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Abstract To meet the increasing global demand for seafood, efficient and stable aquaculture
production is essential. This requires mass production of fish fry and development of suitable
live diets for their growth. In aquaculture and the ornamental industry, marine planktonic co-
pepods are recognized as preferred live feeds for marine fish larvae over the commonly used
organisms Artemia and rotifers. Marine fish larvae fed with the copepods show better survival,
pigmentation and growth. Based on this, wild copepods collected from the natural ecosystem
have been used as the live diet for fish larvae culturing. Mass culture of copepods under a con-
trolled environment is desirable due to the unstable collection amount, difficulties in obtaining
consistent quality, and risk of parasite/pathogen contamination when collecting copepods from
natural ecosystems. Despite being a preferred live feed, copepod use is still limited due to low
productivity and cost efficiency when intensively cultured.

This review focuses on the status and challenges in the mass cultivation technology of marine
planktonic copepods. Section 2 summarizes the importance of live diets for marine fish produc-
tion and the challenges of a conventional live diet using rotifer and Arfemia from the viewpoint
of prey size and nutrient demand of the fish larvae. Section 3 focuses on the characteristics of
marine planktonic copepods as aquaculture live diets, and briefly introduces the research history
of culturing copepods from the 1970s. Section 4 reviews which copepods have been cultured as
target species to date. Section 5 presents the types of diets that have been used to cultivate cope-
pods, and what factors should be considered in selecting their diets. In addition, non-microalgal
diets such as yeast, bacteria and protists, which are considered to be cheaper to produce than
microalgal diets, will also be introduced. Section 6 discusses copepod stocking density, which
determines productivity and production cost in the mass culture, and presents how stress caused
by high-density conditions affects their survival, egg production, and hatching success. Section 7
deals with cannibalism, one of the most serious problems limiting productivity in mass copepod
culturing, and discuss how many eggs and larvae are lost through cannibalism based on quanti-

tative data. Section 8 summarizes the various methods developed for collecting and separating
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eggs and nauplii from individual adults to minimize cannibalism risk. Section 9 covers the meth-

ods for storing copepod eggs and nauplii, which can enable copepod products to be transported

between producers and consumers, and assist producers in maintaining backup cultures.

Keywords: aquaculture, cannibalism, copepod culture, live prey, stocking density

1. ZLeIc

TN 2050 4E121 93 fEANIEL. o2 %
NN E At A 2 B A G o) FI2EoT, 2005 4FERF
D 2G0T N EDOWAG ISV FN b T I T
% (Godfray et al. 2010, Lee 2011), HIEDEE - &
HEEOF A TIIBRBEAMAEL R iE Thnie
PRSI, T HOTEEMARD/NT VAN i
% FTEfER% (protein crisis) " AYETAILUL 2030
FEICPEIEAL S 2835, BWES v B D—
I tHo CEKEYNIER T AL, MER3EICLL4
FEIT 1990 S ORUEVIZHERR L T bhs, EHHIC
LZAEERIIEAHEINLCBY, JETIIREERD
46% % 5% (FAO 2020) . S DK ED O ZI%
SHOUEKTHIESTFUSIL, FHEI DL E I
A BEDST] REZRZR LA 3 IR E e SNBE R
HICHED 720121, FUETE O K= A FE DTS
D3 FD7OIIIITHER D L ZE L7240 0 4 W Ak}
DR B FEHAM OMESL DL DOFRECThH D, NATY
FUTMEE BT ST 2/ NI THY, Z0/NA
FRAIAVE T TN BEED 8 Ea i, T
b BB, THASKOEE LG CH
% (Mauchline 1998) o 7117 S HHO W A Wy FR L L
TOHFHBEIH PSSO, RREDOLDETIRELT
FIHSITETDS, FREEDREERLWIIZESTELL
BE)T 5720, FHH 0% 2 W ERE &L 72
RERAFAT O EE LB RSN TS, K
Tld, WEFEEIA TV HOKEFEELTOH H
PR, ZOEM M KERZIZE LB, 3
NI DOWTEHS 5,

2. BHAEEICHIIZEMERNOERELEFOER
ER[F: ]

RIKEE RO ELZOFREOBE IS, K
SRIB A5 OFE H PR ARAF L e N LA i 0 1 22k
ALAEHL TS (BUES 2012) 0 I LR, #
FHEROIIE 2 NI ARIREL TRV HEALM 3B
CLREATEZMMBL, BEICEIIHTREREAAL
ZALT %o BHIIFIHNEID NS IR T DET AT E DD,
fFADEEE CEDENIA XDV, R Z L v
BOIZBRESND720, RIRINIZE B9 27Ut/
BTN ERBALTCHET S (GRIE 2014) 0
I TH A2 BT r e~ 2ZHOFfiE. AL
AL COFB DV ETHL, TO—T7. WEDHHE
BOY6. Yo BEHILT 2707 T —EiE AR
{ AEWERDSRA T 7O T 7 —EEFIH L2 ETH
L TERW 2D N LR CoFF IZNEETHD GRIE
2014) o ZO7-OWEEHFOM T A FEOFREIZIL, &
L7 A RE 3 iz rn 3 B RHEM TR OB 3S, HEEEAS
R\ A EIZBWT, KESRKEMOME
Tt ROATHESNE L - A R A R T 528
(& OGRS o0 RAFEE AT AT L DR H
HEREIZBIT AL >TWAS  (Marcus 2005) o

1960 4EAX, ARFLIZBT Brachionus plicatilis (3
FIXVRT L) O TOF AR RHSh (f#
#E 1960). €Ok, KERFEFMN LS, I8
AR L CHEFE TR ST (Uye 2005) 6
TE P A E TIET AT 4G L CH o7 HE D IR D
A OEWEIRL LTI AN (S AL 2o L7z
Artemia sp. (TIVT3T) /=TI ANAEDILACS
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NTC0D, TIVTFIT DY ANIEGIIAL S TX,
FHIM ORAEAT Fe 2 e 53O S THENLTW
A3, WHROFEMEED 90% % 55T A1) 71 Grate Salt
Lake 2ETl3 (FKJ 2014) . EIFmAHFEICIDKECE
B3 28T HL (Fig 1o

12000 4
10000 -
8000 4
6000 -

4000 4

Cyst harvest (metric tons)

2000 -

Fig. 1. Annual variation in harvested amount
of Artemia cysts from the Great Salt Lake,
the USA (data from State of Utah Division of
Wildlife Resources).

COIILEREDL, DAMDIEIZEE 4 FmEL THD,
BIRALH SRS AD 1 kg OAfitg A% 1993 4£D 10 FIVHi £
A5 2000 4E 121X 70 FVIZEL CTWwWb (Stappen et al.
2020)0 TAY TUTITHIIIMFHEA OB EBID
FEIEICNFE R, FaAFH U (Docosahexaenoic
acid: DHA) LA IH ¥ T B (Eicosapentaenoic
acid: EPA) 12fXFRENS n-3 = BEAS A g A R A5 A
RS 57280, ZNHDEWETEOHEATFHEMITHAEL
BRI, KEBIE, RERRE ., RETHEZRT (H
B 1994, 71N 2009) o Z D7D BEAF O A W) R KTl
WA, AR ADIFMRINE, T8 F T8
AHOTHRERILT LI ETHAEL TORBEARLIZ
FHLL TS (BRI 2014) 0 LAl SEETRAGHNICZZE
FTHIAAMIFEFITKREL TAT TR ERILOR) R
1 6 BEIL 225297, 7L 37 Tl EHE D DHA
THRARILL COR YRy T UHE (Docosapentaenoic
acid: DPA) % EPA [Z&H#t, F72l3 T AF—LLTHI
HLTLEW, 347D 1 #EEL 2 DHA 2358l TE 7w
EWIORRELH D (1PN 2009), KEEFEGEICHT A

HIEETIE, AV IRl CORTVTIT,
ZLTCALHEONED S22 BRIID F i & o
WS, AFERLRINCIE A FEASTEL W O AR
A% (100 ym LT, 350 ym 7°5 600 ym D) 2%
FAEL (GKIE 2014) (Fig. 2). ShoZ k4528
G I RL T 2O TRV IRE TH L,

Artemia

Rotifer

Food requirement amount
of fish larvae
|

r-r T 1T 1T T 1T T T"1
0 500 1000

Body size of living food organisms (um)

Fig. 2. Body size spectra of living food or-
ganisms and food requirement of fish larvae
in marine fish fry production (modified from
Hagiwara 2014). A and B with dashed lines
indicate the blank ranges that cannot be pro-
duced by rotifers and Artemia nauplii.

3. BENMT I REOEYERELTOERAN

HAT FEIRRIBUZBNTELDfATETHEAOE
BRI THY, FEZENLOHLENED D 80%
%% (Tanaka et al. 1987, Mauchline 1998) ., 7117
VHITIEE I L TEDRED, BLZH A ym
DOET pm NEWET L7720, WMRETLAFED K
R 20724 A X OfF B4 A i TEDF 1105
0. INETORRAFEOAED R TIIA i TE R P07z
A X TH A 100 um LU FIZIE, Acartia JEHAT VT
HIULX =T )T AL ERIIAS, 350 ~ 600 pm D i
VAT RRTA MG D554 T %o Fig. 3 IR
HEfa 13 FEDREEA A & A. steueri ) — 7)) AL HED
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HIRESEZ IR, pod Acartia steueri. N1 to N6 in the figure
indicate the first nauplius to sixth nauplius
stage.

1N o Acartia steueri nauplii
N3 Body width
N4

Longtooth grouper, Epinephelus
Atlantic herring, Clupea
Northern anchovy, Anchoa
Striped bass, Engraulis
Pacific mackerel, Morone

Bay anchovy, Archosargus

Sea bream, Scomber

F7oHAT V) =TT AN AEDIRT “jerky zig-zag”
EMENZERITENE, HEMEE THLFHAD

WETHZHETLHEELEN THHEEZZLNTVD

(Buskey 2005) o E512, IATVHIIE E L MA L

EIRRE o7 LA NEIIRE Z<EHLTHBY, T4

SRTIVTIT DIV ERERILOT UL ALLEE L 70

Redsnapper Lutianus . mﬂy} o - oo (Ness et al. 1995, Stegttrup 2003), FoATHEgEICL T

pevsze TLYRT VT ITRERELBRE ST, AT VR

ZRPRLEL 7 E DI OB R, Rk, AR

Lined sole, Achirus
Cod, Gadus
Menhaden, Brevoortia
Spot, [ eiostomus
Croaker, Micropogonias

Fig. 3. Prey size spectra of marine fish larvae

(modified from Chesney 2005). Horizontal AN PE, ARSI, SO A B I
black lines in the figure indicate the body T ME DY S T2 (Table 1) o

widths of nauplius stages of a marine cope-

Table 1. Effects of copepod as diets on marine fish larvae.

Fish species Copepod species Effects References
Turbot Scophthalmus Eurytemoa affinis To improve survival Witt et al. 1984
maximus
Atlantic halibut Wild copepods (cladoceran, Temora To prevent malpigmentation Neess et al. 1995

Hippoglossus hippoglossus longicornis & Pseudocalanus minutus)

Red snapper Lutjanus Acartia sinjiensis To improve survival Doi et al. 1997
argentimaculatus

Atlantic halibut, Wild copepods (Eurytemora affinis, Acartia To improve pigmentation & growth McEvoy et al. 1998

Hippoglossus hippoglossus teclae, Centropages hamatus & other

copepods)
Atlantic halibut Eurytemora velox To prevent malpigmentation, eye  Shields et al. 1999
Hippoglossus hippoglossus migration, & to improve survival
Grouper Epinephelus Acartia tsuensis, Pseudodiaptomus spp. & To improve feeding, survival & Toledo et al. 1999
coioides Oithona sp. growth
West Australian seahorse  Gladioferens imparipes To improve growth & survival Payne & Rippingale
Hippocampus subelongatus 2000b
Seabass larvae Lates Acartia clausi To improve survival Rajkumar & Vasagam
calcarifer 2006
Southern flounder Acartia tonsa To improve growth & survival Wilcox et al. 2006
Paralichthys lethostigma
Fat snook Centropomus Acartia tonsa To improve survival & development Barroso et al. 2013

parallelus
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ZDINI, AT VI AR, WEkATEY, S
DT REY L TEN S AL TBY. B
DEERYI T E DA R T o7 Fr 72 D
T A EZ T REIC T AL IFFEI TS (Payne et al.
2001) SHETONATIEHORA T HEELTE, K
BRI SOFAEIZINZ (Uye 2005) . BFAhth TS
AHEAEL . BRSS9 D 0 i R 5 A B W A HE B
UCHIFH T 2047 VA BRE, AT 252
DEITON S, MR R Lo CORERGE, 72
BIE A ORI ERE 729 LR EEDSTRET, 7
27 M A ORI ST 2 (Drillet et al. 2011,
Blanda et al. 2015), L2°L. SNoDHETIE, =
DIZEEI IR AL R, WO E 2T, [H
T - [A] A XD EFEDHELL, FF A AW R0 I R 25T
AT AEBIERE eV 8T 2H D (GRIE 2014) 6
ZDIHBHE RS, BERGELHIEL 72 E£GR %71
T VO KRR RPN OMEL S EENLIHNT 20720
RIFIZBWTIIAKETT A3 1970 FFARUS [AFEHOF)
R ELTOBI T T 7 OBERE R &R
o) HELHMBL. TOBEMELTEAEIIMAAA
TVH (R 10 fE, A 3 ) LEESN, K
R T A e E T I T (%% 1979,
Uye 2005) o LA L. MREIR G &%572 10 FEO 3%
HAT VIZOWTE, EEFEOHINAERA L E TH
DR OMEFESHEE ChH o7 SN TS (Uye
2005) o EAHFED T TIZIEA A1 7 2 HH Tigriopus ja-
ponicus THE— RFETORERAKIIL72b0D (18
AT 1980) . #BEICAL A5 A ME A R T 72O HE £
PR LI (6 1973) Acartia J& &\ o727 i
PEREZ A A AR IR & = 3 D e, IREICIE
FHEMOGEEZREL TG 272D, HILE B2 22X
BHL\ Vol R EO7ZHFEMIIZEST (ALK 1979,
Uye 2005) . ZDHARIZTONAT LD KERZEIC
B3 2SR I A A RREL 2 e ZOLBRTE R0,
HFHEFUZE S THA R 2SRRI, BETRAT B 2R 1%

