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The Biological Pump
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Downward flux
due to sinking
cells, detritus,
fecal pellets,
carcasses, or via
diel migration

Recycling vs
sinking depends
on type and size
of particles and
nature of
metabolic
activity
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Variability in C Flux

General parameters affecting
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Community composition affects export

Sinking Flux |

Salpa | =——

Producars

N

Flagallates

I o Nano-— Nal
Baciaria
Autotrophs Auleirophs Autetraphs

-
-
-

™ (=] =

fr [ =

Fig. 4. The salp food web. A modification of the basic web, which adds a new grazer, typified by
salps, that can ingest food from the entire size range of organisms. The wadths of the arrows are i
proportion to the Aows for the 50% salp food web,

Michaels & Silver 1988
Richardson & Jackson 2007

Flumx Minking Flus

Comparison of theoretical
plankton communities:

» significant export
required presence of

‘generalist grazers’ like

salps

 export of picoplankton
may rely on salp feeding

« salps & doliclids in
California Current could
account for 22% of N
export

e patchy occurrence and
variable abundance makes
role hard to sample or
predict



The Ideal Carbon Fluxer

O <]
o ° . Grazers:
« High rates of grazing and
defecation
« Broad particle size and type
selection

« Large population sizes
« Broad geographical distributions

« Rapid population response to
production

« Diel vertical migration
« Sinking carcasses

Fecal Pellets:

« Large and dense

« High sinking rates

« Resistant to degradation
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Salps
Size: individuals 1 to 30 cm, chains to 4 m

Reproduction: alternating sexual & asexual
srmaphroditic, high-fecundity,
ion & survival, no larval stages

Ger__l_é‘f' fion time: weeks to months
Colony: isomorphic individuals, limited
integration, varying chain shapes

Growth rates: high to moderate
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Growth rates: unknown



. Doliolids

Size: individuals < 5 cm, colonies to 2 m

on: 1 sexual & mﬁl!lplp

Reproducti

gl y
I
e

"'dlbnf: lyrphié individuals, complex

| integration, varying shapes

Growth rates: high to moderate
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Appendicularians - ;‘
Size: individuals < 1 ¢cm - AN

Reproduction: sexugl, hermaphroditic,
no larval stages

-'Géﬁr‘ryation time: days - 3

Colony: none
Growth rates: very high | .







Midwater salps and doliolids
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Another underestimated
source of C flux - N




Tunicate grazing characteristics

Group

Feeding Mechanism

Filtering rates

Particle retention

Appendicularians

External filtering house
concentrates food, water
flow by tail beat, mucous
pharyngeal filter to collect
ingest particles

~30 — 1000 ml h?
zooid!

0.6 — 100 pm
colloids too?

basket, ciliary water
pUmping

5.5 -35 | hl colony1

Doliolids Mucous sheet on branchial 0.3 —21 ml h! zooid! Non-selective,
basket, ciliary water particles = 0.2 um
pUmping

Salps Unsupported internal 75 — 1429 ml h! zooid -1 Non-selective,
mucous net, muscular particles = 2.0 pm
water pumping

Pyrosomes Mucous sheet on branchial 4.6 ml h™1 zooid1; Non-selective,

particles = 10.0




Other gelatinous grazers Pelagothuria

Pteropods

Pelagic
holothurians

Particle feeding
polychaetes

(c) 1999 MBARI



Why are the gel S grazers
underestlmat :x,..;.. Fi
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patchy with unpredictable d
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under-represented in z







Multiplication by budd,infg"'ifh_ salps

-~

5

.. .Block2

Block 3




Asexual reproduction by Salpa thompsoni
Aggregate offspring produced per solitary parent

Total aggregates produced
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Mid-Atlantic Bight: Salpa aspera
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Salpa aspera surface swarm at night, Mid Atlantic Bight



Salpa thompsoni around Antarctica

Abundance key, salps
per 20 minute
tow:

Absent
1-100
101-1000
1001-10,000
>10,000
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Species reported to swarm

