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Abstract In order to discriminate and identify phytoplankton of different divisions and genuses, coiflet2 (coif2)
wavelet function was utilized to extract the characteristics of the three-dimensional (3D) fluorescence spectra of 12
phytoplankton species belonging to 9 genuses of 4 divisions. The third scale vectors selected as the discriminating
characteristic spectra, obviously express the distinguish characteristics of different genuses and divisions. The
results of Bayes discriminant analysis showed that these characteristic spectra had average discriminating rates of
99.0% and 97.4% at the division and the genus level, respectively. Reference spectra were obtained from these
characteristic spectra by cluster analysis. A fluormetric method was established by multiple linear regression
resolved by the nonnegative least squares. These reference spectra identified the single species added with 10% and
20% ratios of random noise with the rates of more than 98.0% and 85.0% , respectively, at the division and the
genus level. All the dominant species of the phytoplankton mixtures could be identified 100% at both the division
and the genus level.

Key words  biological optics; phytoplankton; differentiation; wavelet analysis; three-dimensional fluorescence
spectral; characteristics extraction
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Table 1 12 phytoplankton species in test

Species Genus Division
Sc Seri
Scrippsiella trochoidea Scrippsiella
Gs Gymn
Gymnodinium simplex Gymnodinium Dino
Pr Dinophyta
Prorocentrum donghaiense Pror
Pm Prorocentrum
Prorocentrum minimum
Ps Pseu
Pseudo-nitzschia pungens| Pseudo-nitzschia
Tr Thal
Thalassiosira rotula Thalassiosira Baci
Cu Bacillariophyta
Chaetoceros curvisetus
Chae
De
Chaetoceros debilis
Is Isoc
Isochrysis Chry
Pg Prym Chrysophyta
Phaeocystis globosa |Prymnesiophyceae
Rs
Rhodomonas sp. Rhod Cryp
Ra Rhodomonas Cryptophyta
Rhodomonas salina

Dino, Baci, Chry, and Cryp stand for the division of
Dinophyta, Bacillariophyta, Chrysophyta, and Cryptophyta,
respectively. Pror, Pseu, Thal, Cha, Isoc, Prym and Rhod stand
for the genus of Prorocentrum, Pseudo-nitzschia, Thalassiosira,
Chaetoceros, Isochrysis, Prymnesiophyceae, and Rhodomonas,
respectively. Sc, Gs, Pr, Pm, Ps, Tr, Cu, De, Is., Pg, Rs, and Ra
stand for Scrippsiella  trochoidea, = Gymnodinium  simplex,
Prorocentrum donghaiense, Prorocentrum minimum, Pseudo-
nitzschia pungens, Thalassiosira rotula, Chaetoceros curvisetus,
Chaetoceros debilis, Isochrysis galbana, phaeocystis globosa,

Rhodomonas sp, and Rhodomonas salina, respectively.
2.2 FHFEYRAEXIEHNE
Y R B 3R A 15 K (Ps 2y 10 KD %)
FAE6000 1x,10000 1xF115000 Ix)6HR T 15 35 19 L 5
FEBE 2 K (Ps MEERR 1K) BURE, LI Hitachi F4500
PG NN B (1 e/ 96 Lb (53 AT = 4E29¢ 6
T I
D5 254 R K 400~600 nmy, & T K 650
~700 nm, 5 K 5 nm, ¥ & B 4E 5 kB AR
5 nm, FH 12000 nm/min, 54> 38 Fp 1755 7% =



2054 i

e * 35 %

Ty B AT I =0k LG = 4E9OEO6 T 1620
Ao LA B 451 i 2% 1 000 S 307 90 A 0 9 5 A 5 T
i, L BBE B8 70 M SCI GE A dh 0 I AR

3 FdlEabrg
3.1 TFukbiE

W B = 9O % o txt 45 3X, L Matlab
A (Version 6. 5) 4 ¥R 5 6 47k 11 47 X 41 51 1 5L
o 40 B o A I o 0 6 BB KB K 650 ~
750 nm, BR B K 400~600 nmil =46, FH
55 %% (Delaunay) ™" = M4 {H 7, I B = 4856
ST 11 ity ) IS R L 2 O
3.2 FEEYHSERR

