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Introduction
Biology, physics and gravity interact to pum p 

organic carbon into the deep sea. The processes of fixa
tion of inorganic carbon in organic m atter during pho
tosynthesis, its transform ation by foodweb processes 
(trophodynamics), physical mixing, transport and grav
itational settling are referred to collectively as the "bio
logical pum p" (Figure 1). W hen the Global Ocean Flux 
Study (GOFS) began in 1984 in the U.S., followed in 
1987 by the international Joint Global Ocean Flux Study 
(JGOFS), several ideas about the functioning of fhe bio
logical pum p formed the conceptual core of the fledg
ling program:

♦ The biological and physical processes in fhe 
ocean that control the air-sea carbon dioxide 
(CO2) balance are key factors in the planetary 
climate system.

♦ The efficiency of the biological pum p, 
expressed as the am ount of carbon exporfed 
from  the surface layer divided by the total 
am ount produced through photosynthesis, is 
determ ined by foodweb processes.

♦ Pum p efficiency and export processes can be 
m onitored and understood through a global 
netw ork of sedimenf fraps and safellite sensors, 
informed by process studies and models.

In this article, we review the antecedents of JGOFS 
fhoughf on fhe relationship between biological process
es and  carbon export and  highlight some JGOFS 
achievements. We then look ahead to suggest w here the 
field is headed and what the major problems are now, 
after more than a decade of m ultidisciplinary research 
in JGOFS.

Historical And Theoretical Background
In 1979, Richard Eppley a biological oceanograph

er, and Bruce Peterson, a limnologist, published in 
Nature a synthesis of esfimafes of prim ary production

and new production rates from  several locations in the 
coastal and open Pacific Ocean. They also demonsfrafed 
fhat the flux of particles out of the surface layer, as meas
ured by sedimenf traps, generally approxim ated the 
large-scale rate of new production. In 1967, Richard 
Dugdale and John Goering had defined new  production 
as the fraction of fhe overall net prim ary production that 
was supported by external, or "new" inputs of nutri
ents. They focused on nitrate in deep ocean w ater sup
plied to the euphotic zone by vertical mixing and 
upwelling as the principal new  nutrient, bu t they did 
explicitly identify Nj fixation as a potential source of 
new  nitrogen (see Michaels e t al., this issue). They also 
highlighted sinking particles as the major pathw ay for 
exporf in fhe oceanic nifrogen budgef. Buf if was Eppley 
and Peterson (1979) who articulated the paradigm  that 
came to govern ocean flux studies over the coming 
decades:

We estimate the sinking flu x  of POC [Particulate 
Organic Carbon] in the deep ocean by assuming that 
new production, as defined by Dugdale and Goering, 
is quantitatively equivalent to the organic matter 
that can he exported from the total production in the 
euphotic zone without the production system run
ning down (Eppley and Peterson, 1979, p. 679).
Eppley and Peterson also defined fhe rafio of new fo 

total production as the f-ratio and showed that f was an 
asymptotic function of the m agnitude of total produc
tion. This relationship provided an explicit link between 
rem otely-sensed prim ary production  rates and  the 
ocean carbon cycle. If total p roduction could be estimat
ed from remofely-sensed properfies, one could apply 
the Eppley-Peterson algorithm  and calculate the export 
rates as functions of time and space. The f-ratio thus 
provided both a m eans to define fhe efficiency of fhe 
biological pum p quantitatively and a step tow ard quan
tifying fhe functioning of fhe pum p on a global scale.
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Figure 1. Components of the "biological pum p" are responsible for transforming Dissolved Inorganic Carbon (DIC) into 
organic biomass and pumping it in particulate or dissolved form into the deep ocean. Inorganic nutrients and Carbon 
Dioxide (CO 2) are fixed during photosynthesis by phytopiankton, which both release Dissolved Organic M atter (DOM ) and 
are consumed by herbivorous zooplankton. Larger zooplankton-such as copepods, egest fecal pellets -  which can be reingest
ed, and sink or collect with other organic detritus into larger, more-rapidly-sinking aggregates. D O M  is partially consumed 
by bacteria (black dots) and respired; the remaining refractory D O M  is advected and mixed into the deep sea. D O M  and 
aggregates exported into the deep water are consumed and respired, thus returning organic carbon into the enormous deep 
ocean reservoir of DIC. About 1% of the particles leaving the surface ocean reach the seabed and are consumed, respired, or 
buried in the sediments. There, carbon is stored for millions of years. The net effect of these processes is to remove carbon in 
organic form from the surface and return it to DIC at greater depths, maintaining the surface-to-deep ocean gradient of DIC 
(inset graph at lower right). Thermohaline circulation returns deep-ocean DIC to the atmosphere on millennial timescales.

