X #R858 PR - A g oy
XA IEAEBRGWIFAI R EXEE,

JRUBH Ly Ml DX AR AR 55 %8 = 3K 90.8%, 1975 4
RIMAE G F AR IX, 78 1992 455 T+ M E R % A
SREEPIIX. (http://www.longquan.gov.cn/ ) , FE 2009
YA E R SHEAY T REP X Z
—, I XANEEZENEE, RARERES.
SV RBHI A B RTCTRBH L A SRR XA
HEET TR T3 (&S G4, 2018a;
o A, 2018b; B A AR, 2018a, 2018b) ,
M 26 T W 34 FR bR 25 R 48 GPP Al Re A A
B FEAEST AT B 5E 1 AR . Rk, A0F
FELLHTTTRUH L H AR PR X O AR 5T X3, e F AR
HRE AR 25 2R 48 CO, 3 i A S UL 58
SRS YMERISE 0T 2017 4ERFSEIX. GPP., Re Zh7s
FRAE A5 RGBSR, DL ROZAE 2 R GG
W R 5 IR T R W %o
o4 M TR DR AE IR SR SRR L, R
ZIX ISR . BRRRRRK £, SRR IR
A IEE AR B LS SR R 5
R Z 5 HABF R [ AR DR X R MR R G
T2 U5 41 25 W] Hp 2 & Jre B K] 12 13t O 22 4 44k A
2%,

1 #MiEFZE
1.1 HREXHER

WLJRBH L A SRR X (119°06—119°15E,
27°46'—27°58'N ) i TWI{LA B R TR, &
T e il 2, ph e R L ko) AR R I, AR
X A A 153 km®,  H AR b 4245.2 hm?,
T E AR IR A TR AR, R 35 R S
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90.8%, Ja& PR il T e, AR E R 12.3°C,
A TR B 2400 mm (45 5F, 2018a; A U
4%, 2018b) , 4FEZEAK HIAF] 1170 mm, T
fE MR e N, R, 52, WK, R
XML A%, VHECH, BN R,
$1929 m, OHTTHTEE — g, PR IX PN I B
£ 2016 4F 10 AR5, B 40 m, TN
FH3Z 24°, Ji MR AR AT ( Schima superba)
#2 K ( Cunninghamia lanceolata ) RN+, 13
TR 15 m, FIRIE L) 40 4F, T
FEREIE L, MYERER, RABSMIALR
HWA K, K. WitZ ( Cryptomeria fortunei
Hooibrenk ) . #51# ( Dalbergia hupeana ) . ¢ J% #E
( Betula luminiferaH. ) . 52¥S ( Pinus massoniana ) .
w1 WY (Pinus taiwanensis ) . % ik H M
( Cyclobalanopsis multinervis ) . A& & ( Fokienia
hodginsii ) . #5112 ( Magnolia cylindrica) . 1
A (Cupressus funebris ) , HE# ( Torreya grandis
Fort ) . ZL 542 ( Taxus chinensis ) . T/~ & H-H
( Carpinus viminea ) %5, [ SRR XN RIRTR AR
PIPLAFE LIRS . IR (Tilia endochrysea )
Z Wk M FIse MoK X (Fagus lucida ) %, JE
WMEMNAFPEEFIFAE . N TIARMAN THIAZM S
A TEMEAK 1400— 1500 m, B LLFAFEIFH 600 m Al
1300 m Ab¥3A4 7345, AR A7EER 300 m, 900 m
FI 1500 m Ak, 22 [Pk 55 X RTEE 1L 22 43 A 78 1 4k
1500 m ey (FHASE, 2012) .

1.2 BEEWNRSGAB

BFEIK Pl THEB MR FE 2 40 m (03

WL ¥ 7 Tk gh 27°5422" . 44 119°10'15",
GG AR GE X ot o7 B 3 S A
FREERS: (1) @Sl REn 325 R A
BOHE R 4 %% (CSICR300, Campbell Scientific
Inc., USA) , =4 A J CO,/H0 7 #r X
(IRGASON, Campbell Scientific Inc., USA) ,
WUy it %8 45 % (CNR4, Campbell Scientific
Inc., USA) , %5 EE A5 4% (HMPI155A,
Campbell Scientific Inc., USA) , - 3 #iH & i
( HFPO1, Campbell Scientific Inc., USA) .
(2) BLEMIGE WM RGN 6 )2 B (=5
FEE2m. 8m, 16 m. 24m. 32m, 40 m, T
HE TR £ 10 cm, 20 cm, 30 cm., 40 cm, 60 cm,
90 cm ) , BBFE RGN IS AN ] BE A TR |