AT RN A BT R L B e = 4R U ok
TERAL N IS . R RNOR DK S Pk & S
TEAH RS B 41 SR BRI AL, R Z A BEms
(big emission spectra) ; A [f] & 5 ¥ K &5 0 9% 63
RICTEAN T 8, 0 11 DR LA Rzl

BEms of the 12 phytoplankton species

Relative intensity

BExs(big excitation spectra) ([ 1), & 7 % A4k Fx
Fr7n i 451 A B0H s S & BRI OG &R - B ()
o3 A1 4y AR AL R 400~ 600 nmH (4
5 nm) i — ORI R B A 1T AR S
AR 650 ~700 nm (PS5 nm) 1 — 4> & 5 B
F B (D)3 11 4y B KA R 650~700 nm
W CRERR S nm) B — SR G PO R B PR 41 A
Bl U 23 AR 400 ~ 600 nm (BEFR 5 nm) H 1Y
— KPR A, ¥ BEms Ml BExs #2450 2° =

N PN UERN7IS WU

Znax — Lmin
FF—A 5 s Ty = mlax(x,-) s Tmin = ml_in(a‘i) o RIE LA
coif2 /N eR RO i A DT AT /NI o A LU 1 &
55 4 )2 RES R (A A cal, ca2, ca3 Fll cad FR)
VBN 8 9IRS . B — 2 RE 752 BB 5
M cai X 20 —11(2i—1),i = 1,2,3,4 5 BEms 5
BExs H 18048 sl dE AT 4550, JF 44 B 5 K A 19 X
R F 40 B ORI A

BExs of the 12 phytoplankton species

O O =
nR O WO

Relative intensity

7

112 B e i o 09 = 2 0 B 4k 8RB
Fig.1 Two-dimensional (2D) formats of 3D fluorescence spectra of the 12 phytoplankton species
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Table 2 Selection of sale vectors by Bayes discriminant analysis

Dino Bac Chry Cryp
CDR /% Pror Chae . Rhod ~ GCDR DCDR
Pr, Pm Gs S Ps Cu, De tr Pe Is Rs, Ra

ca2-BEms 97.2 96. 2 96.0 98.7 92.3 93.0 100 93.0 100 96.5 98. 8
ca2-BExs 96.9 96. 2 96.0 98.7 89.3 93.0 100 93.0 100 96.5 98. 8
ca3-BEms 97.1 95.2 95.0 98. 6 95.6 91.8 100 92.5 100 96. 7 98. 8
ca3-BExs 97.1 99.1 98.6 99.2 87.6 96. 2 100 93.0 100 96.7 99.0

ca3-ca3 97.3 98. 6 98.7 99.0 93.3 96. 0 100 93.0 100 97.4 99.0

3.3 FHFEWMRMNFHEEHNERERESLENQE
S WEE L X B Bayes ) 5l (45 R0 2
RO g PR T AT 0 M R BOR AR AE 3 . JF XS
PR AE T8 AE AN A 20 28 25 R CRL A5 P A7 0 4 6 i
(] SP- A7 1% TR A i (1) AN ) A2 R 300 1) ) A i ) AS )

Ot JE 5 IR R b 1)) 140 51 E T3 2847 20 B F 52
3.4 FUFEY ISR B R A RR AT E KA
oke v
VAT G 1 0T 4 Fh PR W AR D AR 2 — P AT B R B T
9 BT A VU AL 35 2 4T 2R 26 0 A o R AN ) B 5 2 1



124 i 97 A BRI OB RRAL £ LRI E AR 2055

AR TR R AR T AT 00 28 X B — 2R BT 2 A
LIS bR HE TS 2> O JL IS L % WP A L AR R AE
T BRI R 12 Fh PR A B DGR T A . e AR
VT R 1 A DA 22 Je 2k 1] 0 R Al LA B B/
IR VE figp M At S AR I A TR I RE B AR L F B I 1
R AR i OIS ) EE 91 4 13 06 P ) R i Bl R D TR
£ b FEAT IR E

4 ZREW®

WP 12 P R T 4 ATTI 9 &,
HI T 1 A] UL L AS TR 17D 2 3 B AR ) 1) = 49 D e 1 A
A7 WS R 22 5 5 AR X T TR 1D AS TR 1 3
TR AR A RRAE 22 5 L (HOF A TR . It 4R K
HICRASE T2 B Jag () 19 37 U A 0 9 Y6 A AU A8
N TR AR ) 98 e U I 7 B A 1 S B BT A