Species Locations Maximum Density
no. m-3
Dofioleta Mediterranean, Georgia coast, California Current, Senegal 4,000
gegenbauri Coast, Australia
Doliofum Mediterranean, Benguela Current, California Current ~10
denticulatum
Doliolim nationalie | Mediterranean, W, Atlantic, MNorth Sea, Benguela Current 500
Cyclosalpa bakeri Subarctic Pacific 30
Pegea confoederata | Bay of Bengal, Panama coast, Gulf of Aden, Arabian Sea 50
Salpa aspera N, Atlantic 65
Salpa cylindrica Caribbean, Panama coast ~200
Salpa fusiformis Mediterranean, NW Atlantic, NE Atlantic, Gulf of Guinea, 1,000
California Current, MNew Zealand
Salpa thompsoni Southern Ccean ~5
Thalia demociatica | Mediterranean, NW Atlantic, Australia, MNew Zealand, 1,000
California Current
Pyrosoma Mediterranean, NE Atlantic 40

atfanticum




Diel vertical migration by salps

Biglvalume, ml m-2

e ~10 species out of 45 are
known to migrate

e Among the fastest and deepest g
migrating animals ]
e Migrations down to 800 m or -|
more -
e Night concentration in upper o
50-100 m for feeding and
reproduction R

e Reverse migration sometimes
oCcurs '

e Salps hitting bottom can
become prey for benthos - STy T T

I ] n. 4 da —1
e Pyrosomes also migrate Sin. 4 day 2

1 o 1 2 b | 1

Stn 1 day 3
Stn. 2 night

Depth, m




Salps and vertical flux: the basic mechanism
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Primary production, .
microzooplankton, . i

suspended detritus, etc.

e  Filter up to liters/hr Defecation
 Consume particles from 2 pm to 2 mm

*  Produce large, mucus-wrapped fecal pellets
» Grow and reproduce rapidly

 Can form extensive, dense populations

» Some species migrate to 600+ m daily

k 4

Carbon, nitrogen, Chl-g,
Phytoplankton images: Lena won Harbou Oth e r D Ig rn e n tsf Etc .

Slide des=ign: Brennan Phillips



water jet

mucous feeding filter stomach



From food to feces







Pellet Properties

Appendicularians

» Compact, cylindrical '
= 300-500 um long \
Doliolids

= Spheroidal to irregular

« 100 - 800 um long
o C =20% dw

Pyrosomes
»  Fusiform
» 250 pm long

e C=22%dw

Salps

» Flattened, rectangular —
» 1-5mmlong
o C=25%dw




No microscope needed....
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Estimates of fecal production rate
based on lab incubations

A : 5. aspera (Madin et al

5. thompsoni (Phillips, 2007) o pera ( :
__ ‘ 40 *
T =
= 20 -

* * +*
. 0 wtt s
Y 0 . . .
o 20 40 1)
Inclle Elnal Bocky Rass dag & aggrEgatE |Er‘lgth

V. gemini (Madin & Madin) Fecal production for 3 species, as pg C salp® hl
% 1200 . Salpa thompsoni 0.3to 21 ug C
¥ »
g 800 s Salpa aspera: 1to 45 g C
£ 500 —w -
& am Vitreosalpa gemini 0.1to 12 ug C
= 2.00 +
“ ooo P : .

20 ;@ s 8 Specific defecation rates, % body C d!

Length, mm
Mean of 7 species: 11.8 (Madin 1982)

S. thompsoni: 0.5 — 5.7 (Phillips et al
2007)



Pellet sinking velocities
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1. nauplii & copepodites
3. copepods

5. Pontelfa sp.

8. Euphausiids

2. appendicularians
6, 7. Doliolids
9. Corofla (pteropod)

10. salps

4. Unidentified natural

11. Limacina bodies

12. Diatom aggregates

Modified from Fortier et al. 1994, velocity

data from various sources



Sinking rates for S. thompsoni pellets

dnking Velocity (m/day)
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Tunicate Pellet Sinking

Species Pellet length | Sinking velocity Reference
mm m d-!
Blrosoma atianticuim 0.26 51 -89 Drits et al. 1992
Saina fusiformis 0.6 48 - 139 Yoon et al, 2001
Dofioletia gegenbary | 0.16 - 217 59 - 405 Deibel 1990
Oivapletira dioica 0.3 25-518 Gorsky et al 1984
LUrban 1992

Clclosaina affinis 2.27 119 - 593 Yoon et al, 2001
Lnidentified 2=5 400 - 900 Ramaswamy et al. 2005
Cvclosainag pinnata 3-13 320- 950 Madin 1982
fasis zonaria 1.58 790 - 1168 Yoon et al, 2001
Salpa thompsond 0.5-35 200 - 1400 Phillips et al 2007
53ipa maxima 3-7 1210 — 1987 Madin 1982
Pagea socia 3-4 1797 - 2238 Madin 1922




Salp Pellet Degradation

Pellet degradation experiment 150
» pellets from 5 species T Legend
" wgm i —— Feges bicavaaly —|
» initial C content & 1004 —a—  Pogea socia smal]
{:T. —f—  Pogea socia (medum)
. . = (& i [
» incubation 22° C for 1 d = R T
- E —O— Saipa cybndica
e then 5° Cfor9d g8 || crowsapa ams
& g e
g
&
Average results after 10 d: = Q,:j
0 T $ T ;
0 i) 2 4 B 8 10
e 22% C loss Tl
e 31% N IOEE Figure 4. Time course of the loss of particulate carbon from seven groups of salp fecal pellets
during a ten day decomposition experiment.
» 20% sinking speed loss
Caron et al. 1989