MR MG XU DA RAS [l R B g oK A
HOR B, ST AN E AT SR AR AR, i
FIERG . AR KA IS ]
FVE BEAS O T B, F2 AR IR A 1 R
fEIRAS (TCAV) | L 3K 40 1£ I 4% (Campbell
CS616, Campbell Scientific Inc., USA) . Xl [A]
f&JE4% ( MetOne 020C, Campbell Scientific Inc.,
USA) . %k 4% >k % &% (CSI CR300, Campbell
Scientific Inc., USA) . 6 JZXHfL/E&E (MetOne
010C, Campbell Scientific Inc., USA) . HOBO
i 1% J% 2% (Onset RG3-M, Campbell Scientific
Inc., USA) FI=s SR AL s (HMPI55A,
Campbell Scientific Inc., USA) . #F5E A b BifE —
M H XG5 8 T Bomge e TAE, +
BOK Bk A T £33 10 em &b, HAHURE
BPE AT 40 m S AEAL . 2017 47 9 4 R RAUR
O T R B R s, B9 ) B R 5 e
PRIHA SCR IR 2017 42 1—8 H L 10—12 H 3k
11 A 3 B AR B R AT 704 o

1.3 CO, BEHFEREEF

BT & O GE (QA) A1 T & # il (QC) it

T2 08 BE B O 25 D B R B Y. GE = 0
ST WL A D G B AR A3 R 10 Hz, A G 7R &
#£ ¥ (EasyFluxTM-PC, Campbell Scientific
Instruments, USA, https://www.campbellsci.com/ )
b 3145 2 30 min B8] BE A0 5 R8E, AT
2 % i U8 A % Ok H EddyPro (Li-COR, NE,
USA, https://www.licor.com/) B4 ( 22 /N5 %%,
2019) , EEMA SRy BFA LR, CFW
AARA G . WPL ALIE #5738 i T i 55 2R B
(1—9) 4 (Webb et al, 1980; Wilczak et al,
2001) o ZJ5XF R4 B 30 min i 8] 5 51 1) £
P AT N S FE RN HT IS 1 h BB BIBRZL AN o Bt
1% CO, {55 3 EEAR T 0.8 I Kidls, Joi o S5 48 br
97 I B R EE S ECRAR T 0.2 mesT AR
(Papale et al, 2006) , HIBRZ )5, 2017 4FfiH &
ARG RIRE] T 51% (HIFR 7488 9 HhrnEk
i), — ol SRS A T 50% W HA R
PE (3BICAE, 2017) o ZJa X8R AT 4G #b, £
TR A H AR {kE (MDV ) Hidr 332 (look-up
table, LUT) (Falge et al, 2001 ) . #fi#hJ5 094
BRGGEREME 1 iR, ESRGAF NEE B
H 7734 g-m>-at, FIH BRI,
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NEE is the net ecosystem carbon exchange, GPP is gross primary productivity, Re is ecosystem respiration. The same below.

K1 NG RS RS H
Fig.1 Daily flux after gap-filling

1.4 GPP 7 Re HiEHIR ST E

Xf CO, 8 et WL I &5 4 kA7 o i ) 22 )
X B E A7 45 4 9 X NEE 15 HR 4y, RAIT
Reichstein et al (2005 ) 42 (% 5 T 1% 8] 1 5 ik
A2 e i1 PF 4 % (night-time based flux-partitioning
algorithm ) KRG ERRGEIT (Re) FIAEE R
GeERRE ) (GPP) |, HARJrksr =24
(1) HR 4k A A5 a9 JRUBH L 2017 4R34 b 5 B9 £icds
SRR EEBUENE (Ey) 5 (2) H—iE%E 7 K
Wl DRGNS HRE (Re) BT
AR, AR ICEEIE R 09 JH 301 0 R FH 2 28 oA o
5, A BRI B UG A #M ) NEE 208 5
(3) FIHRTFIEAREIN) E, Fl R, A HAESR
GEWP IR AT -

RCC(): chf eEo(l/( Tyep — T)-1(T-T)) ( 1)
2. T, MIF % —46.02°C ( Lloyd and Taylor,
1994) , WA EI A RGP Re, SRJG R T
FAORMASRGEWHET1 (GPP) .

Re=GPP+NEE 2)
LI ) NEE 008 b e kb 56 B a0 Bl (2287055,
2019) , FEHF T RIHET “REddyProc” “Z%d,
( https://CRAN .R-project.org/package=REddyProc/ )
ZJe ¥4 30 min 1y GPP RFUHEIH GPP. FHA H
GPP i Ay BFUSEI H GPP, fJ7¥4 H GPP k47
Z 75 #4E GPP (Lloyd and Taylor, 1994; T
T4, 2004 ) .

