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Difference in Seasonal Variation of Underwater Light
Availability and Mixing Depth between Two Mountain
Lakes with Contrasting Trophic States
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J& R REIA(Mesotrophic Lake) * HUEZTES ZHEEHE » JEEN Zoy < Zimiy * Zew "TRERRH §
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ABSTRACT

Underwater light availability plays an important role in mediating the productivity of
the autotrophic organism in the lentic ecosystem. Euphotic zone (Z.,) and Sechhi disc
To
clarify the relationships among underwater light availability (Z.,and SDT), water quality

transparency (SDT) are important parameters to classify the lakes trophic states.

(algae and dissolved organic carbon concentration), and different trophic states in
subtropical mountain lakes, we investigated the Z.,, SDT, water depth, and mixing depth
(Znix) in two mountain lakes, Tsui-Fong Lake (TFL) and Yuan-Yang Lake (YYL), during
January 2015 to October 2017. The epilimniom water samples was collected to analyze
the chlorophyll a (Chl. a), and dissolved organic carbon (DOC) concentration. Results
showed that the light availability was the key factor controlling the Chl. a concentration in
TFL. Seasonally, algal blooms caused the Z., decreased during spring (March to May)
in TFL. Contrary, surface loading of DOC is the key factor for light availability in YYL,
particularly in typhoon season (July to October), DOC concentration increased over 120%
and thus decreased the SDT. TFL is a Mesotrophic Lake.

spring made the Z,, shrinking to the level less than the Z,.

Hence, algal blooms in
Z., might limit the algal
productivity as Z., was less than Z.;,. By comparison, YYL is an Oligotrophic lake.
Year-round algal concentration is low in YYL in order that Z., might not control algal
productivity. This study clarified the relationships between light availability, Chl. a, and

DOC and established the multiple regression model.

Keywords: Euphotic zone, Secchi disc transparency, Trophic state, Mixing depth.
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REEIEERR R ~ B EIRE oK g EY]
J& Ry K AR B R A e YRR IR 1~ (Cole et al.
2011; Hanson et al. 2003; Karlsson et al. 2009) - 19
AL S 5 PEE A EE VD378 (Secchi disc)
EHI/KESHEIRE - AGE /KRR LI 2]
A~ B EREL H IR & F RE(Trophic

TR 5 SRS N4 )& (Schindler, 1977) © /KA
HRSEEL S - AR S ZHE BRI - R

K1 FNEEBRKEDPEEE FiZHR « RASHE
RE (Bn#% 8 Niirnberg, 1996) ©

SN s .. . Secchi disc|Chlorophyll a | Total-P | Total-N

state) @13 1) - WAB/EWEESEIE (Secchi disc | Trophic level - ( i?; 4 elh| (el
m Hg ug Hg

o BRI, UhZSHRIR R
transparency, SDT) « #Xifij » A% EHH EE EHHIA Oligotrophic| >4 <35 <10 | <350
PR IR A B SRR BT RERIMUITT 2 » [ Mesotrophic|  4-2 35-9.0 |10-30]350-650
Hf#E—P#5) (Hakanson and Boulion, 2001) ° Eutrophic 2-1 9.1-25 |31-100[651 - 1200
Carlson (1980) BRI AN BTSSR ~ 9% [Hypertrophic] <1 25 > 100 ] >1200




VIEHEK SR A Y (Chambers and Klaff, 1995)
TREERS U R AR HI T - 20 SR A ki
BRIV EREEHEAIRICR - A7 AEE
SHAREEB(RZR 1) - 2001 FEBEPACHRE
B R HE DS & (TCMA) FI i 2 52 5 BE 3% N
600 ZAEEE/KIEAR D AT AR B IS RS R a
FI R S = P33T 7 B B I {E AR ] (Stadelmann et
al., 2001) 7~ 1980 % 2012 FE A= HAEL HIBE R HY
AR RS B R - KRAESE LA
0.92% yr'' (54 » B H i 2 BRBEZ L 71T FEE A
‘H(Rose et al. 2016) °