A slightly different story for Pvrosoma pellets:
» incubation 23° for 45 h: 59% C loss

» incubation 8° for 11 d: 0% C loss, significant loss of
sinking speed and pigment

Drits et al. 1992




Examples of Fecal Flux
salps and pyrosomes

Species Location Method Abundance Biomass Fecal flux Reference
no. m-2 mg Cm2 | mgCm2d!
5a3ina thompsond | Southern Direct measure n.a. 263 a42.3 Phillips et al, 2007
OCean
5‘5,-{"@5 ﬁ}gmpgm;' Lazarev Sea Estimate from n.a n.a. 0.8 -88 Perissinotio &
grazing Fakhormoy
1997
Salpa aapera ester i Direct meastre f.3. 325 - 5713 5-91 Madin et al. 2006
Atlantic ml mre
Sajpa apers wiestern B Estimate from 5,500 909 8.5- 137 | Wiebe stal 1979
Atlantic hiomass
unidentified Arabian Sea Sediment trap, 200 - 4,500 n.a. 337 TS cel
Th ratio 005
Saipa fusiformis | Ligurian Sea Sediment trap 750 n.a. 576 Morris et al 1988
- 100 m
Saipa fusiformis, | West of Baja Estimate fram 113 - 43,000 2 — 2050 1 - 609 Hereu et al 2006
Fhalia so.. California biornass
Cyelosajpa Subarctic Direct measure 55 - 1,342 76 - 3621 21 -875 Madin et al. 1997
bakari Pacific
Blrosoma Eastern M. Direct measure 8 - 400 f.a. 87 - 1035 Drits ot al. 1992
atlantic

atlanticeim




Flux by giant Appendicularian Houses

Bathochordaeus spp. Produce
mucous houses up to 1 m
diameter

House production estimated at
1 d

Abandoned houses collapse
and sink at up to 900 m d!

Estimated annual flux rate of
7.6 g Cm<yrl

Sinker flux is 50-100% of
sediment trap C flux at
seafloor

Other new species of large
mesopelagic appendicularians
found in recent vears.

(Robison et al 2005)




Roles of Gelatinous Grazers

Rapid and dominant grazing all pelagic
impacts - tunicates, some
High growth and reproduction pteropods

Broad particle selection
High filtration rates

Mixed layer recycling
Fast production of small
fecal pellets and small
appendicularian houses

appendicularians,
doliolids, small
salps, pyrosomes

Vertical flux
Large, fast sinking pellets
resistant to degradation,
accelerated by diel
migration

appendicularians, salps,
pyrosomes

—
—



Some other ecosystem effects

« Competition with other grazers
— Copepods, krill

« Consumption of microzooplankton, larvae
— Protists, nauplii, pteropods

« Substrate and food source
— Microbes on houses, pellets
— Amphipods & copepods as symbionts
— Medusae, fish, turtles as predators

« 3inking carcasses

+ Climate responses and impacts

— |ce effects in Southern Ocean (Loeb et al 1997)
— DMS production? (Kasamatsu et al 2004)



Will salps save the climate?

GEO-ENGINEERING USING SEA-
CREATURES: ANOTHER POTENTIAL FIX FOR

(7 N
ANY GLOBAL WARMING f?;[?@ 0.0 ;?Dj 4

8]8IC NEWS [, ]
NEWS Jellyfish-Like Sea Creatures

Fight Global Warming
Sea creatures'

gslzt;a::iaartrzirr;gtlxes lts Part to mhe RO‘J&[ @&ZQIIQ

Purge Pollution Entrepreneur defends greenhouse gas
removal plan
May 1, 2007
The Energy Challenge :
Recruiting Plankton to Fight Global Lelyshesquish Creentionse Dogma

Warming



Summary points

« Pelagic tunicates are efficient, high-throughput grazers on a wide
range of particles

« &Salps in particular form large, dense fecal pellets that sink at 200-
2500 m d

« Tunicates can grow rapidly and form dense populations under
favorable conditions

« Diel migration to 800+ meters accelerates downward flux

+  Midwater salps, doliolids and appendicularians repackage detritus
and accelerate its sinking

« These processes constitute a natural and ongoing sequestration of
fixed carbon in the ocean

+ Future responses to elevated CO, and/or primary production in the
ocean remain to be observed — but activity of grazers will be
essential for any enhanced sequestration schemes