HEHEFEO R BEREEORI L INTVDED, TLY
EDBEAF DAY AR OB R L BT DA FE DMK
< (Molejon & Alvarez-Lajonchere 2003). 3 I fb &
BUIBRERTHY, RIZHE LA ESN TS, L
L5, #AEOHFERIIBUELHTONTHEY, KT
FEDOWINIBIT BN FEDOERITEF L LTI, 20
L GRR N 5 e

4. BENRE

Bt RELTE— R AYITKIR IR & Vo B8R
BZALIZRNZ e, TR W EHIE IS TS, F
BIMNEHTHESBEBOFHIITMAT, F
HEFUL R BMED H N ETHLIENEIL
(24 1979) o M FEFHENEA AT VDI E Acartia,
Apocyclops. Bestiolina, Calanus., Centropages.
Eurytemora, Euterpina, Gladioferens, Oithona,
Paracyclopina. Parvocalanus. Pseudodiaptomus.
Sinocalanus, Temora ® 3 H 14 EBSKEFEE O R
LU CTHHE TR SN THY (Table 2). 2K
IR I BIG TEHYUK - WBMHED DL, ok
SAEE#EE TS LT, AFOESME. KA X/,
BERATEN DI EINR AN E I TDH Lo HATTHD
FEIII SASME AR Y — 7)o 2 ) HE DWALE THR %
PR¥FFTAHIINE] (egg-carrying) LINZFEAFEETH
IR (free-spawner) (2 KBISAL, HHBIIEC
(ZINDIRFETOWE - RE DT HETH Do Acartia J&
X° Centropages J& | AL SN S —F P Calanoida TIZIR
(BFEI0) DMEPRFERIRIRIZBR SN D E—RERYIZFE 4R
AEIET 5729 (Uye 1985) . EE HAZEE O W IR AT
A RECTHALIEDTREN TS (Hansen et al. 2016) o
WEREXTH IR WS TR
L COFHREEZARD S EIFT OB OIBIEAE AL LT
OFHHWHETHY (Marcus 2005, Pan et al. 2019)
TR - O TENZFE TH 5,
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Table 2. Research list of marine copepod culture.

Temp. Photo period
Copepod species Salinity Food diet References
°C) (Light : Dark)

Acartia bilobata 26+3 20 12:12h Isochrysis galbana Panetal. 2014

Acartia bilobata 28 20 12:12h Isochrysis galbana Pan etal. 2019

Acartia bilobata 28+1 30+1 Ambientlight Isochrysis galbana Chintada et al. 2021

Acartia bilobata 28+1 30+1 Ambientlight Isochrysis galbana Chintada et al. 2023

Acartia centruta 28-30 32-37 - Mixture of Chlorella marina, Isochrysis galbana &  Vengadeshperumal et al.
Nannochloropsis salina 2010

Acartia clausi 15-20 - 12:12h Mixture of Isochrysis sp. & Monochrysis sp. Iwasaki 1979

Acartia erythraea 20 - 12:12h Thalassiosira weissflogii Rahman et al. 2022

Acartia grani 19 38 12:12h Rhodomonas salina Da Costa et al. 2005

Acartia sinjiensis 28+2 30 Mixture of Heterocapsa niei, Isochrysis sp., Knuckey et al. 2005
Rhodomonas sp. & Tetraselmis sp.

Acartia sinjiensis 27-30 30-35 18:6h Mixture of Tetraselmis chuii & Isochrysis tahitians ~ Milione & Zeng 2007

Acartia sinjiensis 30+1 33%1 12:12h Mixture of Isochrysis sp. & Tetraselmis chuii Camus & Zeng 2008

Acartia sinjiensis 30+1 30+1 18:6h Mixture of Isochrysis sp. & Tetraselmis chuii Camus & Zeng 2009

Acartia southwelli 28-30 32-37 - Mixture of Chlorella marina, Isochrysis galbana &  Vengadeshperumal et al.
Nannochloropsis salina 2010

Acartia southwelli 25-28 30-35 - Mixture of Isochrysis galbana & Nannochloropsis Santhosh et al. 2018
salina

Acartia steueri 25 35 Cont. dark Thalassiosira weissflogii Takayama et al. 2020

Acartia steueri 25 35 12:12h Mixture of Tetraselmis suecica & Thalassiosira Takayama et al. 2021
weissflogii

Acartia steueri 25 35 12:12h Mixture of Tetraselmis suecica & Chaetoceros Takayama et al. 2022
gracilis

Acartia tonsa 6-28 1-26 Ambientlight Natural microalgae Ogle et al. 1979

Acartia tonsa 16-18 35 Cont. dim light Rhodomonas baltica Stettrup et al. 1986

Acartia tonsa 17 30 12:12h Rhodomonas salina Broglio et al. 2003

Acartia tonsa 20 30 16:8 h Mixture of Isochrysis galbana & Rhinomonas Medina & Barata 2004
reticulata

Acartia tonsa 1823 25-30 13:11h Rhodomonas sp. Peck & Holste 2006

Acartia tonsa 25 - 14:10h Rhodomonas lens / Rhodomonas salina Marcus & Wilcox 2007

Acartia tonsa 17 30 Cont. dark Rhodomonas salina Jepsen et al. 2007

Acartia tonsa 20 30 14:10h Mixture of Isochrysis galbana, Rhinomonas Zhang et al. 2013
reticulata & Rhodomonas baltica

Acartia tonsa 20+1 27 18:6h Mixture of Tetraselmis suecica & Nannochloropsis  Drillet et al. 2014
sp.

Acartia tonsa 17+1 34 Cont. dim light Rhodomonas salina Drillet et al. 2015

Acartia tonsa 17 32 Cont. dark Rhodomonas salina Jepsen et al. 2015

Acartia tonsa 17 34 Cont. dim light Mixture of Rhodomonas baltica & Isochrysis galbana Franco et al. 2017

Acartia tonsa 25 25 Ambient light  Isochrysis lutea Sarkisian et al. 2019

Acartia tonsa 18+1 34 12:12h Rhodomonas baltica Pan et al. 2021

Acartia tsuensis 22-27 25-32 Ambientlight  Natural microalgae Ohno & Okamura 1988

Acartia tropica - 10 - Isochrysis galbana Wilson et al. 2021

Acartia tropica - 15 - Dicrateria inornata Wilson et al. 2022

Acartia spp. 28-32 30-34 Ambientlight Mixture of Rhodomonas sp., Tetraselmis sp. & Schipp et al. 1999
Isochrysis sp.

Apocyclops cmfri 30 2935 - Chaetoceros calcitrans Santhosh et al. 2018

Apocyclops dengizicus 30 10 12:12h Mixture of bacteria grown by palm oil mill effluent  Isa et al. 2020
(POME), yeast grown by POME & frozen microalgae

Apocyclops royi 25-30 15-20 12:12h Isochrysis galbana Suetal. 1997

Apocyclops royi 28 20 12:12h Isochrysis galbana Pan etal. 2016

Apocyclops royi 26-28 20 12:12h Isochrysis galbana Panetal. 2018



Apocyclops royi

Apocyclops royi

Bestiolina similis

Bestiolina similis

Bestiolina similis

Calanus helgolandicus

Centropages typicus

Centropages typicus

Eurytemora affinis
Euterpina acutifrons
Euterpina acutifrons

Euterpina acutifrons

Euterpina acutifrons

Euterpina acutifrons

Euterpina acutifrons
Gladioferens imparipes
Gladioferens imparipes
Oithona brevicornis
Oithona davisae
Oithona nana

Oithona oculata

Oithona oculata

Oithona oculata

Oithona oculata

Oithona sp.

Paracyclopina nana
Paracyclopina nana
Parvocalanus crassirostris

Parvocalanus crassirostris

Parvocalanus crassirostris

Pseudodiaptomus dubia

Pseudodiaptomus annandalei

Pseudodiaptomus annandalei
Pseudodiaptomus annandalei
Pseudodiaptomus annandalei
Pseudodiaptomus euryhalinus

Pseudodiaptomus euryhalinus

25

25

25-28

27+1

18

19-21

20+1

10-15

19

27+1

28

25-28

25-31

20-25

23-27

20

28

23+2

313

25-28

28

25

25-28

28
18
26+1

25+1

25-28

28

25-30

26

25

2342

P D

20 12:12h

20 12:12h

27+1 12:12h
30-35 -
30+1 12:12h

38 12:12h

38 12:12h

36 12:12h

15 12:12h

38 12:12h

30+1  12:12h

35 -
3035 -

3042 12:12h

27 Cont. dark

18 Cont. dark

30 -

35 12:12h
38+1 Ambient light
30-35 -

35 12:12h
35 Cont. dark
30-35

15 12:12h

15 12:12h
36+1 16: 8h

22 Cont. light
30-35

27 12:12h
15-20 12:12h

20 12:12h

20 12:12h

34 16:8h

35 12:12h

35  Cont. light

Rhodomonas salina

Rhodomonas salina / Dunaliella tertiolecta /
beaker's yeast

Mixture of Isochrysis sp. Pavalova sp. &
Tetraselmis chuii

Mixture of Isochrysis galbana, Nannochloropsis
salina & Chlorella marina

Mixture of Isochrysis sp. Pavalova sp. &
Tetraselmis chuii

Mixture of Isochrysis galbana, Rhodomonas baltica,
Prorocentrum minimum & Thalassiosira weissflogii
Prorocentrum minimum / Isochrysis galbana /
Tetraselmis suecica

Mixture of Prorocentrum minimum, Isochrysis
galbana & Tetraselmis suecica

Rhodomonas marina

Rhodomonas salina

Nannochloropsis oculata

Jepsen et al. 2021

Nielsen et al. 2021

Camus & McKinnon 2009

Santhosh et al. 2018

Camus et al. 2021

Carotenuto et al. 2012

Bonnet & Carlotti 2001

Buttino et al. 2012

Devreker et al. 2009

Da Costa et al. 2005

Gopakumar & Santhosi 2009

Mixture of Isochrysis sp., Tetraselmis chuii & Pavlova Camus & Zeng 2012

salina

Isochrysis galbana / Tetraselmis gracilis /
Chaetoceros calcitrans / Chlorella marina
Mixture of Isochrysis galbana, Nannochloropsis
salina & Chlorella marina

Isochrysis sp.

Isochrysis tahitians

Isochrysis tahitians / Chaetoceros muelleri

Oxhyrris marina

Isochrysis galbana / Chaetoceros calcitrans
Mixture of Nannochloropsis oculata, Chaetoceros
ceratosphorum, Tetraselmis tetrathele, Chlorella
spp. & Dunaliella tertiolecta

Mixture of Isochrysis galbana, Nannochloropsis
salina & Chlorella marina

Mixture of Isochrysis galbana & Thalassiosira
weissflogii

Rhodomonas salina

Mixture of Isochrysis galbana, Nannochloropsis
salina & Chlorella marina

Tetraselmis suecica / Isochrysis galbana
Rhodomonas salina

Mixture of Isochrysis sp. & Chaetoceros muelleri
Mixture of Chaetoceros muelleri & Isochrysis
galbana

Mixture of Isochrysis galbana & Nannochloropsis
salina

Isochrysis zhanjiangensis / Chaetoceros muelleri
Tetraselmis chui, Isocrysis galbana, & rotifer
Brachionus rotundiformis

Tetraselmis chuii

Rhodomonas salina / Dunaliella tertiolecta
Tetraselmis suecica

Chaetoceros muelleri

Isochrysis sp.

Jasmine et al. 2016

Santhosh et al. 2018

Amatus et al. 2020

Payne & Rippingale 2000a
Payne & Rippingale 2001
Anraku 1979

Kigrboe 2007

Huanacuni et al. 2021
Molejon & Alvarez-Lajonchere

2003

Santhosh et al. 2018

Takayama et al. 2021

Takayama et al. 2023

Santhosh et al. 2018

Lee et al. 2006
Dayras et al. 2020
Alajmi & Zeng 2015

Kline & Laidley 2015

Santhosh et al. 2018

Luo et al. 2019

Dhanker et al. 2012

Rayner et al. 2017
Nielsen et al. 2021
Kumar et al. 2021
Puello-Cruz et al. 2009

Anzueto-Saches et al. 2014
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Pseudodiaptomus euryhalinus 27 35 12:12h

& Tisbe monozota (co-culture)

Isochrysis sp.