1.5 CO, @BEWIREFEHITE
h TS T AR CO, il Y 2L L R
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ZAEBRGENYRFE, fFHH Gu et al (2009)
AP EAE A ( phenology model ) #4743, 1%
PRI T A= 25 R 48 GPP WIAH YRR T4 76 )26 A4
PP AR Y, X AE P RE R G A RE T %) 2= 70 A8 fh ik
friEfk (CPC) , WAL (3). (4) fizs (Guetal,
2009 ) . iZAEEAL LA HIRAR NS H B D
i K GPP (pmol-m*-s') (LA CO, i) KFEm
TEYIREYE | RS RS PIERHE

a a.
A=y, = - =
l+exp(* tbtm )C] l+exp(— thoz )C2 (3)
_ =1,
Ko d4(H)  ac, exp( b, ) ac,
N= = X — —
dr bl [1+exp(— tbtm)]l-l-cl bz
I
-1,
exp(—7%)
2
)

[1+exp(—5 )17

TESEAT GPP 3K ARG 9 B 4 #b o
N T TS IX G GPP S A ERIE A B R S
PIEAFIE, SEE T AR KA GPP (pmol-m*+s ™)
AP AR T2 55, A @) e A0 K
GPP; ¢+ i H J¥ (d) ; y. a. ay. by, by, ¢
oty Hl b MR NG E S5, AR (@) .
k(1) 5 GPP 3K R R4k, K24 (1—366d) 1Y
B R AR /NHR GPP AR A A (3) HiT 3 i
WHIIESE, ZJRRAANK @) T, B17 k(@) |
¥, BRI H GPP K% (Gu et al, 2009) .
AR T Y RS R R R R R
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Rn is net radiation, and VPD is vapor pressure deficit. The same below.
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Fig.2 Characteristics of monthly environmental factors

22 EBRGEHIYIRFFHES T

R T W A MR S X P R A, A
RS (Gu et al, 2009) #EATHME, FHIE AN 7R
BH LI 2017 24F A BUE 22 D R & 5 R R
0.53, H p<0.01, BRERREL (K 3) .
KA Z A BN [G) 4 By BE ) R AE T i, AR 2
= 3) AR @) BB 45 B EWZ A B RS Y
EFFAE (Gu et al, 2009) . 4N 3 i, MR 4ER
., W LA NS RGEY FE24E ] 40 A
BB, 1—98 d MafIBTE: ( 1) , NAEKFHFG
0P, BTt 98— 174 d MIRERTEL (T ),
Z B Bt GPP ek, IR AR, JEEIFRYT
sk; 174—229 d mAEsERT B () , FEEAEK
Zerp ARG EL RS I B B 229—302 d M
B (IV ), T GPP FFIEREAR, Tl I,
MBIt %, 302—356 d WL IEME (V)

ZBAERKEC AL ), ERRG I Hik AJEE
K2, ZEBEHE, X HE98d (48
H) it ARE BB, 1302d (10 H 28 H) JF
Ik AZOEF B, 5 Kim et al (2018) #9845 %
WA ANTR], X B 5 0 ZE M VY Fe A 19 AR AR A
(LTER) Mo B4 K205 H 10 HZ 10 H
19 H, FZJ& W TG AZ PG Rl PR 52
MAR K, ZRFPEENE, HAZEWRAEm, AR
REFEE AL, AT EEBR, LFEK,
S AT A S B B 1 T Gy BsF ] A8 AS SR 9 1X 6
IR MAERRG, HAERKFEIF R AL
AWFFE XM (Gu et al, 2009 ) , 355 H ] fE &
IYEARIEERK, HRRAME, SRR
fike (H2, HAPIRZSHMAESREMERERKE
Hig, &458 (Guetal, 2009 ) SAW 58—,
BIN 4 AIFah i ARSI, 352 A AT R Y
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H#l6 H 24 HGPPIKF—~HEMM, f£6 A
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RENHFHRESRE R BNEERE R (hge )
BE J5 R M, 157 F 20 0 GPP 4 K & & 3|
0 umol-m*-s ', fRFAEIZM A B ARG NESE
EHB B e, 25—, JF7E8 16 H
GPP 34 KRR BN AR, & —0.21 pmol-'m-s™", 1L
RENBMESRABRINEE IR (hg) o &
BMAEBRFEMEERE BRKTEREEEE, &
FRIES Gu et al (2009 ) X B8 241 6 OB 9% 45 S —
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