A t the kick-off GOFS w orkshop sponsored by fhe 
U.S. N ational Academ y of Sciences, Bruce Frosf (1984) 
gave a  seminal talk show ing how foodweb structure 
and processes could influence the am ount and fraction 
of production exported - in other words, how  foodweb 
structure governed the f-ratio. Using a simple, steady- 
state m odel (Figure 2) and m aking simple assum ptions 
about the partitioning of prim ary production betw een 
dissolved and particulate m atter and am ong various 
size classes of grazers, Frost show ed how  the f-ratio 
and e-ratio (ratio of sinking flux to prim ary produc

tion) varied as functions of fhe pafhw ays by which 
nitrogen flowed am ong differenf organisms—phyfo- 
plankton, large and small grazers and bacteria.

Frost's "simple" m odel w as unique af fhe time 
because if included dissolved organic m atter flows (see 
Hansell and Carlson, this issue) and bacteria. It also 
pointed ou t fhe im portance of fhe recycling of defrifal 
m aterials in the efficiency of the pum p. Finally, his 
m odel show ed how fhe sometimes vague term  "food
web structure" could be described quantitatively in a 
system of linear equations. Another im portant lesson
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learned from this type of m odel was that the m agni
tude of exporf in quasi sfeady-sfate systems is set by 
the level of new  production and by physics, rather than 
by the foodweb per se (Figure 2).

These two early contributions provided im portant 
core concepts that JGOFS has depended upon right up  
to the present: a quantitative relationship betw een new 
and total production and  the linkages am ong foodweb 
structure, biological pum p efficiency and export.

Limiting Nutrients And  
Large Cells

A n interesting example of 
fhe role of foodweb sfrucfure is 
p rovided by the case of the 
d iatom s. A second look at 
Frost's diagram  shows that this 
m odel em phasizes the micro
bial "background state" of 
plankfonic sysfems, fhe near 
steady-sfate assem blage of 
small-celled plankfon kepf in 
check by small, rapid ly  grow
ing m icrograzers. But phyto
p iank ton  bloom s are often 
dom inated  by  larger-celled 
organism s w hose g row th  is 
stim ulated by  inputs of new  
nutrients. In add ition  to the 
familiar blooms each spring in 
fhe fem perafe zone and  fhose 
caused by  coastal upw elling, 
blooms are also triggered by 
aeolian inputs of iron, as shown 
in recent dram atic iron-fertiliza- 
tion experim ents (Coale et al.,
1996). M ost plankton variability 
appears to be driven by diatom  
blooms, w hich are lim ited by 
inpu ts  of silicon rather than  
nitrogen. D iatoms are im por
tan t for several reasons. Wifh 
m ineralized , siliceous shells, 
fhey sink like rocks. Because 
they are large, they support the 
grow th of larger zooplankton.
For exam ple, the m assive 
d iatom  blooms in the ice edge 
su rro u n d in g  A ntarctica con
tribute to pulsed  export events 
in that region (Figure 3).

equivalent, export production. One common m ethod 
m entioned w as bottle incubation experiments using 
com pounds labeled w ith the “N isotope as a tracer for 
esfimafing new  production, introduced by Dugdale 
and Goering (1967). Another was the use of upper- 
ocean sedim ent traps to m easure particle flux or export 
production, w idely applied by John M artin and his col
leagues in the Vertical Transport and Exchange (VER
TEX) program  of the 1980s. An alternative approach