Puello-Cruz et al. 2013

Pseudodiaptomus hessei 26+1 28+1 Cont. light Mixture of Isochrysis galbana, Tetraselmis suecica & Siqwepu et al. 2017
Rhodomonas salina

Pseudodiaptomus inopinus Anraku 1979

Pseudodiaptomus inopinus 20 17 12:12h Mixture of Phaeodactylum sp., Paviova sp. & Matsui et al. 2021
Isochrysis sp.

Pseudodiaptomus marinus 20-25 8-18 Ambientlight  Mixture of Isochrysis sp. & Monochrysis sp. Iwasaki 1979

Pseudodiaptomus 25 36 12:12h Isochrysis galbana Koga 2022

nihonkaiensis

Pseudodiaptomus pelagicus 26 25 14:10h Mixture of Thalassiosira weissfloggi & Isochrysis sp. Ohs et al. 2010

Pseudodiaptomus Nannochloropsis oculata Gopakumar & Santhosi 2009

serricaudatus

Pseudodiaptomus 2528 30-35 Mixture of Isochrysis galbana, Nannochloropsis Santhosh et al. 2018

serricaudatus salina & Chlorella marina

Sinocalanus tenellus Anraku 1979

Temora stylifera 20 - 12:12h Mixture of Prorocentrum minimum & Rhodomonas  Buttino et al. 2009
baltica

Temora stylifera 20+1 36 12:12h Mixture of Prorocentrum minimum, Isochrysis Buttino et al. 2012

galbana & Tetraselmis suecica

Temora turbinata 25-28 30-35

salina

Mixture of Isochrysis galbana & Nannochloropsis

Santhosh et al. 2018

5. S EEER

HAT RGBS B BRI AT D P Az o
BE. MRALER, A RPMEEZISEELEATED

HNA P E D17 % (Dayras et al. 2020) #1472 HH
DORFFEAEHN I — BN BT A VSTV 578

(Table 2), A SAEDUF#EELOFEE 1L, R A
ARKEFNE. AFORGMRELZETLLEDD
bo HATVHIL =TI AL EDNS, TRT AN
R, ZLTHARE THRET 281 TEOIREEZLLS
. KRS TR KT A0, BT EERTA X,
BN 72 D3I B RO A X RAE T3
Roman (1991) 13 Jif 4% 4

i % CRERR L 7B R 2 e D5 B FE O A. tonsa
(ZIEEESE, MSERFEOT G, SHEE, RYE
NOMYIAIREERFIRT20 EOFER. /=TI AL A
TS BRI R F DI AT, TR
AN, BAENETEET B> TEDOE AL
DL, AR IR A~ OB AR E G720 &
ML, FZICHE, BRI 2RBER VBT L%
MY %, JREIL. HSEOINE O EE 55 ThD)

(Berggreen et al. 1988)

KETVZD 30~50% % i (Lee et al. 2006) HA 7
VHOIIRINRIIB N THEIREIZEIN T LI LD
BT 5 (Sargent & Falk-Peterson 1988) . 85 £}
HZEIND, TEETHET DIRIRO & B IO
DFENDAAT VMR AR DA s EENG- R DR
3B ACIEZE S TBY, C20:5n-3 (Eicosapentaenoic
acid: EPA) &%\ 3 C22:6n-3 (Docosahexaenoic acid:
DHA) 7:EDFEE DNRITIROAEIUZ L JHA: pE A
BN 52825 (Chen et al. 2012) ., I B2 R FR4 3
BT BEOIREL THWAI LD RS,
AL L CTH O 250 3 H O A2 e 3 AMEI AR 7254,
NAT VO EIAMEZFRLZ LD, IDE xR
RO RO SN IAT AR OFERLIZT
CEBOMETH L. WA R L
LCAFOLREERFEHOFIELEIZBNTHFITHS
ZEph, EEHANLTEEL vk, B
AN (Thalassiosira weissflogii, Isochrysis sp.)

K AR —
o
oA 8 25 X — A (Tetraselmis sp.. Nannochloropsis

sp.) DS iF E VE A A T 3 HH Sinocalanus tenellus.,

Pseudodiaptomus inopinus, A. clausi ( 3L £ ® 45

T A. hudsonica & L < 1% A. omorii), A. sinjiensis.,
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Parvocalanus crassirostris DFEE L THGET S22
A FEE R AR EE MR o T2 ZEDRE SN TS (Uye
2005, Alajmi & Zeng 2015) o ¥T4E Tld, 78— A4 A
JVEBEWE (Palm oil mill effluent) |2 THEFFEEL 7237 71)
TRALEICE B R BERE A AT UM
Apocyclops dengizicus DEFFEE L TH WA FEEEN S

v ol R L7 B LRI E L o
AR ON 2 EDS SN THBY  (Isa et al.
2020). GROFEREDFIZNS,

6. BEREGEE

HAT VR B MR EE IR #5712
DEFERED RS TAFEI AN RE DTS (Drillet
etal. 2011) BUGMIICBIT 24 BHREIL. #l2E
BAAT VHEOY A, KT 500 inds. L'
J£TdHAHHS (Santu et al. 2016) . Fi#ER CTlEILE DR
% ©E L Acartia tonsa TH K 45,000 inds. L' TD
B g N EBRIYIZ AL TS (Torres et al. 2022) o
B ER B ETHAT VAR R LB RO
RE, BHBREZREOKT. RHEDOEH. W
AR e DF ik 25| ZHE 23 (Stgttrup &
Norsker 1997, Ozaki et al. 2010, Drillet et al. 2015) » Z
D7, BEERBEIIBW I T VHEOAFREOK
T (Franco et al. 2017). % #H E DXL T (Medina
& Barata 2004) . U A jE S FE O T (Rayner et al.
2017). S ALZE O T (Drillet et al. 2015) .

MR LEE [ 02 (Kahan et al. 1988, Camus & Zeng
2009). R PERARIN (diapause egg) AE D%
(Ban 1992) 2SHE SN TV A, 4. tonsa \2B VTl
TEAARSE BEAT 100 inds. L' %5 2,500 inds. L™ ~IEHnL
(BRI AE E TR EEAS 70% VL AL (Franco et
al. 2017). 10 inds. L™ %5 5,300 inds. L' ~ERH
DIEINT DI HEIEALEEAT 10% T L7zZ &5
SN Tw% (Drillet et al. 2015) 0 SHI2, EEEMA147
BREBIZBWT, RO RBE NI o THET HE
DIEA T HTEISEERIIRSN TS (Tackx & Polk

Acartia

Bz,
5% T CThoTHIEER

1986, Mauchline 1998, Bamstedt et al. 2000) .
BV, SRR
FE7A3 20 ~ 500 inds. L™ ~HEIN$ 2 &2 O X
P95 (Vuetal 2017) @RI AR, B
1720 DO & ZRINART S, AESND
JRDOEEGE T S D720, EEEI R KERLE )7
TERE RS o LD D%,

TR JBE & g 1 1 717 R AR AA TV HH O I AR
HEDBIFRE Fig. 4 |87,

A. tonsa |

1.2 4
2 o
b
o 1.0 4 ® ¢ O& @
© (4]
©
5 Y.
5 (©]
S (@]
2 0.8 A Q
g &
B A Acartia bilobate (car.cwier)
& 0.6 4 A A enythraea (nagasaki) @0
2 /\ A. steueri segami Bay® A & O
k) A A Sinjiensis (Ross River, Townsville)4! (o)
o 0.4 - O A. tonsa (kiel Bay)s A
.S . X e Danish Sound)®l @) O O
© @ A. tonsa (the D: ound){7! @
e @ A. tonsa (e banish Sound)® e} *
0.2 H O A tropica (Cochin, Kerala)®! A 5 C
< Centropages typicus (Gulf of Naples)(:! @
[[] Parvocalanus crassirostris (kaneohe Bay)it! A
O T T T A W\
1 10 100 1000 10000

Copepod stocking density (individuals L:1)

Fig. 4. Relationship between copepod stock-
ing density and egg production rate (relative
unit) standardized by the value of egg pro-
duction rate at lowest stocking density (i.e.
control condition) in marine planktonic cope-
pods. [1] Chintada et al. 2021; [2] Rahman et
al. 2022; [3] Takayama et al. 2020; [4] Camus
& Zeng 2009; [5] Peck & Holste 2006; [6]
Jepsen et al. 2007; [7] Drillet et al. 2015; [8]
Franco et al. 2017; [9] Wilson et al. 2022; [10]
Miralto et al. 1996; [11] Kline & Laidley 2015.

INSDHAT RO IN A B R B R R E LD B LT
1,000 inds. L 22 &M A 5720, JIAERE R
X9 B BE O BEDFEAE DS RIS NS, AL,
B 7L 2 A CTHoTh, ZORMEDREEIZIE
EEPBOLND (e.g. A tonsa)o INHDERET
TR LI B OBRBISEIS L. EA O L E T
b7:08E 25T\ (Drillet et al. 2008) o 7 % &



B R A T O K 2 "

BRER\ IR L Clif 2 A 4 A e IR 528 T, &
DEBE COREPIEESNLIO, WEEYE F
HRIEE) b oM % RO, 2RO EHED
B RIEEF LR EEN TS (Drillet et al. 2011) o

7. £8W

g BTN A T BT, AN TORE
TERICE BN =7y A DS b b It
\& Acartia clausi (Landry 1978a). A. lillieborgi (Ara
2001). A. sinjiensis (Camus & Zeng 2009). A. tonsa
(Lonsdale et al. 1979), A. tsuensis (Ohno 1991) .
Calanus finmarchicus (Basedow & Tande 2006) .
C. pacificus (Landry 1981). Centropages furcatus
(Paffenhofer & Knowles 1980) . Labidocera trispinosa
(Landry 1978b). Oithona davisae (Uchima & Hirano
1986). O. nana (Lampitt 1979), O. oculata (1117
2020) . Rhincalanus nasutus (Mullin & Brooks
1967) . Sinocalanus tenellus (Hada & Uye 1991) .
Temora longicornis (Daan et al. 1988). Tigriopus
fulvus (Lazzaretto & Salvato 1992). Tigriopus
Jjaponicus (Koga et al. 2022) . Tortanus discaudatus
(Mullin 1979) Z& W&, KA D TICRES
T %, Ohno (1991) & A. tsuensis % H.— f [N
TS50 HMEE L, COEEHEREMALZ €0
R RO AL 72BN E ) — 7))
TAMEDHE LKL, LD, BARE A D SIS
WA LR TR A E S A2 Rl LAawn
2L RAAEE DI AL EFICEIHLDEHELEL T
o IATVHEEEIZBOT, HREWVIZEZIE =T
AN R, PHERE DA DALRST, Kl
ROEEREDOIMAE DR KEHE, FraEARIC
BB AN LZEIISELEE BN D,

FEVZEDIN DI LB E RS LE R EL T,
KR, BEEEE, UK - 2 RS A MR A 1R B
YIAE BERAZT BN AAY (Drillet et al. 2014) . 553
BRI Tl —fRBNIKIE B B I X — B ISHERF S

B720, FAHHAEE (5K - I RTAMIEK) BEE,
IUAE FE R Ko T A WICEAII B L BT R ESN
Bo IAT VHRERIIBOW TR AEVORAILE 4 Wi
ENTWDDY, HEWIZEDIN - /=TT A A DIE
Je R AL 72 721X RS54, Drillet et al. (2014)
\& Acartia tonsa DFEFE BT CHEEESNZI D
30% AL ENIEoTHRET HEHEL B (2021)
\& Oithona oculata %3t G L LT, 3.5 L B TOH:
WA AR 45 HIAT 7o E RS, AN TSNz
I =TI AN D 30~90% DI NI THE TS
CHEELTHBY, SEETORENEINL KB
Tl 90 - EOBERLH R - DS LEETHA),
LIRS, B8 - ShE IR - o3 TR %,

8.50 - hEDSEE. VT I%—

HAT VHORERRIET 2V R H T AR PR # O
P XU FANKAE R, LA R 7 V7 7 BEA LAl
I )M KEREDSHVOENDL (%4 1979,
Drillet et al. 2011) o KEFFAETIE, FHEEMl A THRE,
B L7 EEISIE SN AEOEEL L L CRI SIS
AN — RO IR RSN D & TR R I E ft
BNZHERF SN Do RIFIZBT 1970 £ ICFTDIL
—HOWZETIE. I0 - DEOTEIITOIT, AE
SNTZIRAHENTHALL . RN E R T2 2L T
REEDEEINS B0 ZOTETIIMNIZT R TDIEE
B SIRIET Ao ATF-151X Ohno (1991). Schipp et
al. (1999), Carotenuto et al. (2012). Kline & Laidley
(2015) IZEoTHIH., FEREI RSN TN,

1980 4F-ARIZIZV DL, Stgttrup et al. (1986) 1355428
IR L7200 % A 74 R —ATRINT A2 F %
ERLIzo 2 BRI 7290 0 — A kAR ISR 22 L.
BARIZ 2 B BRINZBHAEL . B 7250 % -V CREOYR:
BB TENIDDTHE, D%, MATIVHEDZA
FEINOE RIS T 5 —HOWIEN RS, £
DFUEELIRASIPAE S RO F L) AT+ >R —
ZCORINE e 3% 54 1h1 % (Medina
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& Barata 2004, Marcus 2005, Marcus & Wilcox 2007,
Franco et al. 2017) o ZOHETIE, JOALST, 3
LA TN AN S R R R I NEY e A R
Al RHZHEH CE 2720 K E OMEFHICE BT 5— 75 T,
FAERCTHBAESERATII2OT7 I 0. I D
IR EREEATIE COMMIZI AV OB RIZSH S
7205 BEDRIIVE ZRRE D B % o

