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The metabolic carbon requirements and excretion rates of three major zooplankton groups
in the Southern Ocean were studied in February 2009. The research was conducted in
the framework of the ATOS research project as part of the Spanish contribution to the
International Polar Year. The objective was to ascertain the possible consequences of the
predicted zooplankton shift from krill to salps in the Southern Ocean for the cycling of
biogenic carbon and the concentration and stoichiometry of dissolved inorganic nutrients.
The carbon respiratory demands and NH4-N and PO4-P excretion rates of <5 mm size
copepods, krill and salps were estimated by incubation experiments. The carbon-specific
metabolic rates and N:P metabolic quotients of salps were higher than those of krill
(furcilia spp. and adults) and copepods, and as expected there was a significant negative
relation between average individual zooplankton biomass and their metabolic rates, each
metabolic process showing a particular response that lead to different metabolic N:P
ratios. The predicted change from krill to salps in the Southern Ocean would encompass
not only the substitution of a pivotal group for Antarctic food webs (krill) by one with
an indifferent trophic role (salps). In a zooplankton community dominated by salps the
respiratory carbon demand by zooplankton will significantly increase, and therefore the
proportion of primary production that should be allocated to compensate for the global
respiratory C-losses of zooplankton. At the same time, the higher production by salps of
larger, faster sinking fecal pellets will increase the sequestration rate of biogenic carbon.
Similarly, the higher N and P excretion rates of zooplankton and the changes in the N:P
stoichiometry of the metabolic products will modify the concentration and proportion of
N and P in the nutrient pool, inducing quantitative and qualitative changes on primary
producers that will translate to the whole Southern Ocean ecosystem.
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INTRODUCTION
The consequences of human-induced global perturbations in
polar areas are predicted to include significant changes in struc-
ture and function of marine ecosystems (Smetacek and Nicol,
2005; Duarte, 2008; Wassmann et al., 2008), and although their
specific nature is difficult to foretell, it is most likely that smooth
environmental changes could result in non-linear and probably
irreversible ecosystem shifts (Duarte et al., 2012).

Zooplankton play a fundamental role in the transfer and
cycling of biogenic carbon in marine systems, controlling not only
the fraction of primary production available to upper consumers,
but the magnitude and fate of vertical carbon flux (either recy-
cled or sequestered). Zooplankton can also modify the chemical
environment of phytoplankton by increasing the “per cell” quota
of nutrients (i.e., reduction of cell concentration by grazing), and
change the N:P ratio of dissolved nutrients by excreting N and P
at different rates (Sterner, 1986, 1990). In this sense, the inverse
relation between the N:P quotient of the metabolic products of

Arctic zooplankton and temperature has been suggested as one
of the tipping elements that could induce non-linear changes in
the Arctic marine ecosystems by global warming (Alcaraz et al.,
2013).

In the Southern Ocean the major mesozooplankton groups
are copepods, krill, and salps. Krill constitute an essential node,
directly transferring matter and energy from micro auto- and
heterotrophs to upper consumers including birds, fish, seals and
whales (Atkinson et al., 2004; Smetacek and Nicol, 2005), and
recently being also the target of commercial fisheries (Omori,
1978; Constable et al., 2000; Atkinson et al., 2004). From the bio-
geochemical point of view, krill contributes decisively to the ver-
tical flux of biogenic carbon (Pakhomov et al., 2002; Pakhomov,
2004; Tanimura et al., 2008; Ruiz-Halpern et al., 2011) and is an
important source of recycled dissolved organic carbon and iron
(Tovar-Sanchez et al., 2007).

Although the role of salps in the Antarctic food webs and bio-
geochemical cycles is less known, as a source of food for upper
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trophic levels seem to be of minor importance (but see Dubischar
et al., 2012). However, their contribution to the vertical flux of
biogenic carbon is higher than that of krill (Pakhomov et al.,
2002; Pakhomov, 2004; Tanimura et al., 2008), with higher inges-
tion rates and the egestion of larger, faster sinking fecal pellets
(Pakhomov et al., 2006; Ducklow et al., 2012).

Regarding the smaller size fractions of mesozooplankton
(Copepods and furcilia) their role in Antarctic food webs is com-
plex. Although their food include micro auto- and heterotrophs,
copepods and furcilia show a clear preference for heterotrophic
preys (Wickham and Berninger, 2007) and their contribution to
the vertical flux is lower than that of salps or krill, as a large pro-
portion of their fecal material is degraded while sinking (Dagg
et al., 2003). However, their specific rates of carbon demand and
nutrient cycling can be higher than those of krill and salps (Ikeda
and Mitchell, 1982; Alcaraz et al., 1998).

During the last decades the Southern Ocean appears to be
experiencing crucial structural and functional changes (Constable
et al., 2014) that affect particularly the two main planktonic graz-
ers, krill, and salps. All analyzed data on their relative abundance
suggest, aside from a strong inter-annual variability, a sustained
decreasing trend of krill (from 38 to 75% per decade, Atkinson
et al., 2004) and their substitution by salps (Smetacek and Nicol,
2005; Murphy et al., 2007). In the zone west of the Antarctic
Peninsula, for the decade 1993–2004 aside from the alternation
of “salp years” (1994, 1997, 1999) with positive anomalies of krill
biomass (1996, 1998), a constant decreasing tendency to negative
biomass anomalies for krill, in opposition to positive anomalies
for salps, has been also recorded (Ross et al., 2008). The rea-
sons of this community shifts are not clear, but the changes of
krill distribution appear to be related to chlorophyll concentra-
tion (Atkinson et al., 2004; Montes-Hugo et al., 2009) and their
inter-annual variability to the changes in the extent of winter sea
ice (Atkinson et al., 2004; Murphy et al., 2007). The decimation
of baleen whales could also explain the present zooplankton shift
by changes in the recycling characteristics of iron and nutrients
in surface waters (Smetacek, 2008) that would have affected the
structure and function of primary producers and of the whole
Antarctic food web.

In order to ascertain the consequences of zooplankton shifts
for the biogeochemical cycles in the Southern Ocean, we have
analyzed the effects of community structure on the metabolic
demand of biogenic carbon and on the stoichiometry of the
recycled inorganic nutrients. The main objectives were (1) To
determine how the predicted shift will affect the global respiratory
carbon loss by zooplankton, the proportion of primary produc-
tion required to compensate for it, and the carbon vertical flux,
and (2) The changes in the contribution of zooplankton excretion
to the N and P required by phytoplankton, and the N:P propor-
tion of the excreted products. These are basic questions to answer
in a future scenario where krill-salps fluctuations will be more
frequent and salps are predicted to substitute krill.