M easuring the Strength 
o f the BioTogical Pump

A t the beginning of JGOES, 
Eppley (1989) sum m arized four 
general approaches to m easur
ing new  production  and  its
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Figure 2. Foodweb model from Frost (1984) showing the influence of foodweb struc
ture on export efficiency (proportion of export to total production). This represents 
Frost's Scenario 2, in which phytopiankton, dominated by small cells, release 10% of 
the photosynthesized material as Dissolved Organic M atter (DOM ); the rest is con
sumed by microzooplankton. Solid arrows represent particulate fluxes; dashed 
orange arrows, flows of ammonium; and dotted arrows, flows of DOM . The numbers 
show flows resulting from a unit input of new nitrogen (nitrate or N O J  at steady 
state. No D O M  export is included in this model. The f-ratio is I fS .S l, or 0.3. The 
particle export balancing the NO^ input includes sinking particles plus emigration 
or harvest of the large predator production (0.22). Changing the proportion of pri
mary production (PP) released as D O M  from 10/90 to 50/50 increases the total pri
mary production 507o to 5.1 and reduces the e-ratio by 35% to 0.15. This is because 
total export stays constant while total PP increases. Changing the D O M  supply 
merely alters the relative amounts of bacteria and bacteriovores consumed by micro
zooplankton, while their total consumption stays the same. Assum ing that all her- 
bivory is accomplished by the small predators reduces the total PP to 2.1 and increas
es the f-ratio and e-ratio to 0.47 and 0.37 respectively. The sinking term stays 
constant. The only way to increase the absolute amount of export at a steady state is 
to increase the new production, which is usually controlled by physical factors. The 
maximum f-ratio for this system is attained when there is no D O M  release by phy
topiankton and all PP is eaten by the small predators. (This diagram includes the 
effects of recycling, neglected in Frost's original model).
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was to use seasonal changes in 
oxygen or nutrient stocks to 
examine regional trends in geo
chemical balances, from  which 
one could  d raw  inferences 
about net fluxes into or ou t of 
fhe surface ocean. These geo
chemical balance m ethods inte
grated over all forms of carbon 
fransporf, inc lud ing  parficle 
settling, active zooplankton 
m igration  and  the  physical 
m ixing of Parficulafe and 
D issolved Organic Carbon 
(POC and  DOC).

The fourth  m ethod  for 
m easuring the strength of the 
biological pum p involved the 
use of a naturally  occurring 
particle-reactive radionuclide, 
thorium -234, as a tracer for 
sinking particles. Thorium-234 
(234Th) has a half-life of 24 days 
and is produced af a consfant 
rate from its soluble parent u ra
nium-238 ("=**U). Lower ™Th 
activity in surface waters was 
found to be associated w ith 
higher rates of ^^Th loss via 
sinking particles. As sum m a
rized by Eppley, POC export 
could be calculated by m ulti
plying the particulate ““Th residence time by the stocks 
of POC, assum ing equal parficle residence fimes, an 
assum ption that was not supported  by further field 
studies.

The first JGOFS pilot study in the N orth  Atlantic in 
1989 included a new ™Th approach (Buesseler et al., 
1992). With this new  m ethod, the calculation of the 
^^Th flux w as based on fhe m easured fofal disequilibri
um  betw een ^^Th and as in prior studies. The 
resulting flux w as then m ultiplied by the empirically 
m easured ratio of POC fo ™Th or Parficulafe Organic 
N itrogen (PON) to “̂Th on particles to determ ine flux 
in carbon or nifrogen unifs.