INBCECR HAT B B BB 2 B RE AR 4R
IBCRIY 2 06 A AT R 1 15 5 AL I B AT B3 9 47t
THLAE ST o /NI M BOR RE 5 14 8 5 S R 4 =S 1]
W Z4EVOCETE BE T 4k A ), ol A4S 8] RUEE 4y
RN & R RS NN S W U E e N PSP
BUNRE ER A5 B .l i X oA, B 45
() rp R S A 58 ELAE A [/ A2 S R 45 1F T BoA R AP AR
EE I 9O 3 B AL WA ) I SO R AE TS . EXS

1.0
BEms
0.5 :

0.0
100 200 300 400
1.2
1.0 cal ]
0.8 ]
0.6 ]
0.4 ]
0.2 1 I 0
> 50 100 150 200
2 15 ca2 1
2
£ 1.0
2 05
= 00 . : 4 :
~ 20 40 60 80 100 120

1.5 e
1.0 ]
0.5 |
1020 30 40 50 60
1.5 /\/\/j’v cad |
1.0 ]
0.5 ]
10 20 30

Data point

BAIEA M X S8 M AY Daubechies, Symlets &
Coiflets /NI R B AT 3E 5 coif2 /NI R K053 BT 5K
0 T A5 B REAE 1% 55 BT WF 58 09 12 Fh R AR ) 2 A B
FERY 23 R PRI ROR & 538 45 0t /0N 35 R B5OM 1 7 DA
Yot TE B R AR SR B, AH R TN o i RUBE 43
AN G 52 B M T et DR AR SR 7 R
ok PERFE I

XFLA coif2 /N o3 fif Bl A5 1 RUBE 73 £ (1 2) i
AT WREE L J5 A B« 5 — J2 RUBE 43 f A5 5y W I
32 B WP R0, 1 26 U )2 R LLUE ) ROBE 43 & 4
T HNICIE A o FRAE o R X T 2 RUBE 73 it 34
ANBEAE R 615 1 PR R AR 335 5 AH XTI & 5
55 = )2 RUBE 3 1 BG R 258 7 1 3B 4 I 7 52 ), LAy
SERE IR B T A DS IR A ) 09 SO R AE L AEAL AL
ZEXF HO VR To iR WA 3 8 3 A AR R R AR 3
A FE T Bayes HI R idixd 58 — KR =R RE
oy AT b L =465 B BEms # BExs 89
J2 R & (ca2 Fl ca3) AARYE R XT L4341 12 FfiF
HEAE ) B - X 43 SEIE 1 3 . Bayes J| j 45 3 R W]
(3 2),BExs #l BEms A F 4, 1 & BR7E X #1 B ¥
J& B R IER 2 L AL TS & Ah 0 HoAl 8 N B A
A B B4 IR0 R 5 1 LA ca3 b 2 G AE 3 19 43
K IEH R AL SR L Tea2, KL, % #8 T ca3d-

= BExs
0.5 1

0.0
100 200 300 400
1.2
1.0 cal ]
0.8
0.6
0.4
0'2 A " A "
50 100 150 200
2
§ 1.5 ca2 -
£ 1.0 1
“2’ 0.5 E
€ 00 : . . . 1
K 20 40 60 80 100 120

2.0 ca3 1
1.5 1
1.0 1
0.5 1

10 20 30 40 50 60
3 cad ]

10 20 30
Data point

2 Coif2 /N XS IF i AL ) = 458 0 i BEms #1 BExs PEAT 4015 BT 1509 1~4 2 R &

Fig. 2 1st to 4th scale vectors of the BEms and BExs of the 3D fluorescence spectra obtained by coif2 wavelet
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Table 3 Correct discriminating rate of the discriminating characteristic spectra

Dino Bac Chry Cryp
CDR /% Pror . Chae Rhod GCCR DCCR
Gs Sc Ps . Tr Pg Is
Pr, Pm Cu, De Rs, Ra
1 96.9 100 98.3 98.9 100 98.5 100 99. 4 100 98. 6 99.5
2 97.5 100 98.9 99.4 100 97.8 100 99.4 100 99. 2 99.7
3 97.9 98. 8 100 99.4 87.3 95.1 100 99.1 100 97.2 99.7
4 95.5 95.5 97.7 98. 3 85.8 98.3 100 73.9 100 94.5 97.3

