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Observing zooplankton: organisation
and technological developments
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1. Instruments development for zooplankton imaging

2. Software and machine learning developments for zooplankton imaging

3. Afew scientific results

4. The landscape of ocean observing (with a bias towards biology) in the EU, France, and Villefranche



Instruments development

For zoop{avl/(TM imaging



Among EOVs, plankton monitoring has the potential to scale well
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Notably through imaging,
but no instrument sees it all
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In this paper we review the technologies available to make globally quantitative
observations of particles in general—and plankton in particular—in the world oceans,
and for sizes varying from sub-microns to centimeters. Some of these technologies
have been available for years while others have only recently emerged. Use of
these technologies is critical to improve understanding of the processes that control



st 17

T

»
-

oS0,




S

o ZooScan *

egg < other
area [pixel] : 775

®

>

1mm

egg < Mollusca
area |pixel] : 1003

®

i

1mm

part <Annelida
area [pixel] : 1192

&

1mm

Bivalvia
<Mollusca
area [pixel] : 1351

o

& &

I mm

nauplii
< Crustacea
area [pixel] : 778

& @

cyphonaute
area [pixel] : 782

. '

1 mm 1mm

Fritillariidae Harpacticoida
area |pixel| : 1006 area |pixel] : 1025
S &

» -

1mm 1 mm

Echinodermata cypris

area [pixel] : 1203 area [pixel] : 1222
& e
.
1 mm
- 1
Noctiluca —

Temoridae
area [pixel] : 1360

< Noctilucaceae
area [pixel] : 1358

s ) @O

*

mm

trunk
area [pixel] : 784

@

1mm

Echinodermata
area |pixel] : 1039

®

mm

detritus
area [pixel] : 1223

®

1 mm

detritus
area [pixel] : 1363

o

1mm

Coscinodiscus
area [pixel] : 798

®

* »
1mm

bubble
area |pixel] : 1047

®

«

1mm

Harpacticoida
area [pixel] : 1248

&

| mm

Foraminifera
area [pixel] : 1376

o

I mm

pluteus

< Echinoidea
area [pixel] : 8344

&

I mm

bubble
area pixel| : 1073

&

\

I mm

Calanoida
area [pixel] : 1280

®

1mm

badfocus

< artefact
area [pixel] : 1381

o))

fmm

Neoceratium
area [pixel] : 845

®

-

mm

Qithonidae
area |pixel] : 1104

S

$

Tmm

nauplii
< Cirnpedia
area [pixel] : 1287

®

1mm

artefact
area [pixel] : 1400

o

»

1mm

cyphonaute
area [pixel] : 867

@

1mm

Harosa
area |pixel] : 1106

®

1mm

larvae < Annelida
area [pixel] : 1295

S

e

1wm

Creseidae
area [pixel] : 1405

O

"

1mm

Limacinidae
area [pixel] : 877

@

&

1mm

nauplii
< Crustacea
area |pixal] : 1118

®

1mm

Bivalvia

< Mollusca
erea [pixel] : 1297

®

1mm

Limacinidae
area [pixel] : 1467

o

-

1mm

nauplii
< Cirripedia
area [pixel] : 896

&®

&

1mm

Oithonidae
area |pixel| : 1132

&

-~

I mm

Acartiidae
area [pixel] : 1308

®

e

1mm

bract < Diphyidae
area [pixel] : 1472

o

1 mm

badfocus

< artefact
area [pixel] : 909

&

1 mm

®
L
1mm
Fritillariidae

area [pixel] : 1316

®

¢

I mm

Oncaeidae
area [pixel] : 1477

o))

-

fmm

Evadne
area [pixel] : 964

fiber < detritus
area |pixel|: 1162

S

1 mm

fiber < detritus

area [pixel] : 1317

&

£

'mm

Nemertea
area [pixel] : 1485

o

1mm

cyphonaute
area [pixel] : 984

@

1mm

cypris
area |pixel] : 1184

® )

2

1mm
Harpacticoida la
area [pixel] : 1337 are
S
-
1 mm

egg < Mollusca
area [pixel] : 1495

O €



r 4 ' -

I mm
nectoph NN ~ — L L - I mm 1 mm 1mm
tzo o S Cm; Penaeidae head < Chaetognatha Cavolinia inflexa Zoea < Brachyura cirrus Euchaetidae nectophore < Diphyidze Metridinidae
area |pixel] : 7714 area |pixel] : 7852 area |pixel| : 7862 area |pixel] : 7874 area |pixel| : 7886 area |pixel| : 7373 area [pixel| : 8161 area |pixel] : 8331 area |pixel] : 8403
> & ® ® S S S