2000 4FfLIZ1E Payne & Rippingale (2001) |2&->T
=) A A IR W M Tz 20
B LTI, JaINEAA T VAR REL, K
D—HEHEVDORLL 2D Ay 2 %A1/ —
7)Y AL A AIUAER S 28T =TT A E O HE
EAREZELL . —H#R7% B AR THE 2 Lk AU O 8
HFeHET 5. 2oL, BHBONEOMIZBNT
bAHIN, AEVOIAZZR/NRILTHZE2HIY
12y IRDTLRER AN o THH A B i L2 45 i
FTAHTHEANETSELTWA (Toledo et al. 2005, Buttino
et al. 2012, Drillet et al. 2015, Sarkisian et al. 2019,
Takayama et al. 2021, #1115 2021, Torres et al. 2022) o
SHOFERCIINT Tld, Zs0 558 - FIUERED
E B ZRRFCIMA T, BUEEZILRL COERE, &5
(CHBLHAr e DR G2 E D55 B - U ESEDRST T
LD FF S %o

9. RTFEA

B RICBITAEEREIL AEB LY
2BV T VRO M EHOIZLD 50 HUE
# (decentralized production) & {>3EFF|ZLLEHAE
FEDRRIAER B~ AT LM A (centralized
production) @ 2 ff 12 K B &4 % (Drillet et al.
2011) o SEHAERETIZ, @SN RHE, A8
EPRE L TR SN AT TO I T - ik D7 T2 A
2EA B2, TORGEITEDPBE ST, Faip
BDHAT VHTIZ =TT ALY BN TO
IHEAFDSIRET S TBY Gradioferens imparites O
S =TI AL LTI 8oC THRAETHIET, 12 HI

TR CHIUTLELESE 99% PA 4773 28225 (Payne
& Rippingale 2001) . Fli 4 TD ) — TV 7 AL A D
ARG — R R RAED TR CThHLEEZ 25N
T\Wbo TO—) THHRBINELOAAT L HTIE, JH
DIRBECOAF ST IO W TR SN TBY. Acartia
tonsa O 2 5EIN & MWL T KN THIERIRAF 375624 T
100 HE AR THIUL 75% Ll L OB LEA RIS
XN TS (Hansen et al. 2016) o

HEE RO VORI T VHIZBWT, B
TEETIZ 30 TSN RPERIRE A 3 A2 EpshiE S
C\% (Takayama & Toda 2019) . PRAEARIRINIEIR
150 (%) LHARTREWARIGHIEZEL., KiELE
JETHWON LR EANH#TE L TOIRIEIIED b AR
AR ZED G SN TS (Lavens & Sorgeloos
1996) o Z D728, WHVERIRIEFHEAE EAE~ DT
A AR E OR A OB KR cE&sLsh
% (Marcus & Murray 2001), Z®— T, WH M
RIRINEZ DA FEDOFFELRIREEE (L) 1
BRI BRB MR L EL T 57280, KEREFHIZBNT
N RERIRIIOF T HB51213, A LHICZ OB
Y HHTALEDIDY, RIEINE EA~JEMETH D, Ban
(1992) & Eurytemora affinis @ N R PE AR IR A2 7 1%,
WEARARDS ) — T AL T RS AN R I DRI
FEBRL7-HE. KiRZL TRAKFEEIZL-T %S
NBZEFFEBRINGEHL 720 KPERTECTON R
IRIFOFIFIZIE, IRIRIE A FE DO FFFELARIR L EED 2Ty
ZALDEIN LB HIEFA DO BAFE DL TH Do

10. #5RE

50 I K S —HEOMFEIC LT, BWREOBER, B
BERBEOREIL, BETFEOME PRI, FEHH
BLCORBEEZDHEI CEAGAASNLTBY), 20
B HAMT L — B DL OVETHRIAL 728\ 2 50— T
IAT HRR BB ORF R E B B % 3R AL 72
WFZEBIZ RSN TEY (e.g. Abate et al. 2015, 2016) .
ZF OB 2 RO RNEDP I NDs S
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AT VHERERIIBWTEHEEL THWARAMEEO K
EREMIEEOERIIHELVWSDODH D05, TDHE#
TAMIARZFL ib%}ﬂwiﬁ%@%wﬁﬁﬂrﬁr@&ﬁ%ﬁf
HAT VR EFEEEOFERAICMT -2 HOMREEE
ZHNBo TTr Iy L FEHT DS 78 B 58 % 1T 700
TWBHE VBRI - HEKk 2SO B A pE 7 0k
AETAT VR ERE RO A1, KX - 3R
B AT VHAFEOE R A BIE T — 20 ik
Thbo
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Abstract Microplastics, small plastic pieces less than 5 mm in size, are one of the most con-
cerning pollutants that can be harmful to the environment and its biota today. Because of their
high abundance and small particle size, microplastics are known to be easily ingested by micro-
organisms and affect many organisms as they move through the food chain. In addition, there is
concern that microplastics can be vectors of hazardous substances as they are known to adsorb
persistent organic pollutants (POPs) in the environment. However, an efficient treatment meth-
od for removing microplastics in wastewater has yet to be established. In recent years, research
on introducing photocatalytic oxidative degradation systems into wastewater treatment plants
(WWTPs) was reported for the potential removal of microplastics from wastewater. Neverthe-
less, previous reports only focused on developing and evaluating photocatalysts suitable for
microplastic degradation, and the examination of the effects of the types of plastic and photocat-
alyst concentration on microplastic degradation remains limited. The aim of this study is to eval-
uate the effect of plastic type and photocatalyst concentration on the degradation of plastic. We
used four types of plastic films in the experiment: low-density polyethylene (LDPE), high-den-
sity polyethylene (HDPE), polypropylene (PP) and polyethylene terephthalate (PET), where the
degradation of the plastic was measured by weight. The most used and commercially available
TiO, (P25) was used as a photocatalyst with different concentrations from 0.001 to 1.0 g L. The
plastic degradation experiment used 3.30 cm squares films with 25 to 30 pgm thickness under
ultraviolet light irradiation using nine black-light fluorescent lamps (6 W; wavelength: 340—400
nm). The degradation and surface morphology of the plastic film was evaluated by measuring
weight loss, carbonyl index, and scanning electron microscopy. The result showed the LDPE had



21 T o LR

# 375 (2023)

the highest weight loss compared to other plastic types, which could be due to its simple struc-

ture consisting solely of C—H single bonds. Additionally, the highest degradation rate was ob-

served when the photocatalyst concentration was 0.01 g L. The reason for the degradation rate

decrease at concentrations above 0.01 g L' was probably due to the self-light shielding effect of

TiO,. The low degradation rate at a lower concentration of less than 0.01 g L' could be due to

insufficient catalyst concentration. In the future, it will be important to analyze the degradation

pathways by measuring intermediates during the degrading process for each plastic type.

Keywords: Microplastic degradation, Photocatalyst, Titanium oxide, Wastewater treatment
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Table 1. Plastic films used as degradation objects.

. . thickness
Type abbreviation Manufacturer variety
(um)
Low-density polyethylene LDPE Japax Corporation  Transparent 25
High-density polyethylene HDPE Asahi Jushi Kogyo White 30
Polypropylene PP Taiyo Kogyo Transparent 25
Toray Industries,
Polyethylene terephthalate PET Transparent 25

Inc.

22. F7FRF Y74V LS HREER
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UV lamp

Petri dish

Fig. 1. Reactor diagram for plastic film degra-
dation.
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Fig. 2. (a) Change over time in mass loss of each
plastic film and (b) Degradation rate of each
plastic film.
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Fig. 3. FT-IR spectra of LDPE film before and
after degradation.
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Fig. 4. (@) Change over time in mass loss at
each photocatalyst concentration and (b) Re-
lationship between photocatalyst concentra-
tion and LDPE film degradation rate.
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Table 2. LDPE degradation rate and mass loss after 30 days at each photocata-

lyst concentration

Photocatalyst concentration (g L")
Mass Loss (%)
Degradation rate (% day ')

0.001 0.01 0.1 1
4.20 3346  30.80 5.86
0.140 1.115 1.027  0.195
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Fig. 5. SEM images of LDPE film 30 days
after the start of degradation for each photo-
catalyst concentration (a) 0.001 g L™ (b) 0.01
gL' (©)01gL"@d1glL"
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(~CHiCHo—~)n # 0r = (~CH—HCOO~CHr—)n (3.2)
(~CH~HC00~CHi~h # (~CH:CHo~h +/~CH~HCOOH-CHo~h # (33)
(~CH:Cli~h '

(~CH~HCOOH=CHo~h ~ (~CH—HCO-CH~h #OH ~ (3.4)
(~CH~HCO—CHo=ln - Carbonyl groups (3.5)
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Abstract As global population increases and living standards improve in developing countries,
the demand for meat is increasing, resulting in the rise of highly concentrated organic waste-
water generated from poultry processing. An effective method for treating this wastewater is
through anaerobic digestion, which converts it into biogas as an energy source using anaerobic
microorganisms. However, while this process effectively removes organic carbon, nutrients such
as nitrogen and phosphorus remain in high concentrations in the effluent, necessitating second-
ary treatment facilities such as separate nitrification and denitrification tanks. Purple phototro-
phic bacteria are microorganisms that can uptake organic matter and nutrient-rich pollutants in
wastewater, accumulating protein and carbohydrate in their cells. Since both anaerobic digestion
and purple phototrophic bacterial processes occur under anaerobic conditions and have simi-
lar suitable environments such as pH and temperature, they can potentially be integrated into
a single reactor. This study proposes a new process using a consortium of anaerobic digestion
microorganisms and purple phototrophic bacteria for simultaneous treatment of organic carbon
and nutrients from poultry slaughterhouse wastewater. The performance of the proposed simul-
taneous process was compared with that of the only-anaerobic digestion process and only-purple
phototrophic bacterial process in a 19-day batch experiment at 33 + 2°C under anaerobic con-
ditions. Synthetic poultry slaughterhouse wastewater was used as the substrate, and anaerobic
digestion sludge collected from a mesophilic anaerobic digestion plant and Rhodopseudomonas
capsulata were used as the inoculums.

In the simultaneous process, biogas production and organic carbon (chemical oxygen demand)
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removal progressed first with and without infrared light irradiation, followed by an increase in
bacteriochlorophyll @ concentration, an indicator of the biomass of purple phototrophic bacte-
ria. These results indicate that the anaerobic digestion process and purple phototrophic bacterial
process functioned in a single reactor, although there was a time gap between the two processes.
Despite uniform substrate input, the simultaneous process produced higher biogas (276-337 mL)
than the only-anaerobic digestion process (138 mL), possibly due to degradation of some purple
phototrophic bacteria biomass as feedstock for anaerobic digestion. In the simultaneous process,
organic carbon removal efficiencies ranged from 40 to 81%, similar to or lower than the removal
efficiency of the only-anaerobic digestion process (81%). In purple phototrophic bacteria added
conditions, nitrogen removal was not confirmed, indicating low nutrient removal capability. The
treatment performance of the simultaneous process can be enhanced by improving light permea-
bility using flat-panel reactors or granular anaerobic sludge and acclimation of purple phototro-

phic bacteria with highly concentrated organic wastewater before using it as an inoculum.

Keywords: Integrated process; photosynthetic bacteria; biogas recovery; carbon removal; bacte-

riochlorophyll a
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NI & B 58 & b E o BTG L~V o a) Lz,
RO BAFEZIHEMO—ELL-oTD, FHIRE
WIS FEARME. BN A—T, FERMED D
RSO - A& LEERRD TR ERINAEL
<y 2011 ~ 2013 413 8600 J5 b Th -7 4F i e =
A3 2024 4EI21E 1 fE 1100 T2 2 B EHEE ST
B (ERRKEEBORIFZERT 2015)s R ERWTHEZEON
. DRIICEBIG . OV TIIEBRRLHBIEIR - 5
JR DBk 7K R4 2775 7% W B iR FE D 1 BE K S AR
EOMINIEARE T 5, FEHIEEKO AR TORT
(. BKBRBEDH G A D720, LIZLIZHEM
B M L 72 A2 W 5 0y A LA 2 BT AL B 2 i LT
% (Jiaet al. 2012)0 LAl BESXUIE KB IIETHE
5720, FENEBRIIET TH), BREMEIND
FEH ISR BRI 225V E EEANOWE K
XN EETH o7z, 2000 4FELLRE, FEFEYBE K P OF 1
Y B S Y O E 2RI L7225 2 3EEAZ L) /N

AFTT AL, TANF—JREL TS 2T %
SALCE7z (Salminen & Rintala 2002)s L22L. A¥ >
FERETIEA MR F 0 (LENIREZ K E Chemical
oxygen demand : COD) |3&) R IIZFrESNE—TF T,
£H N) R (P) FOFFEBIEHIIMmIEINT, B
ILPE A iR B TR AT T %o £ D720, IR
i 2 B Q=R i N s | B o DAL AR
D AZ VBB ED TAIF — RIS VR A F RS
LZENRETH T2,