CDR, GCDR and DCDR stand for correct discriminating rate, total correct discriminating rate at the level of genus, and total correct

discriminating rate at the level of division, respectively.
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Fig. 4 Fluorescence reference spectra of the 12 phytoplankton species. The 1~66 and 67~132 data points

belonging to BEms and BExs, respectively
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Table 4 Identifying result of phytoplankton samples containing single species
Dino Bac Chry Cryp
Noise Identifying o .
ratio / % result Pror Gs Sc Ps ‘Chae Tr Pg Is Rhod GCIR DCIR
Pr, Pm Cu, De Rs, Ra
0 /N 350/356 357/358 175/176 180/180
172/179 87/89  84/88  89/90 178/178 88/90  88/88  87/88 180/180 1053/1070  1062/1070
CIR /% 98.3 99.7 99. 4 100 98.4 99.3
96. 1 97.8 95.5 98.9 100 97.8 100 98.9 100
10 T/N 350/356 357/358 175/176 180/180
172/179 87/89 75/88 73/90 147/178 89/90 88/88 87/88 180/180 997/1070 1062/1070
CIR /% 98.3 99.7 99. 4 100 93.2 99.3
96. 1 97.8 85.2 81.1 82.6 98.9 100 98.9 100
20 T/N 351/356 344/358 175/176 180/180
171/179 88/89 80/88 10/90 118/178 87/90 88/88 87/88 180/180  909/1070 1050/1070
CIR /% 98. 6 96. 1 99.4 100 95.0 98.1
95.5 98.9 90.9 11.1 66. 3 96. 7 100 98.9 100
F 5 TRUFE YR A B 09 PR 45
Table 5 Identifying result of phytoplankton mixture samples
o Dino Bac Chry Cryp
Identifying pror Chae Rhod
result Gs Sc Ps Tr Pg Is
Pr Pm Cu De Rs Ra
1 T/T 0.74 0 0.03 0.11 0. 06 0 0.05 0 0 0 0 0
2 T/T 0.53 0.13 0 0 0 0 0.12 0 0.12 0. 04 0 0
T/T 0 0.07 0.66 0.19 0 0 0 0 0.07 0 0 0
4 T/T 0. 04 0 0. 65 0 0.07 0. 10 0. 05 0.09 0. 04 0
5 T/T 0.07 0.69 0.09 0.14 0 0 0 0 0.07 0 0 0
6 T/T 0.03 0.80 0 0 0 0 0.06 0.11 0. 05 0.09 0. 04 0
7 T/T 0.02 0.19 0.13 0. 65 0 0 0.15 0 0 0 0
8 T/T 0 0.03 0.22 0.50 0 0.05 0.03 0. 10 0 0 0 0
9 T/T 0 0 0 0 0.74 0 0. 05 0.21 0 0 0 0
10 T/T 0 0 0.13 0 0. 80 0 0.05 0 0 0 0.03 0
11 T/T 0. 06 0.03 0.09 0.19 0 0 0. 45 0.11 0 0. 06 0 0
12 T/T 0.11 0 0.03 0 0.41 0.26 0.19 0 0 0 0
13 T/T 0 0 0. 06 0 0.03 0.35 0.33 0. 20 0 0 0 0
14 T/T 0 0.16 0.06 0.02 0. 14 0.09 0.52 0 0 0 0 0
15 T/T 0 0 0 0. 15 0 0.11 0.75 0 0 0 0
16 T/T 0 0.07 0 0 0.15 0 0.12 0.61 0 0 0.01 0
17 T/T 0 0 0.02 0 0 0 0 0 0. 74 0.21 0 0
18 T/T 0 0 0.03 0 0 0 0 0 0.74 0 0.16 0.07
19 T/T 0 0 0 0.03 0 0 0.02 0.25 0. 70 0 0
20 T/T 0 0 0 0 0 0.03 0 0 0.72 0.02 0.23
21 T/T 0 0 0 0 0 0 0 0 0 0.25 0 0.75
22 T/T 0 0 0 0 0 0 0 0 0.17 0.01 0. 82 0

CIR, GCIR and DCIR stand for correct identifying rate, total correct identifying rate at the level of genus, and total correct discriminating

rate at the level of division, respectively. T/T stands for that both the identifying results are right at the level of genus and the level of division.

The number in italic and bold stands for the non-dominant and dominant species in phytoplankton mixtures; the number in bold and italic stands

for the dominant species indentified.
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