MATERIALS AND METHODS
STUDY AREA AND ZOOPLANKTON STRUCTURE AND BIOMASS
The study was made in the framework of the ATOS research
project in January-February 2009 on board the R/V “Hespérides”

FIGURE 1 | Map of the area sampled during the ATOS-Antarctic cruise

with the position of the studied stations.

during the ATOS Antarctic cruise (ATOS-II), as part of the
Spanish contribution to the International Polar Year. In a net-
work of stations located in the vicinity of the Antarctic Peninsula
(Figure 1), the abundance, community composition, and indi-
vidual biomass of zooplankton was analyzed on samples obtained
with a double WP-2 net hauled vertically between 200 m depth
(or less in shallower stations) and surface. The volume of water
filtered was measured with a back-stop General Oceanics Flow-
Meter® placed at the mouth of the net at a distance from the
holding ring equivalent to 1/3 of its diameter. The samples cor-
responding to the two nets were mixed and homogenized in
a container, concentrated and fixed in 4% formalin in seawa-
ter (final concentration) for abundance, taxonomic and biomass
studies.

Crustacean zooplankton abundance and biomass as carbon
(“in situ” and in the experimental bottles) was estimated accord-
ing to the biovolume (BV)—zooplankton carbon (Czoo) factor
(Alcaraz et al., 2003). The number of organisms and biovol-
ume (BV) determinations were made with the free-user pro-
gram for image analysis ZooImage® (http://www.sciviews.org/
zooimage) on scanned images of preserved organisms made
with an EPSOM 4990 Photo scanner at 2400 dpi. Organisms
were previously stained in a 0.05% eosin-Y aquatic solution
for 24 h. The BV-Czoo factor conversion used was that given
by Alcaraz et al. (2003, 2010, 2014) for Arctic zooplankton:
1 mm3 BV = 0.08 mg Czoo. In the case of S. thompsoni blas-
tozoids, the individual C contents (CS) was calculated by two
methods: according to the relationships between atrial-oral length
and CS given by Huntley et al. (1989), and by the relation
between the nucleus volume (NV) and CS (Alcaraz et al., 2003).
The correlation coefficient between the CS obtained by the
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two methods was r = 0.99. Krill biomass was measured with a
Simrad® EK60 multifrequency echosounder, and the data taken
from Ruiz-Halpern et al. (2011), where more details can be
obtained.

The taxonomic composition of zooplankton was analyzed
automatically on the scanned samples using appropriate shape
identification algorithms and specific training sets (Fernandes
et al., 2009; Saiz et al., 2013) for 10 main taxons or categories of
Antarctic zooplankton chosen after the study of selected samples:
Two groups of adult copepods, Calanoids and Oithona; nauplius;
adult and juvenile euphausiids (furcilia); polychaets, chaetog-
naths, salps, foraminifers and a group of unidentified organisms.
The percentage error of automatic classification as compared to
manual classification under stereomicroscope in paired samples
ranged from 0 (chaetognaths) to less than 6% for nauplii and
copepods.

PHYTOPLANKTON BIOMASS, PRIMARY PRODUCTION AND
ZOOPLANKTON METABOLISM
Chlorophyll a (Chl a) concentration was determined in the stud-
ied stations by filtering 50 mL samples onto 25-mm diameter
GF/F filters from the depths where primary production was
measured. Chlorophyll extracted by acetone was measured by
fluorescence according to Parsons et al. (1984), and Chl a trans-
formed into phytoplankton carbon units using a C:Chl a ratio of
100 (mg–mg) following Hewes et al. (1990) for relatively poor
Antarctic waters.

In situ primary production was measured by the 14C tech-
nique (Steemann-Nielsen, 1952) as described in Morán et al.
(2001). Water sampled at 3 depths including the surface (1 m),
the subsurface (5 m) and the deep chlorophyll maximum (DCM)
was transferred into transparent (light) and dark 150 ml poly-
carbonate bottles, and inoculated with 100 µCi activity of a 14C
working solution. Inoculated bottles were suspended at the cor-
responding depths from a drifting buoy and incubated in situ
for 4 h at the same time of the day (from 12.00 to 4.00 p.m.),
always including noon. At the end of the incubation period dupli-
cated 5 ml aliquots were transferred into 20 ml scintillation vials
for the determination of total labeled organic carbon production
(TPP). The remaining volume was filtered through 0.22 µm mesh
membrane filters (cellulose membrane filters) of 25 mm diameter
to determine particulate primary production (PPP > 0.22 µm).
Samples were acidified with 100 µl of 10% HCl and shaken for
12 h to remove inorganic 14C. Then, 10 ml of scintillation cocktail
(Packard Ultima Gold XR) were added to TPP vials and the disin-
tegrations per minute were counted after 24 h with a scintillation
counter (EG&G/Wallace).

As we had no data on irradiance we integrated the solar curve
along the daylight hours corresponding to the latitude and date
of the study, considered as proportional to the theoretical irra-
diance without cloud covering. We calculated also the maximum
theoretical irradiance, equivalent to the integral of the maximum
(noon) irradiance along the duration of the day. The proportion
of the maximum total theoretical irradiance that corresponded to
theoretical irradiance, multiplied by the duration of the day gave
us the factor f to transform hourly primary production rates into
daily rates,

f = (
t′ − t

)⎧⎨
⎩
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where f is the factor to multiply hourly primary production rates
to obtain daily rates, t and t′ the hour of sunrise and sunset during
the study, TI the solar curve equivalent to the theoretical irradi-
ance, and MTI the maximum theoretical irradiance, equivalent to
the irradiance (height of the solar curve) at noon.

Metabolism (respiration and excretion of ammonia and
phosphate) was estimated by incubation experiments on cope-
pods, krill juveniles (unidentified furcilia) and adults (Euphausia
superba and E. crystallorophias), and salps (blastozoids of Salpa
thompsoni), the most significant groups of Antarctic zooplank-
ton. Experimental copepods, furcilia and salp blastozoids were
obtained by vertical WP-2 net tows made at a speed of 10 m
min−1 from 100 m depth to surface, conducted with the same
net as for the study of the zooplankton community structure but
fitted with a 6-L plastic bag as cod end to avoid damaging the
organisms. Adult krill were caught with short (<3 min) horizon-
tal or oblique trawls using an IKMT net provided with a 20 L
rigid PVC cod end and a Scanmar® HC4-D net sounder to control
the depth of the trawl. When a krill swarm was located with the
Simrad® EK60 echosounder, the ship re-traced the course and the
haul was made across the previously observed depth and position
of the krill swarm.