157K 2 AP0 8 (8 3 A K Y
B ETER (Vertical mixing) » BIAITEEE - 288 -
VA A S FE 1 B IR & FH S 7K 8 (Hypolimnion) {8
ZEF/K & (Epilimniom) (Dodds, 2002) » 7K i3I
&g S RB K BB AR (Miixing depth, Z,y;,) © HiHzK
ferh B SR L R E 6T (Buphotic zone,
Z)A » FEDEBOLIRAETT S 1E H (Grobbelaar
and Stegmann, 1976) » Kt » FEIFHIKERE A
J&E e 378 A v o [ AR U145 K 6 5 7F F
G304 FE BB A W) & 53 AT (Thornton et al., 1990) °
BN NRIKERE TR (Zew < Zoiy) * LR
IR A E T - AR TEHEE
SEEEIE FRE] (Thornton et al., 1990; Grobbelaar,
1990) © Karlsson % A (2009)f8H KK E &8
= i DAK 88 OB 9 A R (underwater light
availability) Ry BUK PRI EEHIENY A= RE R AU
R R AR B R R T - AR AR
% J5 7] %5 M 5 #% H (dissolved organic material,
DOM)F & H TR 4B B (colored dissolved
matter, CDOM) AW IER 53 HO%RF E B e A SO
ORI UMK (Morris and Hargreaves, 1997;
Zang et al., 2007)E—A s ZEHARY AL & (Steehr
and Sand-Jensen, 2007) °

H Ri7EE B 72 26 DR S8 Ry i 92 4
%o S3—J7TH » AR L LA R s R v R
1,500 m DAL SR RE AR A BR R i B A 1
HEAAE IR/ EERE - BIATKIE ~ KB R AERE
R B (Solomon et al. 2013) » #Rifi » FH4E
B ARG R B 2R ERT CO, Mk

BREEE - G ErE Lo B R A4
[E&(Jones et al. 2009; Tsai et al. 2011) > B =L
WIE LSS 2 A 1=K Ry 1 (BREE R A 0k
0 1998)  MISTEATES ot 3 AR 2010 i 2012
FEREIE BN GEREHE - BB A
FEE B He £7 R  EEI AR B (light attenuation
coefficient, K )T ZE(Liu et al. 2010) °

SRT » H TG E S et ik =R
JKEBGECRERRHIE R « AR A A
EREHr/K S E IR BB A TGRS
DIHEEE R KB RRE 2R - #E— 2 T
NEEERER NG AR - 2RI F AN
T - (DiEGE S LA EEEREREAEEE » 7]
AR ROKRSRYEIRE - ARG RS2
REM/K R R BRI B AR B 2R
7SR - Q)FAE A BUK IR S PR P&
K FEHRZESECH /N IER G RE (Za <
Zyi) * HCEGHIABSEE 5 5 ZEK FOLRIR
il -

- MEEAE

2.1 AEKE

Z2IEEIA(Tsui-Fong Lake) A ARSEILIBIZE 2
EEEALRE 24°51'52" 0 BRAR 121°60'69") » K
=R 1,840 m (& 1) » H22F 2 HEARE AR BT —
R/ RIEIGRE IR /MK 8 ha) » /KTy
AR A LS - SR FT5E 25 ha(BREH
BFILEVKER 1998) - Z2IEMIRR AL REIR B B (L5
HPURESKE (K 160 ha) o WIPYE Rt AR
Bk KBNS DKL (Chamaecyparis
formosensis) ~ GIEK(Taiwania cryptomerioides)
W2 (Cryptomeria japonica)fBHIRAEM » 55H
EEMAR(Rhododendron formosanum Heiml) ~ E&,
BE(Gnaphalium affine) EMEYI(FBREE et al
2006) » W7KEZZ=/K SR 2 38k 1 FEVEAY 2,200
2 4,500 mm  Z2IEHPY FEISEIIEE A KT S|
HHEEBKE - WK GE W - UK
SUKHA 9 2 11 AR - S R/KEGE 14 m - Fl7ki]
HAEZE 2.9 m o FVE/KERAIKT 4.7 m» @7k 3R 1H
pH {E V5% 5.9 (Tsai et al. 2016) I Tsai et al.
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1 BEBYYL)FZBIERTFL I BERITEE -