WAE, = AN T DI =0 AT VR REDI5EF—
25 LR, ALESGA I (Purple phototrophic
bacteria : PPB) % ) H L 7z BE K ML BE & 78 W & AR E 1S
B4 B0 7E 2 O EHZ 2D TV (Hillsen et al. 2014,
2016, 2018)o PPB 2S7RAMIGHST T CEEAKH D15 % )
BEAPNCH AR, 5230 - RS B
BHFEICEHL 7200 T, [EXL 7z PPB XK} - fil k)
ELTHRIFIHTES, LAL. PPB N\AF Y ADV-1
AL IE CODIN:P LT 100:6:1 THDHA, BEK
? COD:N:P HIIZDIEHHIZ Lo TRE(EZRY), PPB
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ERICHRIRDZED T WM Thb, D72, PPB
W BEKALERIT 78 Cld, ALPE/KIZ COD F7213 5
FIRFDEAT T HZEDHE SN T4 (Hulsen et al.
2018)o BzIL Yaakob et al. (2018) |2&5H&, FEHIER
BiBEKIZ COD IZhf§ %R IHOH & H3EL, COD:
P I3 T 1000: 1 225, ZDEH7BEK%E PPB T
JLBRL 72356 FU2 P A # T COD AL AEIN T,
QLEK IS I OO COD AR AF T AL % 2615,

Ay 5 RER & PPB I 3L 2B R S T TS
ASHEATL . pH i 55 0 i A B BB A% L B Ay 5T
PALTWBZEDD (Speece 1996, Lu et al. 2021). ik
HEWE i IR S DAY V58— PPB AR R
DG CEDL e H D, ZOIFRTIE, FER
COD Pz A5 5D, — D COD B L%
I HM F% PPB 28HH LT, BIHRERLBEKD
T IE LB B — T DL TED, EHIC, 7 F
AL D ZANF — I EH B EBERE L2 F
< A FEEI2FTH 28T B DS A M~ Dz
BOMIRFC&D, ZZTARMIZE T, BEFE KT
72l o FEERICED, SRR, AY ST, PPB HL
MENZNOMI M RER L, 25388~ PPB &
1R L DA TR BRI BB DA M2 5E 352
ExRHELTZ,

2. e AE

2.1. BELEREHAN

FEIE, AZF AR, 7)va—n, BT E
= A, VBB TIKRFEA) Y L TR SN AR 22 5
J& R 35BE K (Cao & Mehrvar 2011) % 3 f5ig#EL 725D
Iz, BRHEBRHCIE. TAREREEEE LR
BESETH LA R OWALTE IR . IO PPB &4 K
( EZEFE Rhodopseudomonas capsulata, <797 ) %
iz, BEEAMEEILHERIEA»SERIUE. 37 £ 1°C
THHMBEL, BAEAEY T Z2REL TrLFERIC
F\ 72 PPB & A i 3w OV BiESEAE (4000 rpm. 10 43)
(NP SRio N R i 75 s o A W X 8 2 L U) RV

OIS NAF~ A FEERIZH 2,

2.2. EBREM

FOSHIZIZ AR 0.5 L OATT LIEE Fv, 3
SRS L CHESIE I 1L TG e L PPB 2 & L7251
(ADS-PPB 45 4. ADS : Anaerobic digestion sludge).
BESMER AL TR D AZE FIV 72414 (ADS &), B&
U PPB DA\ 5:4 (PPB &) ikl 720 %55
PRZBWT, A COD BLU & N gEIT e
4592 mg L', 733 mg-N L' &L, ADS & PPB O F])
BN (RIS T A B (Volatile solid : VS) ZEH#ET
295 g L' 1Z#—L 720 ADS-PPB &1 Cld. RAMLH#
BE(HEAL W m', %5 850 nm) % 0 (BEHT : Dark).
9.1 ( 596 Weak), 15.3 (5 6 Strong) D 3 & 1 7%
5EL720 PPB SfHIZIZSS st Hivi7ze 372, ADS
ST, BRSO NN AR R E T 572
O FE B IR I D G % 5% 72 (ADS-NS. NS :No
substrate)o Z& B IR AR LR A LR ERT A N,)
TGN Z B 228 TR IRERZ R,
33 = 2°C, TEIRSMT T 19 HM o3 EBx F L
720 Fig. VIZFEBRFMHMEL IR0

2.3. 2RIEHE

AEHRIULFEER 0. 2. 4. 7. 11, 19 HHDEL 6 1175
720 BEEEH O pH. FRAL & JCHE {7 (Oxygen redox
potential:ORP), /\77 )47 1)V a & (BChl. a)
2EL, BB R EILE 0.45 um DIV TN —T
B 72HWIZOVWTIE, EFFRE COD (soluble COD':
sCOD) LA fFRE4: N i FE (soluble TN : sTN) %l %EL
720 pH & ORP &, ZNZNH [ pH A—% — (Seven
Compact pH/Ion meter S220. Mettler Toledo) & 7~ 3
%)V ORP A—% — (YK-23RP. Mother Tool) %} \»T
HIEL7z0 BEEWE O BChl. a 11X, THbr /2%
J—VIETE (78122 viv) I CTHI 2. WOBIEEERT
(DR3900, Hach) (255 {Hl5£& Lambert-Beer 3% F\»C
L7 (Liaaen-Jensen & Jensen 1971, Brotosudarmo
et al. 2015)s sCOD & sTN (& Hach D3 3% F vy,
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ThENTuLGE (KT —) Lrovd ey ZHiER A
U 2G5 A Ko Tl E L 72 (DR3900. Hach)o 4
FEFAE O VS 137 3 (American Public Health
Association 1998) IZH#EFLL THIEL 726

COD ik, Fo=R () I2Xh&EHL72,
5 0 — _ SCODlast ,
CODFZ (%) 1 sCODinitial X100 (L1)

ZZ T, sCOD,,, & sCOD,, 1dZF NN AHH
SCOD JEJEL . EEE TIHO sCOD EEEZFEL T\ b,
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(2L DI AE FE A5 BE A LB BE O RF-AMG 32

INAF A AR T, AR AR RO 15
R OET] EHETTZIVETIER (KDM30, Krone)
WZHIEL. RAN - oV )VoiERIZ W TE L2,
PPB 5o CLE SN\ H AR A TR B 72012,
IKFE (Hy) IREEE T FRILIR 3R (CO,) iR FEEHE A
RHITE RS (GV-100. Gastec) (ZEDHIEL 72,

ADS-PPB (Strong)

s

IR light
(15.3 W m™")

Magnetic
stir

ADS-NS

(9.1 W m-")

Fig. 1. lllustration of experimental apparatus. ADS: Anaerobic digestion sludge;
PPB: Purple phototrophic bacteria; NS: No substrate; IR: Infrared. Aluminum foil
sheet was used to block light from the outside.

.RBRLEER

3.1. pH £ ORP

ADS-PPB 41l ADS &fFI2B1F% pH 13, FEER
625 5 HEZ2 T T ik, 7 HEIZATTESA
THMEMERL, 6.7~ 7.4 DFHEHEHERL 72 (Fig.
2a) TG R, BB E B BEOK R O H
ALEW DI LD H PR A L & XY > FE LS

EBNAFH AL 722 ZRIBLTWD, —

T, PPB &M1281F 4 pH T FEBRIH % # LR )
WAL, EBRIREHIZ 6.1 7RIz, AY U 3EEEE

Rhodopseudomonas capsulata 5 @ F1 {0 JE i # Al
W 2303 pH #iPH X, 4241 6.5 ~ 8.2 (Speece
1996) £ 6.0 ~ 9.0 (Lu et al. 2021) THH, KR
St h B4 (ADS 7213 PPB &4 ) 2 I2Bb
53 F B PHICINE ST /2o ORP IE 4 41 Tk
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KB MEZRL, $F12 ADS-NS % <54 T- 100
~=300 mV DR WEEAERBE S HERFS LTz (Fig.
2b)e BERMET T YA TH B AY FEBED T IS T
729121 =200 mV LLF O ORPEADE FLL (Moletta
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2005). PPB iZ— 200 ~— 300 mV @ ORP £t 1%
TOEFTAHERESNTNDL728 (Izu et al. 2001).
ORP fHD R #HIF N F -T2,

X ADS
+PPB
— ADS-NS
8.5 H
(b)
80 1 =
+
T X
e 70 4 X x ¥ _I_
+
6.5 - + I
+
6.0 T T T {I
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Experimental period (day)
50 - (d)
O -
_ B0+ - 3 }
>
£ -100 T
0- -
-150 -
S + o+ 7 *
-200 A % %
X
-250 -
'300 T T T 1
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Experimental period (day)

Fig. 2. Variations of pH and ORP for all conditions. (a) pH for ADS-PPB condi-
tions; (b) pH for single conditions; (c) ORP for ADS-PPB conditions; (d) ORP for

single inoculum conditions.

3.2. E/NAFHRERK

ADS-PPB =12 BUT BAEH/NA 477 A i (L
T T (Dark) THEBME (337 £ 68 mL). 50T
(Strong) CTILELAYERME (276 + 32 mL) /<L 7= (Fig.
3a)o PPB IEM5FT N TOALFAE MIEIE SRR K

LT, BhEE SRR TG RI AT < A xR4T
AZEDHSEN TS (Mata-De-la-Vega et al. 2022), A
WFFETIE. BET CIDIEFEICAY VSR ED N A A
LASHEA, —J7 T, 5ESM FTld PPB IZL 5 A 1
DB ARG FALL 720 FetEAVRIR S H%
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AEE &I —12DDHHT . ADS-PPB SefhL L
T, ADS &M TId RV N, 5 A4 = (138 = 8 mL)
x7RL72 (Fig. 3b)o MK EL M RSN 7B
HE LT, PPB D—#h Ay VS BED JERF 220 R S
NCWZI RS ZE T O,

PPB e CONAF A ADSEE R L - B HEL T BER
M7 JGE I8 R TR EE N CTEL A H, Al 26N 72

O ADS-PPB (Dark)
A ADS-PPB (Weak)
O ADS-PPB (Strong)

450 A
400 -
350 +
300 -
250 -
200 -
150 -
100 A
50 + %
00 . . . .
0 5 10 15 20
Experimental period (day)

Cumulative biogas production (mL)

7% (Chen et al. 2007). 73 HTO#E R Hy (FEBSILTE
59, CO, D TERSN Tz BERREE DA FEme % 5
LGRS 2 Tld. PPB OBSSEIZEE W CO,
AT AR ASHEL ZE DS HIUTEY (Mckinlay &
Harwood 2010). AWFFE THEEED LA L 728% 2
5%,

X ADS
+PPB
— ADS-NS
-
E 450 1 )
S 400 -
T 350 -
8 300 -
S 250 -
S 200
(@]
3 150 - %
2 100 - X X
S 54 %
g O % i| * |* T *l
o 0 5 10 15 20

Experimental period (day)

Fig. 3. Variation of cumulative biogas production for all conditions. (a) ADS-PPB
conditions; (b) single inoculum conditions.

3.3. Bk FLERNE MR

ADS-PPB 4= Cld. sCOD I EBRBH G A5 2
HEETIZ®IL, 2oREBYMEZEL KD 3 518
& 7RL72 (Fig. 4a)o ZiUd, EEBIU PPB /N4~
A= SN =%, IAFRIZEDFIHSN/ =28
ZRELTW5, ADS £ Tlx. ADS-PPB &ttt
L TR sCOD DA L72e — 77T, PPB
ZMCld sCOD B s g, FEBRI M Z B CE
Ll 72 (Fig. 4b) o % AFE D COD Fi 2 5% KL
9 %&. ADS-PPB (Dark) 55 1f:& ADS 54T 81% @
FEMEZ/RL 72 (Fig. 5)o PPB IIEIE BT FICB
WORAMSEIREHZ LD N, AB BRI AT 5720,

JEHEGS T @ ADS-PPB S0 i 2HEFr &b s COD
BREZPEOSNLEMIRL TO72D5, RIS TIEEO
DFERERoT20 FEIZ, §5IET (Weak) TIEREFT T D
#1F45 0 COD BrEFA/RL, §HILRBRIIILA TR D
AR R REI P E LR B A 5.2 BT REME
HIRIESIIZo PPB 214 Cld COD B 5T L 22225
720 PPB &\ AR IR K LA AT &, Al L
LTI 23T, BEAKR OB 2 A HRRRE To
RS HIEDEF L WESN TS (IBH - & TH 2020),
ARWFFECTld, MG BEATI720I, TiE il
AT PILBRAAT o724 R B AY7Z: COD B a3
Caipotzb 25624,
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EHRMIIBWT STN REOH AT RSN, Ot
(ZSEBRMI A L TR IS A2 o (Fig.
6). AWFFETIE PPB |25 5 G HH R 25 3R B 12
ZHEF o722 EDIRENTZ, ADS-PPB &1 Tl

O ADS-PPB (Dark)
A ADS-PPB (Weak)
OADS-PPB (Strong)

PPB O —HBAIRAY L FEBEA LN ST RSN R NA <
AHIRD sTN JEEASHEIIL. PPB 41 Cld. A1k
TAEZRE 2 o72728 PPB 233 B2 FI L 8L A RE
LCBERHIBRD N B DAL 72D EE 2 b1 b,
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8 X
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Fig. 4. Variation of sCOD concentration for all conditions. (a) ADS-PPB condi-
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tions; (b) single inoculum conditions.
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Fig. 5. COD removal efficiency for all condi-
tions.