In fheory the '"^Th m ethods should yield particu
late flux values equivalent to those derived from  trap 
m easurem ents if fhey are infegrafed over fhe same 
space and  time scales, as both should be w hen quanti
fying gravitational settling rates. The apparen t discrep
ancy betw een ™Th values derived from wafer-column 
m easurem ents and the ™Th levels m easured in trap 
fluxes stim ulated controversy early in the JGOFS 
decade. Investigators are still debating the extent of 
biases in shallow -trap m easurem ents, and it is no t cer
tain w hether a calibration derived from ™Th measure- 
menfs can be applied fo all parficle classes. We still do 
not know  under w hat conditions and particle regimes 
traps are accurate, and  w hether sedim ent trap  biases

J
ll-M D r-lM ? lS M u ri-l«T

Oigonic Cnrban
Dale

Figure 3. Annual cycle of fluxes sampled at WOO m by sediment traps in the 
Southern Ocean. Pulsed export of biogenic silica (blue bars) and organic carbon 
(red bars) is associated with seasonal diatom blooms south of the Antarctic Polar 
Front (data from Honjo et a l ,  2000).

are prim arily the result of the flow of w ater over, in and 
out of fhe frap moufh; sam ple preservafion problems; 
or the collection of "sw im m ers", zooplankton that 
sw im  into the traps and  die.

JGOFS provided a forum  for discussion of fhese 
issues in two publications, one U.S. and  one interna
tional (Knauer and Asper, 1989; Gardner, 2000). The 
'^Th m ethod is lim ited prim arily by its use of empirical 
ratios of FOG to “̂Th in sam ples collected on filters that 
m ay or m ay not reflect the majority of particles respon
sible for gravitational settling losses. The strongest evi
dence in support of the new  ®̂*Th m ethod is the consis
tency betw een ^^Th-derived export num bers and  other 
estim ates of new  and export production (Buesseler, 
1998). W ith im provem ents over the years, this 
approach has been used in every U.S. JGOFS time- 
series and  process study.

W hen com paring m ethods for ascertaining new 
and export production, it is im portant to keep issues of 
time and space scales in  m ind. For example, incuba
tions last for 24 hours, buf fraps are deployed for a 
num ber of days or weeks. One m usf also bear in m ind 
the differences in the processes that each m ethod actu
ally m easures, w hether gravitational settling, nutrient 
uptake or DOC transport. A review of new  production 
m ethods suggested that differences of less than a factor 
of two are difficult to resolve in general (Duckiow,
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Figure 4. Sum m ary plot of primary production (determined by standard “C methods) vs. Particulate Organic Carbon (POC) 
flux  from the upper ocean (100 or 150 m fluxes determined using ™Th methods). Ratios of POC flu x  to primary production 
("ThE" ratio) for 50%, 10% and 1% are shown. (Figure updated from Buesseler, 1998).

1995). Future studies will benefit from im provem enfs 
in trap  design, tracer m ethods such as ’“ Th and optical 
m ethods tha t quantify particle abundance and com po
sition. W ith im proved compilations of global ocean 
data sets, m ean annual estim ates of new  production 
using seasonal oxygen and nutrient changes can be 
com puted more reliably.

Efficiency o f the Biological Pump
A n early goal of JGOFS w as to understand both 

seasonal and  regional variability and the controls on 
the efficiency of the biological pum p. Pre-JGOFS stud 
ies suggested some universal or at least regional rela
tionships in  the ratios of new  or exporf producfion fo 
prim ary production. But U.S. JGOFS data from the 
time-series program s near Bermuda and Hawaii and 
the process studies provided evidence that the efficien
cy of the biological pum p w as not easily param eterized 
and varied considerably between sites and w ithin sea
sons at any one site. Data from fhe time-series sites 
suggest tha t prim ary production and sedim ent-trap 
fluxes are poorly or even negafively correlafed. Af 
Hawaii, David Karl and his coworkers observed an 
order of m agnitude variability in their 150 m  sedim ent 
trap  record, plus unexpected decoupling of prim ary

production and export. Their data show a three-year 
decrease in POC flux that coincides w ith a steady rise 
in prim ary production w ithin the norm al range of sea
sonal variability a t the H aw aii Ocean Time-series 
(HOT) study site. They suggest that transient biological 
processes such as d iatom  bloom s and a major ecosys
tem  change from nitrogen to phosphorus lim itation 
m ay be responsible for changes in fhe exporf/p roduc
tion ratio (see Karl et al., this issue).