WP-2 samples were immediately transferred into thermally
isolated 10 L containers filled with “in situ” water and transported
to the laboratory. Salps and furcilia were separated by gently
screening the sample using a 5 mm plastic grid submerged in a 2 L
jar containing 0.2 µm-filtered seawater at “in situ” temperature,
and individually sorted and transferred with a plastic spoon into
separated 2 L Pyrex® bottles containing 0.2 µm-filtered seawa-
ter. The <5 mm size-fraction copepods were repeatedly cleaned,
screened and concentrated using a 200 µm netting submerged in
filtered seawater in order to discard phyto- and microzooplank-
ton. Adult krill were gently transferred from the IKMT cod-end
into 50 L on-deck containers provided with circulating surface
water, individually sorted with a hand net provided with a 200 mL
plastic bucket as cod-end and kept on separate 10 L thermally
isolated containers at in situ temperature.

Incubation experiments for simultaneous estimation of respi-
ration and excretion rates (Table 1) were made in Pyrex® bottles
from 250 mL to 5 L volume, depending on the biomass of exper-
imental organisms. The bottles were closed by silicone stoppers
holding the O2 probes and a syringe needle to compensate for
pressure changes as described in Alcaraz et al. (1998, 2010, 2013,
2014) and sketched in Almeda et al. (2011). Experimental organ-
isms (either an aliquot of the <5 mm copepods, or from 2 to 4
individuals in the case of larger organisms) were transferred in
less than 1 h after capture to experimental bottles filled with in situ
seawater obtained with 12 L Niskin bottles from 20 to 40 m depth,
depending of the depth of the maximum chlorophyll, filtered
by gravity through 0.2 µm Acro-Pack® filters and O2-saturated.
Control bottles contained only filtered seawater. Once confirmed
that there were only intact organisms in the experimental bot-
tles (i.e., all the organisms showing normal swimming behavior),
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Table 1 | Taxonomic composition (ind m−3) and biomass (µmol C m−3, bold italics) for the main zooplankton groups in the studied stations

(see Methods).

ST. Cal Oit Na Es Fur Pol Ch Sal For Oth Total

1 76.6 80.0 6.9 – 0.0 0.0 0.0 0.0 2.6 0.0 166.03

57.3 13.5 0.8 387.8* 0.0 0.0 0.0 0.0 0.3 0.0 531.22

4 10.8 4.3 5.6 – 0.0 0.0 0.9 0.0 0.0 0.0 21.51

4.5 0.5 0.8 – 0.0 0.0 52.1 0.0 0.0 0.0 63.86

6 132.5 1.7 36.1 – 0.0 0.0 0.9 0.0 0.9 0.0 172.05

75.9 0.2 5.3 2583.0* 0.0 0.0 39.1 0.0 0.1 0.0 2785.0

8 277.0 12.0 69.3 – 34.6 0.0 0.0 0.0 0.0 0.0 392.86

2621 0.2 24.1 – 159.3 0.0 0.0 0.0 0.0 0.0 5451.35

10 60.2 27.5 1.7 – 0.0 0.9 0.0 0.0 0.0 1.7 92.05

77.0 3.6 0.1 – 0.0 1.2 0.0 0.0 0.0 1.2 163.96

12 61.9 73.1 11.2 – 0.0 0.0 0.0 0.0 0.9 0.0 147.11

57.6 9.5 1.4 – 0.0 0.0 0.0 0.0 0.1 0.0 136.80

13 86.0 37.9 1.7 – 0.0 0.0 0.0 0.0 5.2 0.0 130.76

33.2 7.7 0.3 6468.8* 0.0 0.0 0.0 0.0 0.4 0.0 6551.64

15 757.0 7.7 20.6 – 0.0 0.0 0.0 0.0 2.6 0.0 788.01

154.4 0.7 1.6 – 0.0 0.0 0.0 0.0 0.2 0.0 313.49

16 – – – – 0.0 0.0 0.0 0.0 0.0 0.0 *

– – – 11,133.8* 0.0 0.0 0.0 0.0 0.0 0.0 *

17 – – – – 0.0 0.0 0.0 0.0 0.0 0.0 *

– – – 2484.4* 0.0 0.0 0.0 0.0 0.0 0.0 *

20 – – – – 0.0 0.0 0.0 0.0 0.0 0.0 *

– – – 5194.7* 0.0 0.0 0.0 0.0 0.0 0.0 *

22 488.6 252. 48.2 – 0.0 3.4 0.9 0.0 3.4 0.9 797.47

135.9 30.3 6.6 – 0.0 8.1 27.4 0.0 0.3 2.3 383.57

24 712.3 80.9 37.0 – 0.0 0.0 0.9 0.0 0.9 0.0 831.89

576.4 8.3 5.1 – 0.0 0.0 36.2 0.0 0.1 0.0 1215.61

26 80.9 9.5 6.0 – 0.0 0.9 0.9 0.9 1.7 0.0 100.65

149.1 2.9 0.9 – 0.0 1.5 16.8 82.6 0.3 0.0 407.04

Avg. Ind 249 53.3 22.2 – 2.47 0.37 0.31 0.06 1.29 0.18 330.95

Stdev. Ind. 275 72 22 9.2 0.9 0.4 0.2 1.6 0.5 318.3

Avg. Biom 369 7.0 4.3 4708.7 14.4 0.8 12.3 7.5 0.12 0.25 5109.1

Stdev. % Biom 771 8.9 6.9 3814.5 (–) 2.1 18.5 22.1 0.15 0.7 3315.6

7.2 0.13 0.08 92.5 0.28 0.01 0.24 0.15 – –

ST, station number; Cal, Calanoid copepods; Oit, Oithona sp.; Na, Copepod nauplii; Es, Euphausia adults*; Fur, Furcilia; Pol, Polychaet larvae; Ch, Chaetognaths; Sal,

Salpa thompsoni; For, Foraminifers; Oth, Unidentified; –, absence of data. The global average values (Avg), standard deviation (Stdev) and percentage contribution

to total biomass (% Biom.) are also given.
*Data from Ruiz-Halpern et al. (2011).

experimental and control bottles were stopped without trapping
air bubbles and incubated for 12–24 h in thermostatic baths at the
0–200 m depth “in situ” integrated average temperature ±0.1◦C
and dim light.

Zooplankton respiration was estimated as the decreasing rate
of dissolved oxygen concentration during the incubation. The
analyses were made with an OXY-10 Pre-Sens® oxygen sensor
(optodes, Alcaraz et al., 2010) that allowed semi-continuous
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(every 5 min.) measurements of O2 concentration using 6–8
O2 probes for experimental bottles, and 2–4 for control ones.
Respiration rates were estimated as the difference between the
slopes of the linear regression equations describing the changes
in O2 concentration during the incubations in experimental and
control bottles (Alcaraz et al., 2010, 2013). Oxygen consumption
was transformed into respiratory C losses using a respiratory quo-
tient (RQ, the molar ratio of CO2 produced to O2 consumed) of
0.97 (Omori and Ikeda, 1984).