3.4.BChl. a  BE
ADS-PPB $:1:12851F % BChl. a &1 13, FEERBG

25 4 HEIZ U TR AR L TBY), —HBD PPB /Y
AFRADIGFREEN T EHTRENTZ (Fig. 7)o — T\
BChl. a i 13 7 HEDE LI INL GO, F#12 12 H
H25 19 HEIZ2 T TRIEZREE A o7z, Zokk
R, EBRFTEIIAY D REBEOADBEREL 7225,
FIL PPB. HLIIAY L FEEEL PPB Ol 712 A7)
REL7cE B 2N T20 REIAHETTHEHH0DD, 25
VS BIE R & PPB 7V HL— Al T AR CE LW REME A
NENTZe PPB 4AFI2B1F 4 BChl. a JEEE 1L, FEERBH
A 12 HEZA T CRAER 2SS/, ADS-
PPB &L [AIARIC 12 HEAS 19 HEWZANT T INL 720
L# L. ADS-PPB 5:f}-& PPB 5:f4-Cld BChl. a ¥
AL 72ICH D5, B 7% COD Bl N B2t
MHEE %2572 (Figs 5, 6)o ZALIE. PPB #JHIZ1ES
COD &K FRIHDEHE A sCOD #EEEL sTN JREZ
AL RELR D o728 RIEBL T d,
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Fig. 6. Variation of sTN concentration for all conditions. (a) ADS-PPB conditions;

(b) single inoculum conditions.
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Abstract Phytoplankton constitute the base of the aquatic food web and are the primary driver
of biogeochemical processes such as the export of carbon to the deep ocean. Knowledge of the
distributions, compositions, and biomass of the phytoplankton community are essential to under-
stand biogeochemical cycles. Phytoplankton can be enumerated by microscopy, but this requires
extensive time for sample preparation and counting, especially if statistically valid counts of the
less abundant phytoplankton classes are required. Further, smaller picoplankton can be difficult
to identify since they lack taxonomically external morphological features. Thus, the accessory
pigment-based model has been used to estimate phytoplankton communities based on their size
classes: micro- (M; > 20 ym), nano- (N; 2-20 ym) and pico-phytoplankton (P; < 2 pm). Light
absorption by phytoplankton has a direct influence on the optical properties of seawater, and
there is a growing effort to develop approaches to identify the spatial and temporal variability
of the phytoplankton community from satellites. However, estimating the phytoplankton com-
munity in optically complex coastal waters from satellites is still a challenging problem because
phytoplankton are only one of multiple optically significant constituents of seawater. Also, there
are limitations of wavelength that satellites can measure, and overlapping signature pigment of
each phytoplankton community. In order to improve the estimation of phytoplankton communi-
ties, it is necessary to understand the light absorption coefficient of phytoplankton, a,, (1) asso-

ciated with the varying community structure. The objective of this study was to characterize the



FUFI 32 IR RIS BI DR 7T > 7 b DA A TRBLE SR B DS 40

variability of phytoplankton size classes and their light absorption coefficients in the temperate
coastal waters of Sagami Bay. The specific objectives were (1) to classify phytoplankton com-
munities based on cell size, (2) to investigate co-variability of a,, (4) spectra according to the
classification. The present study conducted in situ observations from April 2016 to September
2022 at Station M (St. M: 35° 09" 45" N, 139° 10'00” E) in the temporal coastal waters of Sagami
Bay, Japan. Water samples for pigments and light absorption properties of phytoplankton were
collected from surface water with a bucket, and measured by high-performance liquid chroma-
tography and spectrophotometry, respectively. Phytoplankton size class composition was esti-
mated based on pigment concentrations. The results showed that the three groups (Group M, N,
P) generated according to the phytoplankton size composition were significantly different (R =
0.646, p < 0.001). Also, the most dominant group throughout the study period was microplank-
ton (n = 110). The a,, (4) spectra showed peaks around 438 nm and 465 nm in the blue band and
674 nm in the red band. Using three wavelengths peaks, although the a, (4) of group M was sig-
nificantly higher than that of group N, Group P was not significantly different from other groups.
This study suggests that the a,, (4) spectrum in the temperate coastal waters of Sagami Bay is
significantly co-varying with the variability of phytoplankton size composition. The results sug-
gest that analyzing the difference in @, (4) spectra ratios and performing derivative analysis,
coupled with analysis of phytoplankton size distribution and pigment composition should im-

prove our ability to characterize phytoplankton spatio-temporal distribution from space.

Keywords: optical properties, pigments, remote sensing, size fraction
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Fig. 1. Map of Pacific western boundary coastal region of Japan, bathymetry

and sampling station (St. M) in the temperate waters of Sagami Bay.
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Fig. 2. Average of phytoplankton size class com-
position and Chl a concentration (ug L") based on
the size classification. The number of total sam-
ples are 133; M)n =110, (N)n=17, (P) n = 6.
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Fig. 4. Mean spectra of the light absorption coefficient
of phytoplankton [a,, ()] for each phytoplankton size-
based group (Group M, N, P). Error bars shows the
standard error of the mean (=SD/y/n). The number of
total samples are 127; (M)n =104, (N)n =17, (P) n = 6.
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Fig. 5. Average of the light absorption coefficient
of phytoplankton [a,, (A)] at 438 nm, 465nm, and
674 nm. Error bars show the standard deviations.
Different letters of the top the bars indicate statisti-
cally significant differences at p < 0.05 among the
groups (Steel-Dwass). The number of total sam-
ples are 127; M)n =104, (N)n =17, (P) n = 6.

# 375 (2023)

4. BE

BEEL TV 7T o 7oA XS TA R S
7232007 N—T% T AL, Chl a BRI NV—T
M. N. POJHIZE o720 (Fig. 2)o F2INB55H
HEDOTN—TWIZBIT 075> 7 OMBIEHE E
(25872572 (Fig. 3)o AUHBIIBU DM 77 7
RS ML A X TR E, TOMBUITA 7%
CEBLUT 3 DORE N30 = 3 beE 2615
Chl a IgED IR EL <A77 T 7b o 3G
%7 )WV—"7 M;Chl a JEREIIM 2 7 V=T O[T, F
DTSN EE S BV —7 N Chl a D L
IR ETT T I DM T 57 —T P — R,
Chl a AR 8Tl M A R i HE S
BRE DML A ZDNSAF )T T I R T T
JRODSEBS S —T77, Chl a B EWIRFIRET
(FSE RN ECH RS e 7A0 by /4 NN ¢ Je i
ZEDHSN TS (Malone 1980) 0 F7z, i FBIAR
DR T — 5 & TR 75 > 7 by O3 A XK
EEHEE T HET VAL TR TH, Mg
A RD/NEGAEW 75> 7875, Chl a #EFEAME (< 1.0
pug L) BETICBWTE L THLIEDMEINT
2% (Brewin et al. 2010) o AHFFEIZHVTH, Chla
IEEEDMRNTE, J/NSThE 77 > 7 b RS 3E
() CTho72ZeDRENTBY, LEEDEATHIZEL [k
DERENZ Do

W77 > 71 DI % B A2 81
WA R G 2 M8 3 24T T Vet e
TAICHINEETHL, HEMEOZILU Y~
5N HRIPUR D AR VIR D ZEALIL, 3
LML A XDENHHAELTEY, FEEMELHRIL
HeET 2720 DFEMEE D, AWIFETIE, W7 T 0
M ORI E AR E L. A A XD ENIZHES
THEREINTNV—TI5 T HZEIZED, MEEG
U BT R L Z OWIUR B R O T 720 Hil)
TN IR BA RV, FHE R 438
nm & 465 nm, KR M D 674 nm TE—2%RLTHBY,



FUFIE2 AT RIS BU DR 7T > 7 b DA A RS SR B DS 44

ZIUIATT I ARBLO Chl a l2EAWIUIRKE T 5E
% Z615 (Alcantara et al. 2016) (Fig. 4) o

ARWFZE T, BB IR RSO 7 7
2B A TR DE D, ay, (1) ARTMUTH
BTSN (Fig. 5)o L2 L, ZV—7PIZ
BV Tdia, (1) TRIBOZ V=T LRI TER o7,
ZOE . IKOWIE N Z 7R LD AR ML R
B EAR I T 57 — s 2 BUGR A HHUSL .
FNHDRESEINET B LTI TEL W B DD
(Reynolds & Stramski 2019) . F72. JEEMICBIF2
R E DO DB IR, AWFFEDINI A7 S—= 2T
MVF =S DRI BE Ch LY G ay, (1) ATV
AT AIEICE), CORBEEHFATHIEHNTES
LHITFEND (Torrecilla et al. 2011, Uitz et al. 2015) o
KT TR T2 TND L IR AT T 7898
BEELTBY, F/ 7T 0bREar T sh o ESL
7o TS ERD 17% Tdh o7z W T T2 7b D
T A TR DS SO S 7R B D HE A PRI L5
At oY el = S ST b S VA S Lol s A X1 - R SAN74 ) 7))
W RN DS G BB THLLEZ Z DD,

PSC
Non-metric MDS

Standardise Samples by Total
Resemblance: D1 Euclidean distance
2D Stress: 0 || Group
* AM
oN
*P
* x A
* * A % A
* A A
A A A
4 4 A
. A g SN e
A
g 4 oA AL AAA 4
o N A A%as 7
o ‘A f A
6%
o o
° o

Fig. 3. The non-multidimensional scaling
(NMDS) plot of the phytoplankton size class
at the surface of Sagami Bay, Japan. The plot
(M, N, and P) shows the classification based
on size composition. Analysis of similarities
(ANOSIM) test indicates significantly differ-
ence in each cluster M, N, P (p < 0.001). The
number of total samples are 133; (M) n = 110,
(Nyn=17,(P)n=6.
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Abstract

during the southwest monsoon along a transect from off Limay, Bataan Peninsula, to Metro Ma-

We examined the surface nutrient regime and hypoxia in Manila Bay, Philippines,

nila. The water column showed stratification, with warm, less saline water in the top 10 meters
overlying cold, saline bottom water. Hypoxia was present in the bottom waters along the entire
transect, and anoxic conditions were observed off Manila. Ammonium concentrations ranged
from 6.7 to 40.2 uM, exceeding those of nitrate and nitrite, both of which were nearly depleted
at almost all stations except off-Manila, with levels below 0.1 uM. Phosphate varied from 0.1 to
1.9 uM, resulting in a stoichiometrically nitrogen-rich condition at the surface, with N:P ratios
ranging from 17.1 to 149.7 and an average of 37.4. This is in contrast to the phosphate-rich con-
ditions reported during the northeast monsoon period. A plume with high nutrient concentrations
and high chlorophyll a was observed off Manila, indicating freshwater inflow from sewage and
the Pasig River. Diatoms, including the Skeletonema costatum complex and Chaetoceros spp.,
were abundant, and these eutrophic conditions likely favored the occurrence of green Noctiluca,

while it was not observed during our study.

Keywords: Manila Bay, nutrient, chlorophyll @, hypoxia, southwest monsoon

The discharge of sewage from land areas around
the world has increased due to human activities and
population growth. This has caused eutrophication
in coastal areas and various environmental issues, as
noted by Glibert et al. (2005). In the South China Sea,
the situation is particularly serious, as anthropogenic
activities have resulted in the inflow of large amounts

of nutrients via river water, leading to the formation of

eutrophic waters (Huang et al. 2003, Wang et al. 2008,
Qiu et al. 2010). This cultural eutrophication in coastal
areas is responsible for the proliferation of harmful
algal blooms (HABs) and the formation of a hypoxic or
anoxic layer in the bottom layer during the stratification
period in enclosed waters. In this study, we investigate
the characteristics of the surface nutrient regime and

hypoxia in Manila Bay, one of the most important semi-
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enclosed waters in the South China Sea during the
southwest monsoon.

Manila Bay is a semi-enclosed water body that spans
an area of 1,700 square kilometers and has an average
depth of 17 meters. The climate of Manila Bay can be
divided into two distinct seasons: a dry season from
November to April and a rainy season from June to
September. Additionally, three prevailing wind periods
exist: the northeast monsoon from October to January,
the southwest trade winds from March to May, and the
southeast monsoon from June to September (Jacinto et
al. 2000).

Observations were conducted on September 3 and 4,
2019 (Fig. 1). A CTD (Sea-Bird 19 Plus) was used to
obtain profiles of water temperature, salinity, dissolved
oxygen (DO), and in vivo fluorescence of chlorophyll
from the surface to the near-bottom. Water samples were
collected from the surface using a bucket to measure
chlorophyll a (Chl a) and nutrient concentrations. The
samples were filtered through GF/F filters (Whatman)
on board a ship and then measured for Chl a using a
fluorometer (Aquafluor, Turner Designs) after extraction
with acetone in the dark at ice temperature for 24 h,
and sonication. Nutrient concentrations were measured
using an autoanalyzer (TRAACS, BL-TEC) after being
frozen for transportation back to a land laboratory.
Phytoplankton was observed by fixing seawater with
neutral formalin (final concentration 2.0%).