The existing “̂Th-based flux data suggest that 
while m uch of fhe ocean is characferized by low  rela
tive ratios of export to production, the locations and 
times of high exporf coincide w ith locations and times 
of large phyfoplankfon blooms-diafoms in parficular 
(Figure 4). One example suggesting that d iatom  blooms 
control export comes from the Arabian Sea, where the 
POC flux rem ains relafively low, excepf in  lafe sum m er 
during the annual southw est (SW) m onsoon (Figure 
5a). M easurem ents throughout the year suggest a posi
tive relationship between export flux and  fhe abun
dance of diatom s, as m easured by levels of the pigm ent 
fucoxanthin (Figure 5b). The shift tow ards higher POC 
flux during  the late SW m onsoon corresponds to a 
change in the relationship betw een export rates and 
pigm ent concentrations. The efficiency of the biological
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pum p appears to increase, as 
evidenced by the higher export 
rates for a given diatom  pig
m ent concentration. Also, in 
the A rabian Sea, the seasonal 
data show  delays greater than  a 
m onth  betw een the onset of 
producfion af fhe sfarf of fhe 
m onsoon and exporf.

The time lag betw een the 
uptake of nufrienfs and  subse- 
quenf exporf is one characferis- 
fic of p lankfon  bloom s fhat 
m ust be considered in ecosys
tem  m odels and in balancing 
local estim ates of new  and 
export producfion. O ur 
Arabian Sea data support the 
hypothesis that large cells con
trol the efficiency of the biolog
ical pum p in this context, but 
they do not provide a universal 
"calibration" that can be used 
to extrapolate to other areas 
and tim es in which this simple 
relationship is not seen. Such 
d ata  alone do  no t tell us 
w hether the export flux is con
trolled by zooplankton grazing 
pressures or by nutrient lim ita
tion followed by aggregafion 
and seffling. While we know 
from sedim enf frap dafa fhat 
particle fluxes decrease rapidly 
w ifh depfh  befw een the 
euphotic zone and 500-1000 m, 
we have little knowledge of fhe 
processes fhaf control this rem 
ineralization  patte rn  (see 
Berelson, this issue). Microbial 
decom position, zooplankton  
consum ption and chemical dis
solution are all likely to alter 
the local efficiency of fhe bio
logical pum p.

The Role o f Zooplankton
Zooplankfon play a well-docum enfed role in fhe 

biological pum p by feeding in surface wafers and  pro
ducing sinking fecal pellefs. Vertically m igrating zoo
plankton and nekton also play an im portant role in 
transport by consum ing organic particles in the surface 
w aters a t night and  m etabolizing the ingested food 
below the m ixed layer during  the day. One significant 
contribution of fhe JGOFS program  is an increase in 
our undersfanding of how  passive sinking of fecal pel
lefs and  active transport via diel vertical m igration 
affect patterns and  m agnitude of fluxes of carbon and 
associated elements from fhe surface fo fhe deep ocean.
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Figure 5. a) Relationship between primary production and Particulate Organic 
Carbon (POC) export derived from measurements at 100 m in the Arabian 
Sea. Note high ratio of POC flu x  to primary production in A ugust and September, 
h) Relationship between '^Th export and fucoxanthin (diatom) pigments, showing 
higher ratio of ^^Fh export to fucoxanthin flux  in A ugust and September during  
the latter part of the southwest monsoon.

Passive Sinking of Fecal Pellets
While if is clear fhat m uch of fhe carbon in fhe 

ocean is recycled through the microbial food web, 
potentially leaving little energy in the form  of food for 
mefazoa, larger organism s are more im portant than 
small for exporf because of fhe high sinking rates of 
large cells and fhe short food chains fhaf produce large 
sinking particles. Thus fhe zooplankfon play an  integral 
role in the flux of m aterial out of fhe euphotic zone by 
consum ing fhe larger phytopiankton and producing 
sinking fecal pellefs.