0 4 ~¥
.f = A
Imm 1 mm 1 mm I mm 1 mm imm 1 mm
wing part < Crustacea Creseis acicula Insecta Sapphirinidae part < Mollusca nectophore < Physonectae
area |pixel] : 8832 area [pixel] : 9021 area |pixel] : 9026 area [pixel| : 9204 area pixel| : 9207 area |pixel] : 9226 area pixel| : 9232
® &) & ® ® S
F N
- .
5
o
'
1 mm fmm I mm I mm 1 mm 1 mm
Creseidae gonophore < Abylopsis tetragona Candaciidae Caprellidae Chaetognatha Limacinidae

area [pixel] : 9452 area [pixel] : 9471 area [pixel] : 9532 area [pixel] : 9533 area [pixel] : 9569 area [pixel] : 9683



? -
\ .
| i

T—




P e

il

74




Gliders

|
%k de Ségoufielle
RSILISLE JOURDAIN

MIS6324 8220

Méroptic.com

N N Profiler

Floats

Moorings




P |
- . . -
. . - ‘ .
5.0 — .
Lmm
5.0 mm T ! 5.0 mm 0105'0 T 5.0 mm 5.0 mm 5.0 mm 2.0 mm 5.0 mm 5.0 mm L S0mm 5.0 MM
T — 1030 40 s 073 013 b 013 7 073 013 016
05 104m Am 1502 104.8 m 728 213m 872 509.3 m 1038 108m 1602 «@2m 1334 292 m 026 27086m 5220 422.1m 4302 3242 m 1467 452 m
Cnidaria < Metazoe solitaryblack Chaetognatha solitaryblack Medusettidae Acantharea Rhizaria Rhizaria Poeobius Foraminifera Phaeodaria Aulacanthidae
-
da '
- .
. ’
-
. - . - - .
. 5.0mm ] 5.0 mm 5.0 mm . 5.0mm s . 50 mm ) . 5.0mm \
M:Om ; mﬁﬁ.Omm 075 ns5ﬂmm U—"lﬁ D—llﬁ 075 01&5.0 mm 07e 076 016540 mm
5719 477.9m 1188 238 m 970 9.3m 1185 218m 1593 535 m 1560 515 m 357 226.7 m 4083 2893 m 1249 278 m 1444 43.5m 1763 63 m
leg < Phaeodaria Ctenophora < Metazoa Rhizaria Crustacea Rhizaria Aulacanthidae dark < fluffy Coelodendrum Rhizaria Castanellidae Narcomedusae
7
r
..
t 3 -
S —
4 . o \ x sl
»
- - 0%1205 .0 mm 5.0 mm
5.0 mm 50 mm . 5.0 mm . 50mm £.0 roen 5.0 mm . 50mm 1612 139.4m %2 ©a8m 0205.0 mim 0 3.0 mm
6 5 016 016 , 016 50 mm .
4317 36 1m 405 202 m 1051 148 m 4554 3437 m g1 an3tm 1 51 6m 2286 1014 m colonial colonial 1834 1756m B4 108m Tas 780 m
Foraminifera Aulacanthidae solitaryblack leg < Phaeodaria Aulacanthidae  Aulacanthidae light < fluffy <Collodaria <Collodaria detritus Enteropneusta < Hemichordata XX Foraminifera