Excretion rates were estimated in the same incubation experi-
ments as for respiration. Ammonia and phosphate excretion rates
were calculated as the difference in the final concentrations in
experimental and control bottles. At the end of the incubation
water samples were siphoned from the bottles using silicone tubes
ending in broad plastic tips enclosed with 100 µm-mesh in order
to avoid extracting zooplankton organisms with the water sample.
Ammonia was analyzed by the fluorimetric method described by
Kéruel and Aminot (1997), and phosphate according to Grasshoff
et al. (1999). At the end of the incubations, experimental zoo-
plankton was transferred to vials and fixed in 4% formalin (final
concentration) for further measurement of experimental biomass
as zooplankton carbon.

Metabolic rates were normalized to per unit of zooplankton
carbon biomass (C- specific metabolic CR, NE, and PE) by divid-
ing daily gross respiration and excretion rates (µmol C, µmol N
and µmol P day−1) by the corresponding experimental biomass
in µmol C. Specific metabolic data from other authors when
expressed in different units have been re-calculated using the wet
mass, dry mass, and organic C transform factors given in Harris
et al. (2000). The taxonomic composition and individual biomass
of experimental organisms were analyzed as described above. The
metabolic CR:NE, CR:PE, and NE:PE quotients were calculated as
the ratios between the specific corresponding metabolic rates in
each individual experiment and expressed in atoms.

ZOOPLANKTON RESPIRATORY C LOSSES, N AND P EXCRETION AND
THEIR RELATION TO PRIMARY PRODUCTION
The daily global average respiratory carbon losses and N and P
supplied by zooplankton were calculated by the addition of the
average respiratory losses and ammonia and phosphate excreted
by the different zooplankton groups. These were calculated as the
product of the average in situ C biomass of each group by their
corresponding C-specific metabolic rates,

CL = CRCZOO

NS = NECZOO

PS = PECZOO (2)

where CL, NS, and PS are the daily respiratory C loss and N and
P excreted by the group, CR NE and PE the corresponding C-
specific metabolic rates, and CZOO the average in situ biomass of
the corresponding zooplankton group as carbon.

The total theoretical daily carbon ingested by zooplankton
and vertical carbon flux in µmol C m−3 day−1 were calculated
respectively by the addition of the carbon ingested and egested
by the different groups. The daily carbon respiratory losses of

each group were considered as equivalent to the carbon assim-
ilated. Therefore, the carbon daily ingested and egested can be
estimated from the carbon respiratory losses and the assimilation
efficiencies of the different groups (0.7 and 0.52 for krill and salps
respectively, Pond et al., 1995; Pakhomov et al., 2006) as follows,

CI = �(CLG/AEG) (3)

where CI is the global carbon ingestion; CLG are the respiratory
C losses for the different groups, and AEG are the corresponding
assimilation efficiencies.

The theoretical carbon egested was considered as equivalent to
the non-assimilated C and equivalent to the vertical carbon flux
as fecal pellets. It was calculated by the addition of the daily fecal
pellets production (carbon egested) by salps and krill. The car-
bon egested by copepods and other small zooplankters was not
included in the estimations of carbon export as their fecal pellets
are mainly recycled in surface waters and therefore their contri-
bution to the vertical C transfer is negligible, and their carbon
egestion in the present conditions and for the predicted salps-krill
shift would not change,

CEX = � {(CLG/AEG) (1 − AEG)} (4)

where CEX is the global carbon egested as fecal pellets, and CLG

and AEG as described above.
The fraction of total and particulate primary production (TPP

and PPP) daily ingested by zooplankton to compensate for their
C metabolic losses and vertically exported has been expressed as a
percentage,

CI% (TPP or PPP) = 100(CI/TPP or PPP)

CEX% (TPP or PPP) = 100(CEX/TPP or PPP) (5)

To estimate the consequences of the zooplankton shift for the
carbon and nutrient flux we have assumed a change in the pro-
portion of krill and salps biomass from the present situation
(a krill-based zooplankton community) to that of a “salp year”
(average salps/krill ratio = 10, Huntley et al., 1989; Loeb et al.,
1997, 2010; Alcaraz et al., 1998). In terms of biomass the substitu-
tion falls in the known range of a “salps year,” between 2900 and
6200 µmol C m−3 (Alcaraz et al., 1998; Tanimura et al., 2008).
Average biomass and numbers and the corresponding standard
deviations (krill excepted) for the different zooplankton groups
were calculated globally for the whole stations sampled. The rela-
tionships between individual biomass and C-specific metabolic
rates or metabolic quotients have been estimated by linear regres-
sion on log-transformed data. All the statistical analysis have been
made using JMP® 7.0 software.

RESULTS
ZOOPLANKTON COMMUNITY STRUCTURE
The most abundant and frequent zooplankton group in the
study area were copepods. Calanoids, Oithona sp., and nauplii
contributed to 97.7% of zooplankton as numbers. Foraminifera
were scarce but present in most of the stations, followed by
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chaethognaths and polychaets. Furcilia and salps (Salpa thomp-
soni) were observed only in Stations 8 and 26 respectively
(Table 1). Copepods occurred in all the stations, and reached
concentrations up to 430 individuals m−3 (Station 8, Table 1).
We had no data on krill numbers as we estimated krill biomass
by acoustic methods, and the nets used to capture experimental
animals (WP-2 and IKMT) are not adequate to sample krill.

In terms of biomass (as µmol C m−3) krill dominated the zoo-
plankton community (91.9%), followed by copepods and furcilia
sp. (7.2 and 0.35% of total biomass respectively, Table 1). The
remaining groups had variable importance, salps contributing
to less than 0.2% of total zooplankton C. The average zoo-
plankton biomass (>200 µm-size), including krill, accounted for
5109 µmol C m−3, or 12.26 g C m−2 (0–200 m depth).

METABOLISM
The best fit of the time changes of O2 concentration in control and
experimental bottles was the negative linear regression, the aver-
age determination coefficient being r2 = 0.83. As no short-term
decreases in the rate of O2 consumption were observed indicat-
ing a linear trend in the respiration rates, we assumed a similar
linear response for ammonia and phosphate excretion. Average
respiratory losses (CR) of copepods and furcilia sp. were simi-
lar, 0.0348 and 0.0330 d−1 respectively. The respiration rates of
salps (S. thompsoni) were higher by a factor of 2.5 than for the
crustacean zooplankton groups (0.0841 d−1), while the lowest
CR corresponded to adult krill (Euphausia superba, 0.0102 d−1).
Carbon-specific ammonia (NE) and phosphate (PE) excretion
rates were also lower for crustaceans than for salps (Table 2).
The lowest excretion rates corresponded also to Adult E. superba
(NE = 0.0004, std. 0.0002 µmol NH4-N µmol C−1

ZOO d−1, and

PE = 0.0003, std. 0.0003 µmol PO4-P µmol C−1
ZOO d−1). In the

case of salps NE = 0.0073, std. 0.0006 µmol NH4-N µmol C−1
ZOO

d−1, and PE = 0.0017, std. 0.0004 µmol PO4-P µmol C−1
ZOO d−1.