Changes in zooplankfon biom ass and composition 
can dram atically affect the com position and sedim enta
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tion rate of fecal pellefs and thus the export of organic 
m aterial to the deep ocean. Results from JGOFS show 
differences in  the im portance of fecal pellet flux from 
one ocean basin or season fo another. In the Arabian 
Sea, the grazing of m esozooplankton is significant, and 
the fecal pellet flux averages 12% of prim ary produc
fion. This high proportion is linked to high zooplank
ton biomass, an abundance of large diatom s, and w arm  
tem peratures that lead to high zooplankton grow th 
rates (Roman et al., 2000). Estimated fecal flux during 
the northeast (NE) m onsoon and interm onsoon is h igh
er than the m easured export flux, indicating some recy
cling in  the surface waters, b u t makes a smaller contri
b u tion  d u rin g  the SW m onsoon, w hen  uneaten  
phytopiankton cells contribute more to the flux.

In the equatorial Pacific, com parisons of data col
lected in the subtropical oligotrophic gyre and in  the 
m esotrophic H igh Nutrient-Low  Chlorophyll (HNLC) 
equatorial region show that m esozooplankton biom ass 
is on average 2.5 tim es higher, and  fecal pellet p roduc
tion is roughly 2 times higher in the HNLC region. This 
contrast indicates a com paratively larger contribution 
of fecal pellefs to the sinking flux in fhe HNLC equafo- 
rial Pacific (Le Borgne and Rodier, 1997). Esfimafes 
indicate tha t m esozooplankton fecal pellets contribute 
up  to 100% of fhe sinking POC flux in fhis region (Dam 
et al., 1995). Com parisons of data collected at the U.S. 
JGOFS HOT and the Berm uda Atlantic Time-series 
(BATS) sites, both located in oligotrophic regions, show 
on average, a higher annual contribution of fecal pel
lets to total flux at the HOT site than at the BATS site. 
This difference is probably associafed wifh the higher 
m esozooplankton biom ass and grow th rates at the 
HOT site (Roman et al., in  press).

Figure 7. Size comparison of salp fecal pellets with those 
of other common zooplankton taxa.

Zooplankton biomass alone is not necessarily a 
good predictor of flux; the species composition of fhe 
resident com m unity can have a dram atic effect on the 
efficiency of fhe biological pum p. For example, there is 
a positive bu t w eak relationship betw een m onthly zoo
plankton biom ass and  organic carbon flux at the BATS 
site (Figure 6). Analysis of fhe bloom  dynam ics of salps 
(large gelatinous pelagic tunicates) in the 10-year BATS 
record indicates that salps consum e on average 4% of 
the prim ary production, b u t that fecal pellets from 
salps can constitute an average of 33% (with a maxi
m um  of 100%) of fhe sedim ent trap  flux at 150 m.
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Figure 6. Zooplankton bbrnass (mg C in 0-200 m) vs. 
Particulate Organic Carbon (POC) flux  at the U.S. 
fGOFS Bermuda A tlantic Time-series Study (BATS) 
site. Data are from April 1994 to December 1998.

Figure 8. Common vertically migrating zooplankton 
and micronekton at the U.S. fGOFS Bermuda Atlantic  
Time-series S tudy (BATS) site, a) Copepod Pleuro- 
mamma xiphias; h) Amphipod Anchylomera blos- 
sevillie; c) Euphausiid Thysanopoda aequalis; and d) 
Sergestid shrimp Sergestes Atlanticus.
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Although salps are ubiquitous in the global ocean 
at generally low densities, periodic blooms give rise to 
dense populations. Due to the high filtration rates of 
salps and  fhe w ide range of suspended particles they 
are able to consume, salps effectively package small 
particles into large. As a result, the large and  heavier 
particles or fecal pellefs sink rapidly (Figure 7). In the 
southern ocean, large blooms of Salpa thompsoni exerf 
grazing pressure orders of m agnitude higher than the 
resident copepod populations; this grazing is high 
enough to prevent the b u ildup  of phyfoplankfon 
bloom s (D ubischar and  Bafhm ann, 1997). Thus, 
changes in fhe relafive abundance of zooplankfon 
species, nof only increase in biom ass alone, m ay d ra 
m atically affect: the am ount of prim ary production 
consum ed; the com position and sedim entation rate of