2016 KB BIHIE QR BE IR SR - 2R A Ry
Hr#ZE 2 YH (mesotrophic lake) (3% 1) °

& (Yuang-Yang Lake, YYL)R7 /A E R
BRI LR E I H AR W N (bR 24°57'68"
AR 121°40122") » WERERT 1,730 m > WHTE
FEHT 3.6 ha » BUKHERLE 2.2 ha » R RPHAIE
HEGRUIRIIERG - HhErdmeRL - k%L1
BLKLAE(Chamaecyparis formosensis) ~ H1E R
(Chamaecyparis obtusa var. formosana) > &AL
(Rhododendron formosanum Heim)fHRHVE E1g
ARIF A o WIIE7K S DL 00 2 = 88 (Sparganium
fallax) ~ 7KFEAE(Schoenoplectus mucronatus subsp.
robustus) /K A FEY) Ry B EVYIRE - W AR A it
A5 o FERBES -5 ] 25°C Z[H - FRER
1,900 2 3,500 mm - &R F= 7 2 10 H#iZk iR
BT - A 6 FEAKIA] MRS W -
HIZKCHE 1R - BEBIHRERERR 4.5 m > BIHSE
MR AIZKAL_EFF 2 m #RIEIE (Tsai et al., 2008,

2011) < {7k 2T - R S E RIS
BYraRE KK pH EFEI4 5.4 (Wu and
Chang, 1996; Tsai et al. 2008) ° fKI& Tsai et al.
2008 /KB ~ IRAGEHAVBEIIAG SR - BB WEE Ry
HAAFRIIA(Oligotrophic lake) (£ 1) ©

2.2 KELBESHR

ARFZER 2015 5 1 F 1 HZE 2017 5 10 A
10 BT - 15 H B EBEACSH L LIZ2I60 S R LA
BN IREEE HERDEFEEE - B
TR BOKBERE BRI - 539K B (water depth) & #}
5 F 15 m BUYEIBRRHE—Ims b 1 ke MURERS - 1%
RS IR E B A K EHE 3 KAGRCERRAE AL ELH
HSPIEME o AREECERRSR o ~ TIETEARERR ~ 7K )
FI| A 875 L F 8 (Hand Vacuum pump, One
Lincoln Way, MO, USA)J %8 B5# & I3} (Filter
Holders with Receiver, NALGENE®, NY, USA)i#t
TR > DIBRBEEITY 100 ml BB -



2.2.1 BE¥kSE a (Chlorophyll a, Chl. a)

DL GF/F B8 AERR(Whatman 47 mm GF/F)
HEPEIHIZK 200 mi » KEEHHOA 25 ml A5 SE AR
HERIBE - SSRSER B TR vk As R - LE
=R o BRAR I EERER  LL-20°C YUkFEH
TEIB e 3 TIRF AR ABE F 65°C AYFEE 20 ml 22HY
AR ERIPYE 30 rEEtRka B IRARE - &
R AR EUR R AN B A GO L Eis b - DISER SRR
A (10-AU-005-CE, Turner design, CA, USA)3tE
FTHIE R o B (g L) »

2.2.2 T #EHK (Dissolved organic carbon,
DOC)

LA GF/F B84 pEACHERIEIHZK 200 ml » KF
BB A 40 ml B IEE] LI (Parafilm) Z5EHY
SBHHEL IR A (Vial glass, K60958A-912) » i B
=R e TFEEEREDL 4°C 1R o TR A IR
HELHTHE(O. L TOC analyzer 1030W/1088,
Xylem, TX, USA) - BEAEL A i B KR A A1
AR AL CO, @ PR NHIRL I MR R AR
I (Infrared Gas Analyzer, IRGA)EH] CO, IR
(mgL™") -

2.2.3 7k ffi(Water color, WC)