The atomic CR:NE quotients for the different groups ranged
from 11.5 (salps, E. thompsoni) to 28.4 (furcilia sp.), in both
cases higher by a factor from 2 to 5 than the expected Redfield
ratio, and also higher than the average values from previously
recorded data (Table 2), while the CR:NE atomic metabolic ratios
for krill were similar to the average literature values (Table 2).
CR:PE quotients ranged from 43.2 to 103.4 (furcilia sp. and cope-
pods respectively) and fell within the values given in the scarce
previous data (Table 2). Regarding the NE:PE atomic quotients,
again the values were lower than the expected Redfield ratios. The
lowest values corresponded to krill, with an average NE:PE value
for the whole group of 2.4, followed by salps, NE:PE = 4.6. The
highest N:P quotient, 8.1, corresponded to copepods (Table 2).

INDIVIDUAL BIOMASS, METABOLIC RATES AND C:N:P METABOLIC
STOICHIOMETRY
The individual biomass of the experimental groups (Table 2 and
Figure 2) spanned six orders of magnitude, from copepods (0.16–
3.46 µmol C ind−1) to adult E. superba (6833.1–59,676 µmol C
ind−1), with intermediate values for developmental stages of krill
(furcilia sp., 2.56–6.49 µmol C ind−1), E. cristallorophias (176.53–
356.66 µmol C ind−1) an salps, S. thompsoni (156.0–193.0 µmol
C ind−1). There was a significant, negative relationship between

the specific metabolic rates and individual biomass when
the whole range of individual biomass data was considered
(Figure 2). The relationships between individual biomass and res-
piration, ammonia and phosphate excretion rates as described
by the exponents of the equations (salps excluded) were
CR = −0.199, NE = −0.238 and PE = −0.177 (Table 3A). When
considering individually each group, the exponents were still neg-
ative, but were only significant for groups with large data sets
and/or a broad span in individual biomass, like copepods and
krill (data not shown). As expected by their high average spe-
cific metabolic rates, salps occupy an outsider position in the
graph (Figure 2). Regarding the effects of individual biomass
on metabolic stoichiometry, CR:NE was not related to individ-
ual biomass, while CR:PE and NE:PE metabolic quotients were
inversely and significantly related to individual biomass (Figure 3
and Table 3B).

PHYTOPLANKTON CARBON AND PRIMARY PRODUCTION, AND
ZOOPLANKTON CARBON REQUIREMENTS, VERTICAL CARBON
EXPORT, AND N AND P EXCRETION
The average chlorophyll concentration was 0.985 µg L−1 ± 0.237
SE, equivalent to 8211.6 µmol C m−3 ± 1978.3 SE (Ruiz-Halpern
et al., 2011). The depth-integrated (0–50 m) total primary pro-
duction (TPP) ranged from 24.1 mg C m−3 h−1 to 363.3 µg C
m−3 h−1, and particulate primary production (PPP) from 13.3
to 207.5 µmol C m−3 h−1 at St. 16 and 2 respectively (data not
shown). The average TPP and PPP (according to Equation 1)
were 1624.7 and 758.9 µmol C m−3 day−1. We had no data on
the assimilation rate of N and P by phytoplankton, therefore we
assumed it to agree with a 106:16:1 C:N:P atomic proportion
(Redfield et al., 1963), the N and P theoretically required by phy-
toplankton for TPP thus being 245.1 µmol N m−3 day−1, and
15.5 µmol P m−3 day−1.

The carbon theoretically ingested by zooplankton to com-
pensate for their daily average C respiratory losses, once cor-
rected for the assimilation efficiency, averaged 110.9 µmol C m−3

day−1(Table 4), about 1.3% of the phytoplankton biomass (as
carbon), and about 6.8 and 14.6% of the daily total primary
production (TPP) and particulate primary production (PPP)
respectively (Table 5). The N and P excreted as ammonia and
phosphate for the zooplankton community, 4.88 and 2.41 µmol
N and P m−3 day−1 respectively (Table 4), were equivalent to 2
and 14.7% of the N and P required by phytoplankton for total pri-
mary production (TPP, Table 5). Regarding the vertical flux, the
carbon exported accounted for 33.3 µmol C m−3 day−1, 2 and
4.4% of TPP and PPP respectively (Table 5).

In the case of the predicted substitution of krill by salps, and
assuming primary production rates equivalent to those found
during our study, the carbon requirements by zooplankton would
average 772.8 µmol C m−3 day−1 (Table 4), equivalent to about
10% of the phytoplankton standing stock, and about 47 and 100%
of TPP and PPP respectively (Table 5). The ammonia and phos-
phate excreted will be 35.82 and 7.96 µmol N and P m−3 day−1

respectively (Table 4), or 14.6 and 52% of the N and P required
by phytoplankton for TPP (Table 5). The new vertical carbon
flux would increase by a factor of ten, equivalent to around 23
and 49% of TPP and PPP respectively (Table 5). The average N:P
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Table 2 | Average values and standard deviation (in italics between brackets) of biomass (µmol C m−3), individual biomass range (µm C ind−1),

C- specific metabolic rates (CR, carbon respiration, d−1; NE, ammonia excretion, µmol NH4-N µmol C−1 d−1; PE, µmol PO4-P µmol C−1 d−1),

and C:N, C:P and N:P metabolic ratios by atoms for the studied zooplankton groups.