The bay was stratified with less saline water in the
top 10 meters overlaying cold, saline bottom water (Fig.
2). At Stn. 15, a significant decrease in salinity relative
to the neighboring stations was observed at the surface,
indicating an inflow of river water. DO concentrations
were relatively high near the surface and diminished
with depth (Fig. 2). DO concentrations fell below the
standard value of 2.8 mg L™ for hypoxia at depths of

approximately 10-18 meters, confirming the formation

of hypoxic conditions (Jacinto et al. 2011). Moreover,
the bottom water at Stn. 16 displayed an extremely low
DO concentration of less than 0.01 mg L, signifying the
development of anoxic conditions. This was in contrast
to the supersaturation of DO observed at a depth of 3

meters above the anoxic zone.
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Fig. 1. Station locations. For simplicity,
even-numbered stations are not labeled on
the map.
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Fig. 2. Vertical profiles of temperature (upper),
salinity (middle), dissolved oxygen (middle),
and in vivo chlorophyll fluorescence (lower).
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Ammonium exceeded nitrate and nitrite varying from
6.7 to 40.2 uM. In contrast, nitrate and nitrite were
almost exhausted at Stns. 1 to 14 ranging below 0.1
uM (Fig. 3). Thus, the high ammonium concentrations
produced an overall nitrogen-rich condition at the bay’s
surface despite the low concentrations of both nitrate
and nitrite. Phosphate varied from 0.1 to 1.9 uM,
making a stoichiometrically nitrogen-rich condition
at the surface with the N:P ratio ranging from 17.1 to
149.7 with an average of 37.4. This was in contrast
to the phosphate-rich condition observed during the
northeast monsoon period (Furuya et al. 2006, Jacinto et
al. 2011). The observed concentrations of nutrients were
within the reported range for the southwest monsoon
period (Chang et al. 2009), and the high ammonium
concentrations are ascribable to loading from land. The
maximum concentrations of ammonium, nitrate, and
phosphate of 40.2, 4.0, and 1.9 uM, respectively, were
observed at Stn. 15, which coincided with low salinity,
indicating freshwater inflow presumably from Pasig
River. This inference is compatible with the high fecal
coliform counts in Pasig River estuary which indicate
the discharge of untreated sewage from sewage pipes
and direct sewage discharge from sheds along the coast
(Jacinto et al. 2006). In the city of Manila, the sewerage
system is not well developed and still has low coverage
(Jacinto et al. 2006). In addition, a study on the origin
of particulate organic matter in Manila Bay using stable
isotopes showed that most of the nitrogen in Manila Bay
comes from the Pasig River and is derived from urban
sewage and industrial effluents (Miller et al. 2011).
Thus, the southwest monsoon with high precipitation
brings the nitrogen-rich conditions, particularly with
high ammonium concentrations in Manila Bay.

Chlorophyll @ was in the range between 6.9 and 111.3

ug L' (Fig. 3). The higher concentration was observed

toward the urban district of Manila (Figs. 2 and 3). There
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Fig. 3. Distribution of nutrients (upper) and
chlorophyll a (lower) at the surface.

was a drop of Chl a at Stn. 15 accompanied by a sharp
increase in nutrients and the drop of salinity, indicating
the inflow of freshwater (Figs. 2 and 3). The nutrient
influx from rivers likely resulted in the blooming of
phytoplankton. Diatoms including Skeletonema costatum
complex and Chaetoceros spp. were most abundant.
These species have been reported as the dominant
diatom species in Manila Bay (Borja et al. 2019).

In Manila Bay, Pyrodinium bahamense var.
compressum was the dominant bloom-forming species
until the 1990s, but since 2001, green Noctiluca has
emerged and become the dominant species (Hansen
et al. 2004, Furuya et al. 2006, Harrison et al. 2011,
Borja et al. 2019). Green Noctiluca grows by feeding
on increased prey due to eutrophication (Sriwoon et al.
2008). Therefore, Manila Bay in the southwest monsoon
period is considered to be suitable for the proliferation
of green Noctiluca with an abundance of diatoms. While
green Noctiluca did not occur during our observation, its

recurrent bloom can be expected in the bay.
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1. INTRODUCTION

It is an unequivocal fact that Amazonian tropical
forest is the largest remaining primary forest in the
world. The ecosystem in the region is extremely
complex with high biodiversity (Peres et al. 2010).
Conservation and protection of the dynamic forest
and river regions is extremely important not only for
the natural environments, but also for the economy
and social dependence of benefits from such abundant

natural environments.

Important natural parameters that affect status of the
natural environments include light (natural sunlight),
soil, and water, which abundantly exist in the Amazon
region. Solar energy is the primary energy source for
the majority of living organisms in both terrestrial and
aquatic ecosystems, and drives the diurnal and seasonal
cycles of biogeochemical processes (Monteith &
Unsworth 2013). In particular, in situ light data remains

one of the most underappreciated data measurements

although having a significant impact on the physical,
chemical and biological processes in the ecosystem
(Johnsen 2012). Soil provides the fundamental basis for
all terrestrial living organisms including the Amazonian
forests as well as life-sustaining infrastructure for
human society. Water is the most essential single entity
to constitute all organisms from a single cell to the earth.
Understanding of importance and roles of each factor
and interaction of such complex dynamics in the natural
environments can serve as fundamental platform for
natural scientists, particularly for young scientists such

as university students.

The objective of this workshop was to provide hand-
on scientific and environmental education for university
students in Manaus, Amazonas, Brazil through practical
field measurements using the three most important
parameters in the natural ecosystem composed of
natural sunlight, soil, and water. The workshop was
divided into a series of lectures, in situ field sampling,

and data processing, analysis and interpretation with the
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ultimate goal of empowering the undergraduate students
with research-centered environmental education and

experience of developing international collaboration.

1.1. Practical Science and Environmental

Education Workshop

Table 1. Workshop schedule

The workshop was conducted at the Instituto
Soka Amazonia (ISA) and laboratories of Instituto
Federal de Educacgdo, Ciéncia e Technologia do
Amazonas (IFAM), Manaus, Amazonas, Brazil from
March 7 through March 10, 2023. The workshop

schedule is summarized in Table 1.

Date Program Conductor Location
March 7 | Lecture on Aquatic Ecology Dr. Yoshiki Takayama | ISA
Auditorium
Lecture on Environmental Optics Prof. Victor Kuwahara | ISA
Auditorium
Lecture on Soil Science Prof. Shinjiro Sato ISA
Auditorium
Environmental optical data collection Prof. Victor Kuwahara | ISA
campus
Soil sample collection Prof. Shinjiro Sato ISA
campus
March 8 | Water and plankton samples collection | Dr. Yoshiki Takayama | Amazon
River
Environmental optical data collection Prof. Victor Kuwahara | Amazon
River
Soil pH measurement Prof. Shinjiro Sato IFAM
laboratory
Water pH measurement Dr. Yoshiki Takayama | IFAM
laboratory
March 9 | Soil available phosphorus measurement | Prof. Shinjiro Sato IFAM
laboratory
Measurement of suspended solid Dr. Yoshiki Takayama | IFAM
concentration and plankton observation laboratory
Calculations of data from light, soil, Prof. Victor Kuwahara | IFAM
and water samples Prof. Shinjiro Sato laboratory
Dr. Yoshiki Takayama
March 10 | Explanation and discussion on Prof. Victor Kuwahara | ISA
calculated data from light, soil, and Prof. Shinjiro Sato Auditorium
water samples Dr. Yoshiki Takayama

2. MATERIALS & METHODS

2.1. Light Measurements

Natural sunlight was measured using an Apogee
Instruments handheld quantum meter (MX-200X)
fitted to a 102 cm water submersible sensor
wand (AM-320), and all radiance measurements
conducted in spot-mode. The sensor collects cosine
corrected quanta (gmol m™” s™') with a spectral

response of (370 — 650 nm) for photosynthetically

active radiation (PAR) in the air and water.
Measurements were conducted at four sampling
stations in the forest (described below), and at
four sampling stations in the river (see Fig. 1b).
Data collected in the river were corrected using
the suggested immersion factor correction by
multiplying values by 1.15. Quantum data were
measured in triplicate at each location in addition
to weather conditions, GPS location and local time

(AMT).
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Collected data was later processed to calculate
diurnal variability [£(?)], daily insolation [Q,],
extinction coefficient [K;] and/or euphotic depth

[Z..] as follows (Kirk 2011):

E(t) = Enoonsin(7t/N)

where E(f) is PAR quanta (ymol m?’) at time t

(Eq. 1)

(hours), E,,., is PAR quanta at noon, t is hours after
sunrise (hours) and N is day length from sunrise to

sunset (hours).

Qs= AN E(t)dt

where Q. is the daily PAR insolation (ymol m~

(Eq.2)

day), N is day length from sunrise to sunset (hours)

and E(f) is PAR quanta (umol m'z) at time t hours.

Ez = Foe ~kz

where Ez is PAR quanta (gmol m”) at depth (z)

(Eq. 3)

in centimeters (cm), EO is PAR quanta (gmol m?)
just below water surface and k is the attenuation

coefficient (cm™).

Leu = 46/](

where Z,, is the euphotic depth, or the depth layer
which EO (PAR) falls to 1% of the surface value and

(Eq. 4)

k is the attenuation coefficient (m'l).

2.2. Soil Samples

Soil samples were collected from four different
locations within ISA campus: 1) dense upland forest
with abundant organic matter (mata densa), 2) thin
upland forest with insufficient organic matter (capoeira),
3) upland forest with presence of Indian Black Earth
(IBE) or biochar (Terra Preta de fndio), and 4) lowland
forest with seasonal flooding (baixio). At each sampling
location, 3 sub-samples were collected using a shovel

from the top 10-15 cm depth and combined in a bag to

represent soil sample of the location. The collected soil
samples were dried in an oven at 80 ° C for overnight,
and sieved by 2-mm sieve for soil pH and available

phosphorus (P) analyses.

2.2.1. Soil pH

Fifteen grams of dry soil sample were weighted using
an electric balance into 50-mL centrifuge tube and 30 mL
of distilled water was added to tube in triplicate. Tubes
were shaken vigorously for 10 min manually. Tubes were
let sit in tube rack for 10 min, and soil pH was measured

using a pH meter.

2.2.2. Soil Available Phosphorus

Soil available P was extracted using Mehlich
1-extracting solution, which was prepared by sulfuric
acid (H,SO,) and hydrochloric acid (HCI) to make the
final solution concentrations of 0.0125 mol H,SO, L™ and
0.05 mol HC1 L™ (Mehlich 1953). Five grams of dry soil
sample were weighted using the electric balance into 50-
mL centrifuge tube and 20 mL of Mehlich 1-solution was
added to tube in triplicate. Tubes were shaken vigorously
for 10 min manually. Tubes were let sit in tube rack for
10 min, and supernatant was filtered through Whatman
No. 1 equivalent filter paper. Phosphorus concentration
in the filtrate was determined using P packtest (Kyoritsu
Chemical-check Lab. Corp., Japan) by molybdenum blue
method. Soil available P was calculated by using the
following equation.

Soil available P (mg kg™ =

P concentration in filtrate (mg L") x (0,02 1/0.005 kg) (Eq.5)

2.3. Aquatic Environment

The survey was conducted in the center of the
Amazon basin where Solimdes River and Negro
River merge in Manaus, Brazil (Fig. l1a). The water

and zooplankton samples were collected from 9:00 to
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11:00 on 8th March 2023 during the rising water period
(rainy season) at four sites across the rivers: the center
of Amazon River (St. 1, S 03 ° 07.3596"S, W 059 °
54.4180"), Amazon River side of the confluence (St. 2, S

03°08.0770°, W 059° 54.1392"), Solimoes River side of
the confluence (St. 3, S 03°07.9152", W 059° 53.9902")
and the center of Solimdes River (St. 4, S 03° 08.0890',
W 059° 53.4420") (Fig. 1b).

(@)

N

%

R

—

(b)

Fig. 1. Location of water and zooplankton sample collection. (a) the Amazon

Basin in South America. (b) sampling sites across the two rivers: the center (St.
1) of the Negro River, the confluence (St. 2 & 3), and the center (St. 4) of the So-

limodes River.

On each sampling site, surface water was collected
by a bucket and sieved through 180-xm nylon mesh
to remove debris, and then transported to the field
laboratory. The temperature of air and river surface
water was measured at the time of field sampling by
a mercury thermometer (Shinwa Rules Co., Ltd.).
Triplicate water subsamples for pH were measured using
a pH meter. Three replicate aliquots of water samples
for suspended solid (SS) concentrations were filtered
onto pre-weighted 1.6-pm glass microfiber filters (GF/A,
Whatman Co., Ltd.). The filters were oven-dried at 60
° C for over 24 hours, then weighed by a microbalance.
The SS concentration was estimated by the difference in

the filter weight before and after sample filtration.

Zooplankton samples were collected by a single

vertical haul from the 20 m depth to the surface, using

a plankton net (mesh size 100 pym; diameter 30 cm;
length 100 cm) equipped with a flowmeter (Rigo Co.,
Ltd.). The collected samples were immediately fixed
in 5% buffered formalin—water solution. Under a
dissecting microscope, zooplankton was identified using
morphological characteristics and counted into four
groups; copepods, cladocerans, fish larvae, insect larvae

and others.

3. RESULTS

Fig. 2a, 2b, 2¢c, and 2d show light measurement on the
research boat at the confluence of Negro and Solimdes
River, soil sample collection in the forest, water
sample measurement in the laboratory at IFAM, and all

participants and staff in the training workshop.
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Fig. 2. Images of (a) light intensity measurement on the research boat at the
confluence of Negro and Solimdes River, (b) soil sample collection in the forest,
(c) water sample measurement in the laboratory at IFAM, and (d) all participants

and staff in the training workshop.