_1‘,’ f ',.'. - . - - » , - \ - adl
Saoam Som b Sl 1ad0a 4% Gm T T 1 502 B 15374 542.1m S8 140 Taomm B
Copepoda Copepoda Copepoda Copepoda Aulacantha Copepoda Amphipoda Copepoda Ostracoda Ostracoda Copepoda Copepoda
depth_max: 0.80 depth_max: 0.80 depth_max:1.10 depth_max: 2.00 depth_max: 467 depth_max: 2.00 depth_max: 1159 depth_max: 7.30 depth_max : 544 depth_max : 1463 depth_manx: 0.80 depth_max: 7.40
. "
- ‘ ' @ -
g ) , -~
| — |
ge_2016_07% 2
2 2 2 2 2  —— 2 2_ — 2
ae_2016_07% a=_2016_07%  2015_07% ge_2016_07% 92_20%_076 ge_2016_ 074 ge_2016_07% ge_2016_07% 92 _2016_07%
AGMSSm AGHE S Gm AT 10m W01 7m N7 1m Can nosph aeri_ 46015 7m 4G9 S7m d71664m 72191677 Gm
Copepoda like < Copepoda Copepoda like < Copepoda Copepoda dae Copepoda Copepoda like < Copepoda Eumalacostraca
depth_max: 5.50 depth_max: 5.60 depth_max:10.00 depth_max: 157 depth_max: 797 depth_max: 205 depth_max:5.70 depth_max:5.70 depth_max: 6.40 depth_max: 1638
°-
(1
) ’-
& % ? y b
7 \
- . ’
v 2
|2 | 2 —
 2016_07¢ 2 2 oe 201€ 078 oe_2016_ 0%
CE 2 Ge7 28m [ [ — 2 29905 1395 5m 4535 2m 2, 2z,
202016 07 2016 078 ge_2016_07% ge_2016_076 202016 078 ae_2016_073 22_2016_07G
3% 167 6m 27 17718m like 15826541 Bm 407 08m 447311 3m colonial like 291 14d an 44 1m
Copepoda Copepoda <Copepoda Coelographis like < Copepoda Copepoda < Aulosphaeridae <Copepoda Copepoda Copepoda
depth_max: 168 depth_max: 1772 depth_max:52.60 depth_max : 542 depth_max: 0.80 depth_max: 11.30 depth_max: 1266 depth_max:2.00 depth_max: 148 depth_max: 1.00

2

 2016_07%
4373 11 Dm

Copepod

depth_max: ]

S

-
£

2016 _07%
$431303m

Copepoda
depth_max: 30.30

S

-

92_2016_07%
77 5m

Copepoda
depth_max: 39.60



UVP

-
2o
P

Calanoida

Calanoida Swima
®(2) ®(2) @ (2) ®(2)
% !
':‘Ianoida CaI';)ida :lanoida C;oida
® (2) ® (2) S (2) ® (2)
:Ianoida Calanoida C'h_a'etognatha Calanoida

A
}

-

Chaetognatha Ctenophora < Metazoz Ctenophora < Metazoa
S (2) ®(2) S (2) @ (2) (2)
\ F
o * o
Swima Swima Swima Calanoida Calanoida
® (2) ®(2) ®(2) @ (2) ®(2) ® (2)
» g l
’ ‘ - -
: Y
like like o — o o
< Copepoda <Copepoda Calanoida Calanoida Calanoida
S (2) ®(2) S(2) ®(2) S (2)
B it -
Phyllodocida Calanoida Ostracoda Eukrohnia

T Sh
a a
NN -

W

Copepoda

; AN “ .
> | F v 4
4 ¥ ™
Ctenophora Ctenophora i 2mm
<Metazoa <Metazoa Siphanophorae Euchaetidae
S (2) @ (2) ® (2) @ (2)

e
3
-',_
. o

2

Copepoda

Copepoda

o

-~

Copepoda

.

Calanoida

\\Q

sV

Copepoda

;noida - Calanoida Calanoida '_C‘alanoida
® (2) ® (2) @ (2) ® (2)
_— & 4 -5 i
Calanoida C;noida Cala—n‘oida Calanoida Calanoida
S (2) S (2) S (2) > (2) S (2) > (2)
v - - - . L -



UVP6mM

UVP6 UVP6m

Particle measurement 100pum > 2cm 10um > 1mm

Object imaging 800um ->2cm | 100pum > 1mm




Software and machine learning development
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Historical approaches to (plankton) image classification

100%

RandomForest was popular in technical papers but
even more in actually implemented methods
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Computer vision vs machine learning vs deep learning




Computer vision vs machine learning vs deep learning
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Computer vision vs machine learning vs deep learning
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Computer vision vs machine learning vs deep learning
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Computer vision vs machine learning vs deep learning
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Computer vision vs machine learning vs deep learning
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vs deep: deep is better, for rare classes
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Why? It’s the features, not the classifier
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The segmentation problem:
In situ, many objects are not plankton
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Deep object detection/segmentation:
©© Detectron2
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Deep object detection/segmentation:
©© Detectron2
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“Intelligent” segmentation uses context to improve precision
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“Intelligent” segmentation uses context to improve precision
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Segmentation of oil sac in Arctic copepods:

Yellow: human and algorithm match
Green: outlined by human only
Red: outlined by algorithm only

loU (Yellow / (Yellow + Red)) = ~0.8 for large species
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Laux etal, in prep

Long term oligotrophication in Villefranche’s bay...
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Lauxetal, in prep

... Inducing a community reorganisation
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Deep features as objective individual descriptors of morphology
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Glider survey through a front
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February: Start of the plankton bloom
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February: Start of the plankton bloom
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February: Start of the plankton bloom

PC1 ; Copepoda (m™)
Temperature (°C) . NWeah X Abundance - 100
20 £ 100 W high < ~100 10 Y
18 = ; 3 Q. -200
1 o
12 k- 0 _300 0 —
II low : : -3
| Appendicularia (m )
. Salinity | PC2 —~ 0
= o < TR = 30 FagEad
< -100 —_ : . ° VAS ~ _100 10 B
P 38.6 = | P ¥
3 < -100 W large = §
8'_200 38.4 = % -200 g
o ., 38.2 B 200 0O _300 o =
o S : _3
_ alpida (m
0 Density (kg m™) 300 M small _ , o ( )
€ 100 20 40 60 - 20
E _ , ~ _ 10
< Distance from shore (km) < —100
Q. 200 =
3 isohaline & —200
~300 o 0O _300 0 -
----- isopycnal o 3
0 | wwm  Chlorophyll (mg m™) Rhizaria (m™)
£ 100 = 10 i
< ~ -100 5 s,
o 200 2 200 G
O 300 o 0 _r
0O _300 —
0 Oxygen (umol kg™") 20 40 60
€ 100 I 330 Distance from shore (km)
- 300
=
“
O 300

20 40 60
Distance from shore (km)



Depth

Depth (m)

m)

p —

Depth

February: Start of the plankton bloom

"B
-100
—-200
-300

| I

W N
- o
o o

o

-300

-100

-200

-300

20 40 60

Distance from shore (km)

Temperature (°C)

20
18
16
14

Salinity

38.6
38.4
38.2

Density (kg m‘3)

29.0
28.5
28.0
27.5
27.0

wwm  Chlorophyll (mg m™)

2
1

Oxygen (umol kg‘1)

330
»
270

240

Depth

m)

p —

Depth

-100
—-200
-300

PC1
W high

. low

PC2
. ::ky Size

40 60

Distance from shore (km)

isohaline

isopycnal

).+ Abundance

Depth (m) Depth (m) Depth (m)

Depth (m)

-100
-200
-300

-100
-200
-300

-100
—-200
-300

-100
-200
-300

Copepoda (m™)
100

I 10 L
O —

Appendicularia (m'3)
30

e "
. L .[v
10 sy ;
. ,J;"
0

Salpida (m™)
20

II 10
0

Rhizaria (m™°)

10 ‘;

5 4
a 5
-8
ar
.
MLy

Distance from shore (km)



February: Start of the plankton bloom
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March: A wind mixing event

PC1 ; Copepoda (m ’3)
0 Temperature (°C) . 0 \/l V o e Ab":]?g?]ance & 100
~100 20 5_100 / - = -100 0
200 18 = Q -200
- 16 Q. -200 @
‘e D 0 _300
~300 O . 1 u low _3
| Appendlcularla (m™)
0 Salinity | i g_Cz = o
Y ". IZe N FE “.‘\.
100 38.6 € Jl A B large = 100 y 10 ey
-200 38.4 — —100 L B 200 gy
38.2 = 3 O
~300 ' % -200 & . A ~300
Q e small I
_ : |
0 Density (kg m™°) 300 . Salpida (m
~100 29.0 20 40 60 = 20
! gg.g Distance from shore (km) < —100 10
200 28.9 :‘; ~200
: : -3
0 _ Chlorophyll (mg m™) Rhizaria (m ™)
— 0
100 s 1% 0 ik
2 ~ -100 5 K, |
—-200 1 5 . L
Q. 200
~300
0O _300 . —
0 Oxygen (umol kg‘1) 20 40 60
100 330 Distance from shore (km)
-
-200 270
240
~300

20 40 60
Distance from shore (km)