Cop Adult krill Furc Tot Krill Salps

µmol C m−3 369.75 4708.72 18.27 4726.99 7.51

(771.21) n = 11 (4536.89) n = 6 (−) (4536.89) n = 7 (−)

µmol C ind.−1 0.16–3.46 6833–59,676 2.56–6.49 2.56–59,676 112–193

CR 0.0348 0.0100 0.0330 0.0136 0.0841

(0.0236) n = 16 (0.0096) n = 27 (0.0100) n = 7 (0.0123) n = 34 (0.0117) n = 4

0.0242a 0.0194b* 0.0269c – 0.0230d

(0.0037)a (0.0119)b (−) (−) (0.0073)d

NE 0.0036 0.0003 0.0020 0.0007 0.0073

(0.0058) n = 23 (0.0002) n = 19 (0.0010) n = 5 (0.0007) n = 24 (0.0004) n = 4

0.0039a 0.0012b* 0.0014c – 0.0025c

(0.002)a (0.00079)b (0.0005)c (−) (0.0017)d

PE 0.0011 0.0002 0.0010 0.0004 0.0017

(0.0001) n = 23 (0.0002) n = 26 (0.0001) n = 7 (0.0004) n = 33 (0.0003) n = 4

0.0011a 0.0006b* – – 0.0005d

(−) (0.0004)b (−) (−) (0.0005)d

C:N 18.2 17.6 28.4 20.3 11.5

(15.5) n = 16 (3.8) n = 14 (8.6) n = 5 (9.7) n = 24 (2.6) n = 4

6.8a 16.7b 19.8c – 9.1d

(−) (6.8)b (4.0)c (−) (−)

C:P 105.7 50.9 43.2 54.8 50.9

(64.1) n = 16 (22.9) n = 21 (11.3) n = 7 (33.6) n = 33 (0.7) n = 4

61.8a 80.8b – – 50.4d

– – – – –

N:P 8.2 2.8 1.7 2.8 4.6

(3.0) n = 23 (1.1) n = 14 (0.3) n = 5 (1.4) n = 24 (0.9) n = 4

4.8a 5.1b* – – 5.52 (4)

– – – – –

Cop, Copepods. Adult krill: Euphausia superba and E. crystallorophias. Furc, furcilia sp. Tot. Krill: Adult + Furcilia. Salps, blastozoids of S. Thompsoni. Bold types:

Data from this study. Normal types: Average literature values. –, absence of data. aIkeda and Mitchell (1982); Alcaraz et al. (1998). bIkeda and Mitchell (1982), Hirche

(1983), Meyer et al. (2009, 2010), Meyer and Oettl (2005), Auerswald et al. (2009), Ikeda and Bruce (1986). cFrazer et al. (2002). d Ikeda and Mitchell (1982); Alcaraz

et al. (1998), Iguchi and Ikeda (2004). *Data on krill metabolism by Ruiz-Halpern et al. (2011) and Lehette et al. (2012) corresponding to hourly rates (deduced from

the decreasing trend obtained with short-time incubation dynamic series) have not been included (see comments in Section Zooplankton Metabolism).

atomic quotient of the excreted products by the whole zooplank-
ton community would increase from 2.0 in the present conditions
to 4.5 for the predicted shift (Table 6).

DISCUSSION
ZOOPLANKTON COMMUNITY STRUCTURE
The zooplankton community during the ATOS-II cruise was
dominated by krill, accounting for more than 90% of total zoo-
plankton biomass. The situation therefore corresponded to a non-
“salp year” (in the sense of Huntley et al., 1989 and Alcaraz et al.,
1998), in which salps (usually E. thompsoni and Ihlea rakovitzai)
are the dominant group at least in terms of biomass (Alcaraz et al.,
1998; Le Fèvre et al., 1998; Perissinotto and Pakhomov, 1998),

displace krill as the main grazer, and can reach more than 90% of
total zooplankton biomass (Loeb et al., 1997, 2010; Alcaraz et al.,
1998; Atkinson et al., 2004).

The average zooplankton biomass ranged between the
2500 µmol C m−3 found by Ward et al. (1995) and the more
than 12,500 µmol C m3 given by Pauly et al. (2000) and by
Tanimura et al. (2008) in summer 2002–2003. Part of the differ-
ences in the zooplankton community with previous data should
be attributed to the strong inter-annual variability coupled with
the patchy nature of distribution and abundance that characterize
zooplankton in general, and especially Southern Ocean krill and
salps (Nishikawa et al., 1995; Loeb et al., 1997; Atkinson et al.,
2004; Smetacek and Nicol, 2005). The zooplankton abundance
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FIGURE 2 | Relationships between individual biomass of experimental

zooplankton (µmol C ind−1) and C-specific metabolic rates. Black dots:
Respiration (d−1); open squares: µmol NH4-N µmol C−1

zoo day−1; Black
triangles: µmol PO4-P µmol C−1

zoo day−1. The values for salps are indicated
by larger symbols and enclosed in a shaded circle. The corresponding
equations are indicated in Table 3A.

Table 3 | Equations relating individual zooplankton biomass (Czoo)

with (A): C-specific metabolic respiration (CR), and ammonia and

phosphate excretion rates, NE and PE respectively, and (B): with

CR:NE, CR:PE and NE:PE metabolic quotients (atoms) corresponding

to Figures 2, 3.

A CR = 0.029*C−019
zoo r = −0.784 P < 0.01 n = 65

NE = 0.003*C−0238
zoo r = −0.614 P < 0.01 n = 63

PE = 0.00053*C−0177
zoo r = −0.573 P < 0.01 n = 46

B CR:NE = 15.1*C0.0027
zoo r = 0.155 (N.S.) n = 33

CR:PE = 70.9*C−0.0599
zoo r = −0.377 P < 0.05 n = 39

NE:PE = 5.68*C−0.0077
zoo r = −0.553 P < 0.01 n = 33

Salps have been excluded from the calculations. N.S., not significant.

and biomass during summer, strongly dependent from the ice
conditions, the position of the circumpolar current, and primary
production (Atkinson et al., 2004; Ward et al., 2004; Ross et al.,
2008; Montes-Hugo et al., 2009) show strong spatial and tempo-
ral changes, the alternative dominance of salps and krill being of
different duration but occurring at 3–4 years interval since 1993
(Ross et al., 2008). The progressive tendency to the reduction
of krill abundance (Atkinson et al., 2004; Murphy et al., 2007),
and differences in the methods of biomass estimation (i.e., nets
or echosounders) can also explain the between years differences
observed in total zooplankton biomass. Especially in the case of
krill, biomass estimations made with different sampling gears are
hardly comparable. While echosounders seem to be quite reliable
(Ruiz-Halpern et al., 2011), nets clearly induce avoidance reac-
tions in krill that lead to large underestimations (Sameoto et al.,
2000).

FIGURE 3 | Relationships between individual biomass of experimental

zooplankton (µmol C ind−1) and metabolic quotients in atoms. Black
dots: CR:NE; Open squares: CR:PE; black triangles: NE: PE. The
corresponding equations are indicated in Table 3B.

Table 4 | Zooplankton biomass (µmol C m−3), average metabolic

carbon requirements (theoretical carbon ingestion, CI), ammonia

(NEX) and phosphate (PEX) excreted (µmol m−3 day−1) for Present

and Salp-Krill shift conditions.