LA GF/F B8 pEACERIEIHZK 200 ml » KF
TRV E A CEESEEMY 100 ml YEBHEH - W EE =
R FEARTH O EERZE 1% - LL-20°C MIUKFRTRTFIR -
EHIFREE AR 5 cm PEEELEER - Doy
SEOEEEE(U-3900, HITACHI, JP)HI&E 440 nm 3%
FRIRIHAE(ODyy) » —MEERA R =R - MRIAZ
(#F a0 15 Hi(Cuthbert, 1992; Thurman, 1983) °

2.303(0D,,,)

(2977 —T ................................... (1)

2.4 7KB&ZEBHEE (Sacchi disc Transparency, SDT)
75 HA B (Transparency) ks SRR REH1 27 75 7K 1Y
FEEE - YR Sk B ] Rz SRR R R
AP EIHEE(SDT) © AR IR BR 5 8 4 B /K [ 7K
BRI R AR 20 AL G555
HFHEUD TR HER 25 com BB E M
BIEARHMIR BB B - DIRR ERIARRERE © R 2R

[E#% b - BRI AR EIIAKT  EER
AR IERFRCHKER » B 3 RELPHIE R DA
OB - AR ERE R BRI R RS
R B gl REGIRDL - SRR R R 9
FhAE 15 BhE o BEllEAAREREES  IETR
IEEIEHRIT -

2.5 ENH(Euphotic zone, Z,,) kS E &R E

(Mixing depth, Z,,;,)

BTG BB AR BRIR & PR B0 EEfE LA
73 AT OGS R B K 3R T e A H R R
(Thornton et al., 1987) » FA=5 A =3I Ko 55 5 =04
T

A R EEKI 1%06 & 17F A s 5
(Photosynthesis Active Radiation, PAR)Z ¥ &
(Klaff, 2001) = 7K &M Li-Cor 7K FOLES
(LI-192SA Underwater Quantum Sensor and the
20098 Lowering Frame, LI-COR, USA) % LI-250A
BIRFHME DR 2$(Li-250A, LI-COR, USA)EH -
T IR WA ST AR 55 (A0 1) » SR o
0.5~1>2~35 m HPEREHEIE - KIRLETER
(Beer-Lambert law)fsi ] Thornton S A (1987)f5%k
[EIEFR? > 0.90)fFHAZ(2) « 1o Fo#FHH 0 m /K
HEEHNER 1% < o » p FetEBOIUEIERZ R > e
Ry ERFGH Zo, FoiZ 67 - AR Zo A (3)
#F L ARARE3) « BT HEER IR (Z.,) ©

Iy=a-™ . 2)
Zeu = [1n(10 /a]/ﬂ

FATTHI FH 22 Mg 8 B A, 8 W A s I 55 47
H 6 SZ/Kk#8 T H /K B 5 (Templine; Apprise
Technologies, Duluth, MN, USA) ° {##&5k(buoy,
1) DU Sl B A R R 22 KR R » %
T& E ARG IR/ o 7K R RO ARG | o
GRS RIFAIIKIE T 002505 1.0~ 2.0 &
3.5 m iz o A/ N RIS - TSR
&R {7 A & RO 8% 2% HH (CR1000, Campbell
Scientific, Utah, USA) « [KIZK#8E S 7EEE Ry /K Kif
B 1°C m' K AR B EL



43 & i 52 (Steehr and Sand-Jensen, 2007 ° 20,
(4) * °C (om)Fo'E THIZKTHREE * °C (zmix m) Fo7K G
BEREEE - QR EEHH/KIREREL 0 m
ZKIR B B H AR (0.252 0.5 1.0~ 2.0 J 3.5 m)
HIZKIRERREITEEIRE - BHUKERRGEEE
FELL T K 53 T R -

°Clon) = °Clomien) = 1CCM™) o, (4)