Table 1

Studies to d a te  m easuring  the ratio of dow nw ard  transpo rt of carbon  by  diel m igrating zooplankton to 
gravitational particu late o rgan ic  carbon  (POC) fluxes m easured  by  sedim ent traps (updated  from 
S teinberg  et al. 2 0 0 0 ). M igrating biom ass is the in tegrated  night minus d a y  zooplankton b iom ass in 
the surface 150  meters. M igrato ry  flux is the am ount of dissolved C respired  o r excreted by m igrating 
zooplankton  below  150 m o r the depth of the euphotic zo n e . % of m ean POC flux = (m igratory flux/ 
sed im ent tra p  flux a t  1 5 0  m o r  the depth of euphotic zone) X 100%. M ean , an d  ra n g e  (given in 
parentheses). Flux d u e  to m ortality a t depth is not included here , although it is estim ated in som e stud
ies. D ata not listed here w ere  not provided, o r  unclear, in reference

Location of study 
and time of year

Migrating biomass 
(mgC m i

Migratory flux 
(mgC m^ d a y i

% of mean 
POC flux Reference

Subtropical & 
tropical Atlantic- 
several stations 
(Septem ber)

5 .5  (2 .8 -8 .8 ) 6  (4 -1 4 ) 1

BATS
(M arch/A pril)

191 (8 2 -5 3 6 ) 14 .5  (6 .2 -4 0 .6 ) 3 4 ( 1 8 - 7 0 ) 2

Equatorial Pacific: 
(M arch/A pril) 
(O ctober)

96
155

4 .2
7 .3

18
25

3

Equatorial Pacific: 
oligotrophic 
HNLC a re a  
(S ep tem ber/O ctober)

4 7
53

3 .8
7 .9

8
4

4 ,5

North Atlantic 
(NABE)

(5 -4 8 0 ) (1 9 -4 0 ) 6

BATS (year-round) 5 0  (0 -1 2 3 ) 2 .0  (0 -9.9) 8 (0 -3 9 ) 7

HOT (year-round) 142 3 .6  (1 .0 - 9 .2 ) 15 (6 -2 5 ) 8

References: 'Longhurst e t al. (1 990) Deep-Sea Research, 37(4): 6 8 5 -6 9 4 , O a m  e t al. (1995) Deep-Sea 

Research, 42(7): 11 8 7 -1 1  9 7 , ^Zhang an d  Dam (1 997) Deep-Sea Research II, 44 : 2191 -2 2 0 2 . ,  
T eB orgne an d  Rodier (1 997) Deep-Sea Research II, 44 : 2 0 0 3 -2 0 2 3 , ^Rodier an d  Le Borgne (1 997), 
Deep-Sea Research II, 44 : 2085-211  3 , ^M orales (1 999) Journa l o f  Plankton Research, 21:
1 7 9 9 -1 8 0 8 ,  ^Steinberg et al. (2000) Deep-Sea Research I, 47 : 1 3 7 -1 5 8 , *Al-Mutairi a n d  Landry 
(2001) Deep-Sea Research II, 4 8 : 2 0 8 3 -2 1 0 3 .

sinking parficles; and fhe flux of organic maferial to fhe 
deep ocean.

Active Export Via Zooplankton Vertical 
M igration

M any species of zooplankfon fhaf live below fhe 
euphotic zone during  the day, travel u p  into the surface 
wafers af night to feed, and  then descend again before 
daw n (Figure 8). Zooplankfon can actively increase fhe 
m agnitude of the export of organic m aterial by trans
porting surface-ingested maferial in their guts to deep 
w aters, w here this m aferial is then  m etabolized. 
Zooplankfon m olting or m ortality from predation also 
contributes to fhe transportation of assimilated organic 
biom ass into the deep waters. Initial studies by Alan 
Longhurst and  colleagues (1990) called attention fo fhe

potential im portance of 
this process. Since then, 
JGOFS and other studies 
have concluded that cal
culations of export to 
deep  w aters should  
include vertical m igra
tion. Including the active 
transport of carbon and 
nitrogen through vertical 
m igration increases our 
estimates of new  produc
tion  by  increasing esti
m ates of export.