3.1. Light Measurements: Forest

Weather during quanta measurements in the forest
was generally overcast, cloudy and unstable in the
afternoon during the survey. Measurements from the
capoeira forest station showed ~200, ~50 and ~10
spot-mode quanta (ymol m~ s™') readings for Direct-
Sky, Trail/Canopy and Canopy, respectively (Fig. 3).
Using Eq. 1., the potential diurnal variability and solar
insolation of solar radiance for each station was modeled
assuming atmospheric conditions remained stable
for each location (Fig. 3). Similar measurements and
calculations were conducted at the mata densa and Terra
Preta de Indio forest sampling stations (not shown). All
air measurements conducted during the day showed
seasonally low and unstable solar radiance, but revealed
consistent differences between dense canopy and direct-

sky measurements.
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Fig. 3. Diurnal variability of the solar radiance from
under the canopy ( @ ), along trail/canopy ( A )
& and under direct sky surrounded by canopy
( M ) based on spot-measurements of quanta
(mmol m™ sec™) during soil sampling at Capoeira
Forest on 07-Mar-23 around 14:10. White symbols
represent hourly modeled quanta based on spot-
measurements (grey symbols) assuming a cloud
free day. Weather conditions during the day were
cloudy/overcast. Modelled estimate of the daily
insolation (Q,) for the direct sky surrounded by
canopy location was 1667 mmol m™® day ™.



Sato et al, Practical Science and Environmental Education Workshop in Manaus, Brazil 56

3.2. Light Measurements: River

Weather during the river sampling was overcast,
partly cloudy and rain throughout the ~30 min survey.
Light measurements conducted in the Amazon river
showed distinct light attenuation patterns at the three
stations sampled (Fig. 4). Depth measurements of quanta
conducted at the Rio Negro sector (K, = 0.103 cm™; Z,,
= 58 cm™) showed relatively high light transparency
compared to the Mixed sector (K; = 0.132 em % Z, =32
cm ) and Rio Solimoes sector (K, =0.231 cm >, Z,, = 17
cm™) (Fig. 4). The visually dark color of the Rio Negro
(low SS) and light-brown color of the Rio Solimdes (high
SS) was consistent with the light attenuation patterns
observed.
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25 & Rio Negro (O) = 1660103, 12 = 0.94
Mixed (<) = 322e0132x 2 = 0.95
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30

Fig. 4. Diffuse attenuation (cm) of the solar
radiance quanta (umol m™ sec™) from the Rio
Negro ( O ), Negro/Solimdes Mixed ( <> ) & Rio
Solimdes sectors of the Amazon River ([ ]) based
on spot-measurements at depth on 08-Mar-23
between 09:30 - 10:00 am. Weather conditions
during the day was cloudy/overcast. The diffuse
attenuation coefficients (K;) and euphotic depth
(Z.,) were 0.103 cm™ (58 cm™), 0.132 cm™ (32 cm™
% and 0.231 cm™ (17 cm™), respectively. Modelled
estimate of the diurnal variability of solar radiance
based on spot-measurement at 9:30 am ( 4 ) is
also shown (insert). The daily insolation (Q,) based
on t1he spot-measurement was 3983 ymol m™
day .

3.3. Soil pH and Available Phosphorus

Soil pH in mata densa, capoeira, Terra Preta de Indio,
and baixio were 3.80, 3.25, 4.00, and 4.90, respectively
(Fig. 5). Soil pH in capoeira was significantly lower and
that in baixio was significantly higher than that in the

other locations (p < 0.05).

Soil available P in mata densa, capoeira, Terra Preta
de Indio, and baixio were 5.72, 5.35, 8.39, and 3.33 mg
kg, respectively (Fig. 5). Soil available P in Terra Preta
de Indio was significantly higher than that in capoeira

and baixio (p < 0.05).
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Mata densa Capoeira

Sampling locations

Fig. 5. Soil pH and available phosphorus
of 4 sampling locations. The same letters
represent no significant differences among
different sampling locations for pH (lowercase)
and available P (uppercase) (one-way ANOVA,
Tukey-Kramer, p < 0.05).

3.4. Environmental Parameters Across Two
Rivers

The temperature of air and river surface water ranged
from 28 to 29 and from 24 to 29, respectively (Fig.
6a). From Negro (st. 1) to Solimdes River (st. 4), river

surface temperature showed a decreasing trend.

Suspended solid concentration at st. 1, 2, 3 and 4
were 1.8 = 1.2,22.6 = 3.1, 89.8 = 10.1, 111.4 = 11.2
g-DW L', respectively (Fig. 6b), and the values at St. 3

and 4 in Solimdes River were significantly higher than
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that of st. 3 and 4 in Negro River (one-way ANOVA,
Tukey—Kramer, p < 0.05). River water pH at st. 1, 2, 3
and 4 were 5.0 = 0.0, 6.5 £0.1,7.1 £ 0.1, 7.1 £ 0.2,
respectively (Fig. 6¢), and the value at St. 1 in the center
of Negro River was significantly lower than that of other

three sites (one-way ANOVA, Tukey—Kramer, p < 0.05).
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Fig. 6. Spatial variations in (a) air and surface
water temperature, (b) suspended solid
concentration, and (c) pH at the center (St.
1) of the Negro River, the confluence (St. 2
& 3), and the center (St. 4) of the Solimbes
River. Error bars show standard deviations
(N=3). Letters above plots indicate significant
differences (one-way ANOVA, Tukey-Kramer,
p < 0.05).
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The relatively higher abundance (393.9 inds. m™)
of mesozooplankton was observed at st. 2 than at
other sites, while the lower abundance (7.1 inds.
m’3) was found at st. 4 (Fig. 7a). Cladocerans were
dominant, contributing with 28.3-58.0% to the total
mesozooplankton abundance at all sites except for st.
4 (Fig. 7b). Copepods were appeared from all sites and

contributed 17.2-38.7% of the total abundance.
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Fig. 7. Spatial variations in (a) abundance
and (b) composition of mesozooplankton
at the center (St. 1) of the Negro River, the
confluence (St. 2 & 3), and the center (St. 4)
of the Solimbes River.

4. DISCUSSION

4.1. Light measurements

The daily and annual average (climatology) of solar
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irradiance in Manaus, Brazil is ~460 W m™ and ~1680
kW m~ (Pinker & Laszlo 1992). During the two days
of measurements in the forest and river the weather was
overcast with rapidly changing cloud conditions and oc-
casional rainfall limiting our measurement capabilities.
Although measurements were not under clear-sky con-
ditions, we were able to capture the difference between
under the canopy, along the trail/canopy and under open,
direct-sky (Fig.3). The results suggest that the vegetation
(and soil) during the present study under the canopy and
along trails receives less than half of the available solar
radiation during the day. However, previous studies have
shown solar irradiance above the canopy to be around 70
— 100 times higher than within the canopy that can have
a significant impact on the total carbon uptake of new
growth versus old growth of the forest (Saleska et al.
2003). In the future, it would be advisable for research-
ers at ISA to consistently measure solar radiation in con-
junction with ongoing tree growth experiments towards
evaluating the potential carbon dioxide sequestration

potential and contribution of the regional rainforest.

Measurements of natural downwelling quanta attenu-
ation across the Amazonian river (Fig. 1) were extreme-
ly interesting due to the significant discrepancy between
the Rio Negro (low TSM) and Rio Solimdes (high
TSM). The 1% light (quanta) penetration depth (cm) in
the Rio Negro and Rio Solimdes were 58 cm and 17 cm
(Fig. 4), respectively. Previous studies of light attenua-
tion in the Amazon River showed similar 1% penetration
depth reaching less than 1 m depth in the Rio Solimbdes
(Costa et al. 2013). Further, Costa et al. (2013) report-
ed that both rivers had relatively low concentrations of
chlorophyll @ pigments, while TSM was significantly
higher in Rio Solimdes and colored dissolved organic
matter absorption was significantly higher in Rio Negro,

respectively. In the future, it would be interesting to

measure the inherent optical water properties (in addi-

tion to light measurements) in the river.

4.1. Forest Soil

Soil in the tropical forest including Amazonian for-
est is generally very acidic, thus soil pH can be as low
as 4.0-4.5 (McGrath et al. 2001), which corresponded
with soil pH of the upland forest sampling locations in
this workshop (mata densa, capoeira, and Terra Preta de
Indio). A slightly higher soil pH in Terra Preta de Indio
than other upland forest was probably due to the pres-
ence of IBE (Glaser and Birk 2012) which was remain-
ing carbonized materials from living and agricultural
activities of ancient human settlement. A significantly
higher soil pH in baixio was probably due to redox fluc-
tuation caused by seasonal flooding by formation of dis-
solved ferrous sulfate during reduction, and oxidation of
the ferrous sulfate to ferric oxide and sulfuric acid at the
soil surface followed by drainage of the acid floodwater

(van Breemen 1987).

Soil available P is usually very low in the tropical
forest because P is fixed by aluminum (Al)- and/or iron
(Fe)-oxide minerals in soil. Available (Mehlich-1 ex-
tractable) P in the upland forest sampling locations in
this workshop was in similar ranges found in literature
(McGrath et al. 2001). Noteworthy was higher avail-
able P in Terra Preta de Indio probably caused by the
presence of IBE (Glaser and Birk 2012). Even slightly
higher soil pH can cause dissolution of Al- and Fe-oxide

minerals releasing P to soil.

It appears that soil sampling and analyses of soil pH
and available P were properly performed because the
standard deviation of both data were very low, particu-
larly soil pH. Since analysis of soil available P was done

using P packtest, which was qualitatively measured by
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blue-color development using chart, the standard devia-
tion of soil available P was relatively high, however still
in an acceptable range. Nevertheless, the most important
was that both soil pH and available P data showed dif-
ferences by sampling locations, which is relatively in

accordance with hypotheses.

4.3. Aquatic Environmentl

The Amazon River is the largest and most dense river
network in the world and discharges continental water
to the oceans, which is 20% of the total global amount
(Sioli 1984). In the center of the Amazon basin, the
muddy white water of the Solimdes River meets with
the black water of the Negro River, creating a visible
boundary. The black water of the Negro River is derived
from the high concentration of humic substances, while
the white water of the Amazon River is derived from
highly suspended inorganic materials (Junk et al. 2015).
These characteristics of each river probably made clear
differences in pH and SS concentration among the study
site in the present study. Surface water temperature in
Negro River was relatively higher than Solimdes River
in the present study, which is congruent with previous
research reporting higher temperatures by 1C and 0.6C
in the Negro River (Franzinelli 2011, Nakajima et al.
2017). The warmer water in the Negro River may result
from its darker color and slower current speed compared
to the Solimdes River (Franzinelli 2011). In the present
study, mesozooplankton was more abundant in the Ne-
gro River and the confluence than in the Solimdes River,
which is congruent with a previous report by Nakajima
et al. (2017). The plankton net used in the present study
was not strictly designed for the ichthyoplankton collec-
tion (usually a net with a larger mouth and mesh opening
is used). Therefore, attention should be given to the fact
that our data may have underestimated the abundance of

fish larvae.

4.4. Environmental Educationl

Researchers and educators have identified several
educational contexts that empowered future scientists
(students) towards achieving sustainable development
goals (SDGs) (Acevedo-Duque et al. 2023). Although
the acquisition of scientific knowledge remains the
primary fuel empowering students to contribute to en-
vironmental sustainability efforts, hands-on practical
experience remains the most efficient source of inspiring
participation (Sigahi & Sznelwar 2023). Although the
focus of the present study was to share hands-on practi-
cal field experience to IFAM undergraduate students and
ISA researchers, we were able to receive valuable (select)

feedback from the participants as follows,

“The Workshop was an incredible experience in all
aspects. First, the interdisciplinary partnership of IFAM,
Soka U. and ISA, added new knowledge to the students
that attended. The workshop was satisfactory regarding
the schedule of the collaboration. I am proud for being
selected to the first edition of this event, and grateful for
all commitments of the teachers and staff involved for

the success.” Mr. Bruno da Costa Takaki, IFAM (Student)

“T acquired a lot of knowledge regarding the methods
that were used in the environmental analyses, new meth-
ods and with simple and efficient equipment, which is
necessary when doing a research in the Amazon rainfor-
est interior, for example. Thus, environmental education
is present in all the developed activities, showing the
importance of maintaining the quality of our terrestrial,
aquatic, and atmospheric environment. The teachers are
always dialoguing about social and ecological values,
with approaches towards the conservation of the envi-
ronment, a perspective that we must have in order to
keep our biodiversity alive and healthy. But, this only

depends on us and the knowledge we have.” Ana Beatriz
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Souza dos Santos, IFAM (Student)

“Brazil, despite being a country with a large amount
of cultures, offers few opportunities to interact with
people of other ethnicities. In more than seven years of
academic life, I have not had any opportunity to partic-
ipate in events that encourage us to speak in a foreign
language. The Workshop made this unprecedented ex-
perience possible for me. Besides making me feel great
joy for the student’s happiness.” Mr. Rodrigo Izumi, ISA

(Graduate Student)

The overall feedback was helpful in determining
the next steps to take in continuing the next workshop
planned for FY2023. Further, the international collabo-
ration showed that in-person exchange, particularly after
the global pandemic, coupled with environmental educa-
tion could open the doors for multi-lateral research col-
laborations beyond student-centered learning activities.
Indeed, the most inspiring aspect of the international ex-
change was the interest in some of the students (and in-
structors) to pursue graduate school and/or a profession
in environmental science. These comments from the
workshop participants suggests that the students gained
valuable hands-on practical experience that inspired
them to contribute to sustainable development goals in

the future.
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