2.6 #ETAHT

AHFFeHH g H &|IW Z,,» STD Chl. a~ DOC
B REG E 5 A~ 26 £ 8 H) O £ 11
H)~&(12 £ 2 AR (mean) BLEEHE R 22
(standard deviation) ° f#F] R BK#&(R-3.3.3 version,
R Development Core Team (2017), Austria)#EfTFA
(K] F% BB HT(Two-way ANOVA) ELIE: Z2IE 1
EHAZEI(TFL ~ YYL) B ZREifH o« B IR = AR -
B K] A R B 1 15 P B 8 A% #H BA 53 17 (Pearson
correlation)f§H Ze,> Zimi> STD~Chl. a~ 7KZE(WD)~
DOC J¢x WC [z fHERM: - SERESIZ28(Z., » STD)
1 A £ B AR [T B (simple  linear regression)43 4T
B R [RIFFE(ChlL. a ~ 7KEE(WD) » DOC)HY ELARRF
£ o BT IR EREE ~ BT LKA (Zix
Chl. a ~ 7K (WD) » DOC K WO)RIBAREME: - 5
H & & 1 8 [l & & 3 (Stepwise multiple-
regression model)FfET T3 T

= BRER

3.1 AEEEEIAERERENTE

ZRRE IR 3 m - MAFA1E 2 A)
] EFFE 10 2 12 me SDT #EF 0.5 2 1.2
m » ECEEEIFER 1 £ 5 m o BEWIKELE
42 % 4.9 m %8 - SDT KM 05 FE 2m > 5
SHEAFHE AN 2 £ 4 m(E] 2) - ZRIEH Bk
WK Z., BENASE W ARGEE - BN
SDT A EifiF & b 221885 - 2RI By iR 21y
HIEAWG - SEAERARERY KT - FAERRE R TR T
Bl A)FERE4ZE6MHABE 11.5m TFEE 3.2
m s EEWIE ALK AR E
B G R A BERNE KA _E T (R H P ATl

JFA KA (Tsai et al. 2011) » 221G A7 38832 5]
REJR RN 2 BRI EEh - e
IR 5 A B KA RN &2
BifisE

FEHINET - Z2EZREiR SDT MEffiE!
FRYBERE R 3) - AR  BEEIAE - AF
[ ELEEE 7 5 (p = 0.04) » ZEHIEZ Chl. o 4
By 64.71 ng L3438 Chl. a 905 25.12 pg L (&
4) - ZRIG AR R K] e 3 (o i Y B S 2 R R by
BB R R I A R R B I (Hy pertrophic
lake)(Tsai et al. 2016) » {HGE R ZRKEHE LT BAH
BTG B 4) - B BEH
1Y STD fEE ~ AHlfk ~ A B = Rp <
0.001) » ZRIFETHELEEW] DOM HEGHIAIZRET
BE - (HASE NI DOM R 2RI 5 1.2
1.5 f5(E 4) - B EIHEZ DOM Hin
EHEFN 1.5 £ 2 58 4) 0 ZiEESTH 2.5
mg-C L' FFFE 5 mg-C L' » MEBHIEIEEES
Y DOM JEFE(#) 4 mg-C L) » XFK(Q2 mg-C
L) o 6 AT P B2 RN bR ] R R A R Bk T
R LA E B A A A Y E R
E7KER(Tsai et al. 2008)» X LU B Ry B -
WEZ » RIZZIEHIRTER R XA Mii A DOM
B/ UK RSB ZR TG 1 22 T 30 4) -
DEFERERE » BEMAZIEN SDT 2015 4%
¥IHE 2016 ~ 2017 567555 0.2 & 0.4 m([E 2) - KAF
112014 FENERBSL 5 SFHIFENED 1000 mm(Z22
HRrR R BRI 92 BEbkHLS RGeS -
http://www.cwb.gov.tw) » #GERL 2015 F 1 £ 6
AKATAR (B 2) o ZRNE I B A B WA /K A7 S il
FEHRERNFEF 22 (Tsai ef al. 2011 5 Tsai et al.
2016) - [FEREER A ERT 2015 4 F¥4E DOM A
B/ o SRR 2015 EZAIETHELASE SDT
WhndE 2) - FEEFERET - 22 S

T HE £ A RN R R TR A KRS EYE
R SDT K -

32 AEEERIPEEES  FEa YRS
FERIRAR
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Spring Summer Autumn Winter
(Mar. to May) (Jun. to Aug.) (Sep. to Nov.) (Dec. to Feb.)