March: A wind mixing event
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March: A wind mixing event
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June: A “cleaned up” water mass
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June: A “cleaned up” water mass
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June: A “cleaned up” water mass
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Gradient boosting to predict the basin-scale distribution of organisms
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Gradient boosting to predict the basin-scale distribution of organisms
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Gradient boosting to predict the basin-scale distribution of organisms
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Gradient boosting to predict the basin-scale distribution of organisms
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Gradient boosting to predict the basin-scale distribution of organisms
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Eucaryotic plankton and carbon flux
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The ocean observation and monitoring landscape

[1 The Ef, in France (and in fil(efravche)




(Some of the) Observation infrastructures
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Observation vs monitoring
(observation vs surveillance)

Definition of indicators for assessments under the
Marine Strategy Framework Directive (MSFD)

Plankton is considered under the categories “pelagic
habitat” (PH), “food webs” (FW), and “non-indigenous
species” (NIS).

Cross-linking plankton indicators to
better define GES of pelagic habitats

EcApRHA Deliverable WP1.4



Observation vs monitoring
(observation vs surveillance)

Definition of indicators for assessments under the
Marine Strategy Framework Directive (MSFD)

Plankton is considered under the categories “pelagic
habitat” (PH), “food webs” (FW), and “non-indigenous
species” (NIS).

PH1/FW5: change in plankton communities = index
based on pairs of taxa

PH2: change in plankton biomass = anomalies in time
series

PH3: change in plankton diversity = richness (Menhinick),
dominance (Hulburt), B-diversity

NIS3: trend in the number of recorded non-indigenous
species = cumulative sum

Small copepods and large copepods

Size-based indicator of food web structure and
energy flow

Gelatinous zooplankton and fish larvae/eggs

R

e

Indicator of energy flow and possible trophic
pathways

Crustaceans and gelatinous zooplankton

Indicator of energy flow and possible trophic
pathways

Phytoplankton and non-carnivorous zooplankton

Indicator of energy flow and balance between
primary producers and primary consumers

Holoplankton and Meroplankton

Indicator of strength of benthic-pelagic coupling
and reproductive output of benthic versus pelagic
fauna



Ongoing zooplankton series in Villefranche

Station Size Site(s) Start Depth Frequency Identification
VIfr 200um  SOMLIT Point B 1995 75,0]m weekly zooscan + identification ~100 taxa
2017 75, 0lm oi-monthly  microscope ~ 200 taxa (and stages)
2023 75, 0]m oi-monthly  metabarcoding
DYFAMED 2018 1/200,0lm  monthly zooscan + identification ~100 taxa
MOOSE-GE 2015 200, 0]m yearly zooscan + identification ~100 taxa
330um SOMLIT PointB 1966 bi-monthly zooscan + identification ~100 taxa

700um SOMLIT PointB 1995 weekly zooscan + identification ~100 taxa
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Unsupervised clustering in a morphological space
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Unsupervised clustering in a morphological space

A under ice bloom ice edge bloom late bloom

Ice algae Diatoms Phaeocystis
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Imaging for high resolution sampling across a front

Cold, salty

Panaiotis et al, in review



Mesoscale structure and submesoscale subduction
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Mesoscale structure and submesoscale subduction
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Consequences for phytoplankton
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Non random distribution and orientation,
yet displacement by sub mesoscale vertical flow




Non random distribution and orientation,
yvet displacement by sub mesoscale vertical flow
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Non random distribution and orientation,
yet displacement by sub mesoscale vertical flow
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Non random distribution and orientation,
yet displacement by sub mesoscale vertical flow
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Non random distribution and orientation,
yet displacement by sub mesoscale vertical flow
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Non random distribution and orientation,
yvet displacement by sub mesoscale vertical flow
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Measurement of inter-individual distances...
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Measurement of inter-individual distances...
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Measurement of inter-individual distances...
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... allows the detection of
gregarism in situ

Organisms are closer to one another than would be
expected by chance, both within each group (a) and
between groups (b).

Except for Oithona <> Ctenophora: predator avoidance?

A simple attraction model (distance: 10 cm,
displacement: 2 mm) reproduces the observations well

The displacement is realistic; the sensory field is much
larger than expected

Null — plankton quant. (cm)

Null — plankton quant. (cm)
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... allows the detection of
gregarism in situ
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The displacement is realistic; the sensory field is much
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