By viewing Table 1, 
you will see w hy vertical 
m igration  can increase 
estimates of export. Table 
1 show s the stud ies of 
active transport to date, 
m ost of which have been 
carried ou t th rough  
JGOFS. These observa
tions dem onstrate  tha t 
vertically m igrating zoo
plankton can transport a 
significant am ount of car
bon to deep water.

W hile active tran s
port of carbon is on aver
age only 4% to 34% of the 
sinking particulate organ
ic carbon flux m easured 
by sedim ent traps, it can 
be as high as 70% (Table 
1). The relative im por
tance of m igration versus 
other fluxes, such as the 
physical m ixing of d is
solved organic m atter or 
the passive sedim entation 
of organic particles, dif
fers w ith the biomass of
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the m igrating organisms, the study  location and  the 
season. A lthough one m ight expect m igrant flux to be 
m ore im portant in oligotrophic regions where a high 
proportion of zooplankton m igrate and particle fluxes 
are relatively low, this is not always the case. Active 
flux at the oligotrophic BATS and HOT sites is general
ly lower or similar to fluxes in more mesotrophic 
regimes such as the equatorial Pacific. C om parison of 
the HOT and  BATS data sets reveals higher active flux 
at HOT, in part because of higher m igrating biom ass at 
that site and  in  part because of differences in m etabol
ic rate calculations (Table 1).

We conclude that the relative im portance of m igra
tion versus other fluxes appears to be more closely tied 
to the biom ass of the m igrating com m unity than  to the 
m agnitude of gravitational flux. Thus, active flux is 
likely to be im portant in systems w ith a high m igrating 
biomass. W hile there are a num ber of studies of inor
ganic carbon and nitrogen transport by m igrators, 
there are only a handful that have included other kinds 
of active transport. W hen forms of transport such as 
organic excretion, defecation, m ortality and m olting 
are considered, estimates of acfive fransporf m ay be 
m ore than double the current estimates. These process
es are not well know n and need attention in future 
studies.

C onclusions, M odels And Prospects
The simple relationships am ong production rates, 

sedim entation and  foodweb structure that helped to 
stim ulate the creation of the JGOFS program  now  look 
simplistic and naive. The algorithm s relating produc
tivity and export, used in  global and cross-system com
parisons, break dow n w hen one attem pts to make pre
dictions w ith in  regions and  system s. In tensive 
observations at the U.S. JGOFS tim e-series and  
process-study sites revealed the dependency of these 
relationships on scale and the strong role foodweb 
structure plays in the m agnitude of flux and pum p effi
ciency. The effects of food webs on export fluxes are 
m ediated through conditions that select for the em er
gence of large organism s-such as diatom s, 
Trichodesniiuni, krill and  salps- out of the microbial 
background. These conditions are still crudely form u
lated in carbon cycle models. In order to represent the 
regional and  tem poral variability of export and  its 
com position accurately, m odels need new  levels of eco
logical complexity, including param eterization of ind i
vidual keystone species populations.

N ew  appreciation of fhe role of foodweb sfrucfure 
and  function ing  is linked to new  radioisotopic 
approaches and new  tools developed during  JGOFS, 
used to sam ple surface fluxes a t finer spatial resolu
tions and at higher frequencies, than  can be achieved 
w ith  sedim ent traps alone. The example of export vari
ability illustrates once again that a key JGOFS achieve
m ent has been the m ultidisciplinary cooperation by 
geochemists, microbiologists and ecologists to attack

problem s of carbon flux fogefher- across a specfrum  of 
ocean ecosystems. E

This is U.S. JGOFS Contribution N um ber 684.
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