Cop Krill Salps Other Total

PRESENT

Biomass 369.75 4726.99 7.51 17.02 5121.28

CI 12.87 95.99* 1.23* 0.76 110.85

NEX 1.34 3.49 0.06 0.07 4.88

PEX 0.17 2.23 0.01 0.01 2.41

SALP-KRILL SHIFT

Biomass 369.75 47.35 4687.16 17.02 5121.28

CI 12.87 0.95* 758.3* 0.76 772.88

NEX 1.34 0.035 34.37 0.07 35.82

PEX 0.17 0.022 7.77 0.01 7.96

By groups and total (in bold characters).
*Theoretical carbon ingestion, CI , calculated from the C-respiratory losses cor-

rected for an average assimilation efficiency of krill and salps (70 and 52%

respectively, Pond et al., 1995; Pakhomov et al., 2006).

ZOOPLANKTON METABOLISM
The metabolic rates of zooplankton during our study fell within
the range of previous works. The average values for copepods
were similar to those given by Ikeda and Mitchell (1982) and
Alcaraz et al. (1998), especially regarding ammonia and phos-
phate excretion (NE and PE). In the case of adult krill (E. superba
and E. crystallorophias) our average metabolic rates were sim-
ilar to those found by Hirche (1983), Auerswald et al. (2009),
and Ikeda and Mitchell (1982), but lower than data from Meyer
et al. (2009, 2010), Atkinson et al. (2002), Ruiz-Halpern et al.
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Table 5 | Allocation and fate of biogenic C, N, and P during our study

(Present) and in the case of the predicted Salp-Krill shift.

Present Salp-Krill shift

C N P C N P

TPP 1624.7 245.1 15.5 1624.7 240 15.5

PPP 758.9 176.2 11.0 758.9 176.2 11.0

Ingest. 110.9 16.7 1.0 772.8 116.6 7.3

(Ing % TPP) 6.8 6.8 6.8 47.6 47.6 47.6

(Ing % PPP) 14.6 14.6 14.6 100 100 100

Supp. – 4.9 2.4 – 35.8 8.0

(Sup %) – 2.0 15.4 – 14.9 51.6

Vert. 33.3 5.0 0.3 370.9 56.0 3.5

(Vert. % TPP) 2.0 2.0 2.0 22.8 22.8 22.8

(Vert. % PPP) 4.4 4.4 4.4 48.9 48.9 48.9

The primary production and total zooplankton biomass have been considered

to be the same in both situations. TTP and PPP: C, N and P in total and par-

ticulate primary production respectively. Ingest.: Total C, N and P ingested by

zooplankton. Supp.: N and P supplied by zooplankton excretion. Vert.: C, N and

P vertically exported by zooplankton fecal pellets. Data in μmol m−3 day−1. Ing

%: Percentage of TPP and PPP ingested. Supp. %: Percentage of the N and

P required by phytoplankton for TPP supplied by zooplankton excretion. Vert.

%: Percentage of the TPP vertically exported by salp and krill fecal pellets.

Phytoplankton C:N:P ratios as in Redfield et al. (1963). In the case of the salp-krill

shift, the relative proportion of krill and salps as in an average “salp year” (Loeb

et al., 1997, 2010; Alcaraz et al., 1998). Ingestion and vertical flux derived from

respiratory losses corrected for the assimilation efficiency of salps and krill (Pond

et al., 1995; Pakhomov et al., 2006).

Table 6 | Average CR:NE, CR:PE and NE:PE metabolic quotients

(atoms) for the whole zooplankton community.

Present Salp-Krill shift

C:N 16.7 11.4

C:P 33.8 51.3

N:P 2.0 4.5

Present: This study. Salp-Krill shift: For the predicted case of the substitution of

krill biomass by salps, as in Table 5.

(2011), and Lehette et al. (2012). The metabolic rates of larval
krill (furcilia) were very similar to those given by Frazer et al.
(2002) and Meyer and Oettl (2005). Regarding salps, the esti-
mated metabolic rates were higher by a factor of two than those
given by Ikeda and Bruce (1986), Iguchi and Ikeda (2004), and
Alcaraz et al. (1998), but lower than the data given by Ikeda and
Mitchell (1982).

About eight decades ago Marshall et al. (1935) observed
a decrease of zooplankton respiration during long incubation
experiments in filtered seawater. The decrease is attributable to
the combination of multiple factors derived from the exper-
imental conditions like starvation, capture and manipulation
stress, food quality and composition, animal crowding and con-
tainer volume, etc. (Mayzaud, 1973; Ikeda, 1976, 1977; Checkley
et al., 1992; Harris et al., 2000). Therefore, the short-time rate

of decrease of metabolic rates along successive measurements,
when these are made as close as possible to the starting of the
incubation, should allow to estimate metabolic rates at time = 0,
considered to be equivalent to the “in situ” rates. Recently Ruiz-
Halpern et al. (2011) and Lehette et al. (2012) obtained by this
method biomass- specific ammonia excretion rates for Antarctic
krill significantly higher than previous ones. But although the
“in situ” rates given by both authors are similar, the rate of
decrease given by the exponential model of Ruiz-Halpern et al.
(2011) is about twice than that estimated by the potential equa-
tion of Lehette et al. (2012). The eventual underestimation of our
metabolic rates (12–24 h incubation in filtered seawater) as com-
pared with those of Ruiz-Halpern et al. (2011) would have been
32 and 54%, and from 17 to 40% as compared to Lehette et al.
(2012).

In our case the decrease in oxygen concentration in experi-
mental and control flasks displayed a linear trend indicative of a
constant respiration rate, a response generally observed in crus-
taceans for substrate (O2) concentrations above 70% (Alcaraz,
1974). As the factors responsible for the decrease of metabolic
rates affect similarly all the metabolic processes (Mayzaud, 1973;
Ikeda, 1976, 1977; Checkley et al., 1992; Harris et al., 2000), we
assumed a similar linear trend for excretion rates as for respira-
tion, and therefore the data on ammonia and phosphate excre-
tion were not corrected. Another reason for not correcting the
metabolic rates of krill for the possible effects of starvation (or any
other laboratory conditions that could modify metabolic rates)
was the lack of previous data of their effects on the metabolism of
salps, therefore precluding the comparison of the metabolic rates
of both zooplankton groups.

Ikeda and Mitchell (1982) and more recently Phillips et al.
(2009) reported metabolic rates of S. thompsoni as high as those
observed here, significantly higher than other groups of similar
average individual C content. Large differences in the mass-
specific metabolic rates of different zooplankton groups, aside
from the effects of individual biomass could be due to the use of
inadequate body mass conversion factors when normalizing the
units in which the metabolism is expressed (Ikeda and Mitchell,
1982). Schneider (1990) comparing literature data on metabolic
rates for crustacean and gelatinous zooplankton found biomass-
specific ammonia excretion rates in crustaceans to be about one
order of magnitude higher than for gelatinous zooplankton when
expressed as per dry mass. However, when using organic C or N as
biomass units, the metabolic rates of both groups were equivalent
or higher for gelatinous organisms (Schneider, 1990). Differences
in the degree of gut fullness (the C gut contents can make from
10 to 60% of their body C, Pakhomov et al., 2006) when salps
C-contents is indirectly estimated by inadequate factors relating
body carbon with salps dimensions are a complementary source
of variability.