4 BEMMYYL)FZIEM(TFLIKRE Chl. ¢ i1 DOC FHE(EERE)ZEHER o

ZZgE el SDT HAKE ~ AYHERT  (r = -0.83, p < 0.001) - E&EW SDT B DOM(r =
EHARRERBEER 2) - IKIEZR 2 ZEARMERS  -0.82, p<0.001) » 7K A =-0.76, p < 0.001) » 7K
Mt o » Z23H SDT B Chl. « BEAEEMEME (= -0.62, p < 0.001)EEGHHRIME - ZRIEHELE



x2
DOC ~ WO)Z 2R BRIDHT ©

BE(YYL)FZRIER(TFL)K RIEEEND(SDT > Z,) » IKEEYPIR (Z i > Water depth)F2ZKERES-(Chl. a ~

Location Ze Zomix Chl. a DOC WD wC
TFL SDT 0.80%** -0.02 -0.83%** 0.23 0.33 -0.26
Zey 0.41* -0.70%** 0.038 0.07 -0.41%*
Z ix -0.12 0.053 -0.28 -0.20
Chl. a -0.16 -0.47** 0.26
DOC 0.15 0.23
WD 0.26
YYL SDT 0.54%* 0.25 0.062 -0.82%** -0.62%** -0.76%**
Ze -0.001 0.27 -0.61%* -0.46* -0.48*
Zonix -0.21 0.06 0.34 0.14
Chl. a -0.43%* -0.33 -0.38*
DOC 0.72%%** 0.96%**
WD 0.71%%*

* Shows the statistical significance at p-value < 0.05; ** shows the statistical significance at p-value < 0.01; *** shows the

statistical significance at p-value <0.001. WD is water depth (m).

BIHHY DOM iy A F- 22 DURERN B A (F MR ) B2 e
EBETR(MIE) T (Tsai et al. 2008 > 2016) ° HH
5 ATE1 45 B SDT S2RH DOM Ffi A 228 -
SDT Eil7kZE(r = 0.58, p < 0.01)DOC(r = 0.81, p <
0.001) 2 REFHIFERIME - S34b » EARBEWAZE
HER IR AKED DOM ; 7kt kR
FH(r=0.71, p < 0.001)(3K 2) - EEH/AHE SDT
EUMEEEHERA (- = -0.76, p < 0.001) » Hrpsk gl
DOM FHBE M B (r = 0.96, p < 0.001) * 7KEFERZ
(r=0.71, p < 0.001) « B A7k AR B RTH i A
REVEIEEEYIR A RS - 53— 7 » 2211
K ELE T EARRA (- = -0.41, p < 0.05)
ZRESH7K R DOC JREFB BRI - okl SDT
Bl 7K (0 AR MR Y B AR (B 4) - 22 SDT Bl
Chl. a HtH RIFRIFEEERIRGC = 079, p <
0.001)([& 5) » {HZREI[H SDT fE225([& 3) -
ZEHEEEHEL Chl. a (r = -0.70, p < 0.001) »
ZRE(r =-0.41, p < 0.05)H EAHER » /KRR G EREE
(r = 0.41, p < 0.05)HIEAHR ; EEWBE G
DOC (r = -0.61, p < 0.01) » 7ZKfl(r = -0.46, p <
0.05) ~ 7KZE(r = -0.48, p < 0.05)G (% 2) - TFL

TR ESEERE - BB
REFSE s ML B ([ 3 ~ 4) » A RLR Rk mzs 4
RESFESCEROLE - (EREE T Bl
U 3~ 4) o FEHAZFSEEE ST RIELT
Bl STD EXAMIAAERER 3) » #EEH 1 £ 2 @2
AT RGBS (TFL = 0.77, p < 0.001 5 YYL
r=0.69, p = 0.002 ) - STD BdZ2 B BRAIR M1
(TFL r = 0.84, p < 0.001 ; YYL r = 0.88, p <
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