The negative relation between individual biomass and C-
specific metabolic rates when all the zooplankton groups were
included was significant and consistent with the non-similarity
theory (Heusner, 1982; Riisgård, 1998). However, salps fell
out of range, being clearly outliers. The different relationships
between individual biomass (C contents) and C-specific respi-
ration, ammonia and phosphate excretion rates as described by
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the exponents of the power equations were quite similar to those
given by Ikeda and Mitchell (1982) and Ikeda (1985), as were the
coefficients of the equations.

C:N:P METABOLIC STOICHIOMETRY
In general, the metabolic quotients were similar to previously
reported values for most groups except for copepods (Ikeda and
Mitchell, 1982). Average CE:NE ratios were higher and CE:PE and
NE:PE ratios lower than Redfield’s ones by a factor of at least
two, as previously reported in previous studies (see Table 2). The
deviation of the metabolic ratios from the theoretical Redfield’s
seems to be general for high latitude zooplankton (Hirche, 1983).
Higher than Redfield et al. (1963) CE:NE ratios are indicative
of the use of carbohydrates and/or lipids as metabolic substrate,
of herbivorous feeding (Conover and Corner, 1968; Mayzaud,
1973), or of underestimating ammonia excretion (Ruiz-Halpern
et al., 2011; Lehette et al., 2012). In the case of furcilia, aside
from the above mentioned reasons the high CE:NE values would
be consequence of low NE rates (Meyer and Oettl, 2005) due to
metabolic N retention, characteristic of fast growing larval crus-
taceans (Elser et al., 1996). Contrarily, the CE:NE quotient lower
than 12 of salps could be due to relatively high NE rates, indicat-
ing the use of N-rich metabolic substrate (Mayzaud and Conover,
1988) or to the differences in the slopes and intercepts of C-scaled
specific respiration and excretion rates, similar to those of jel-
lyfish, as discussed by Pitt et al. (2013). The differences in the
relationships between individual biomass and specific respiration
and ammonia and phosphate excretion rates explain the relation
observed between individual body C and CE:NE, CE:PE and NE:PE

metabolic quotients. It is particularly important in the case of the
NE:PE ratio, as the variance induced by individual biomass to the
quotient can be up to 10% (Ikeda, 1985), that would be added
to the effect taxonomic differences. The consequences of changes
in the proportion of excreted ammonia and phosphate by zoo-
plankton would be the modification of the N:P stoichiometry of
nutrients available for phytoplankton (Elser et al., 1996; Sterner,
1986, 1990).

ZOOPLANKTON METABOLISM IN RELATION TO PHYTOPLANKTON
BIOMASS AND PRIMARY PRODUCTION
The phytoplankton C concentration corresponded to what Hewes
et al. (1990) qualifies of relatively low Chl a concentration waters.
Total primary production (TPP) was in the range of previous
estimations for the same area in late summer (from 1163 µmol
C m−3 day−1, Figueiras et al., 2001, to 2500 µmol C m−3

day−1, Morán et al., 2001), but higher than the values observed
by Basterretxea and Aristegui (1999) during late spring (558–
930 µmol C m−3). These differences, aside from the intrinsic inter
annual variability, could be due to changes in the depth range
considered in the estimates of primary production. Likely by the
same logic the ratio particulate primary production/total primary
production (PPP/TPP) was lower than the values given by Morán
et al. (2001) corresponding to offshore waters of the same area.

During our cruise zooplankton required a very low percent-
age of both the phytoplankton standing stock and the particulate
carbon produced by phytoplankton (PPP). Similar low impacts
on phytoplankton standing stock and primary production in the

Southern Ocean by krill and salps grazing have been reported by
Tanimura et al. (2008) with grazing impacts ranging from 0.1
to 1%, exceptionally up to 6% of phytoplankton C. During our
study most of the phytoplankton C was required for crustaceans
(copepods plus adult krill and furcilia), which needed 98% of the
carbon necessary to balance the global respiratory C losses of total
zooplankton, while salps required less than 1%. However, there
was a radical difference when considering the C requirements of
the zooplankton groups during our study as compared to the 1994
“salp year,” when crustaceans required only 14% of the carbon
allocable to total zooplankton respiratory losses and the remain-
ing 86% corresponded to salps (Alcaraz et al., 1998; Perissinotto
and Pakhomov, 1998).

The average supply of ammonia by zooplankton to the N
required by phytoplankton for TPP was lower than previous data
for a similar area and season of the year (Alcaraz et al., 1998). By
groups, krill contributed to more than 70% of the total ammo-
nia excreted, while salps provided only 1.2%. This contrasts with
the conditions found during 1994 (a “salp year”), when zoo-
plankton excretion provided up to 7.3% of the N and P required
by phytoplankton (Alcaraz et al., 1998), salps alone accounting
for 96% of the nutrients excreted. During our study, the total
phosphate excreted provided almost 10% of the phytoplankton
requirements, again with krill as the main contributors and salps
providing less than 0.5% of the P required for TPP. Both the N
and P supplied could be roughly 43% higher if theoretical “in
situ” metabolic rates had been estimated according to the meth-
ods of Ruiz-Halpern et al. (2011) and Lehette et al. (2012), but
as discussed above the linear trend in O2 consumption suggested
similarly constant excretion rates, and therefore the theoretical “in
situ” rates were not calculated.

ZOOPLANKTON SHIFTS, CARBON CYCLING AND NUTRIENT
STOICHIOMETRY
The fraction of PPP required to compensate for the respi-
ratory losses of zooplankton, aside from being an estimator
of the relative importance of classical, herbivorous food webs
in marine ecosystems (Calbet et al., 1996) is also related to
the trophic efficiency of the system (Alcaraz, 1988; Alcaraz
et al., 1994) and equivalent to the reciprocal of the quotient
Production/Respiration (P/R), considered as a descriptor of the
ecosystem’s entropy when the respiration of the whole ecosystems
is taken into consideration (Odum, 1956; Margalef, 1974).

Assuming the zooplankton shift from krill to salps will lead
to a zooplankton community composition equivalent to that of a
typical salp year (average salps/krill = 10, Huntley et al., 1989;
Loeb et al., 1997, 2010; Alcaraz et al., 1998) the proportion of
PPP necessary to compensate for the C respiratory losses of total
zooplankton will increase by a factor of 9. At the same time
the importance of the so-called regenerative plankton loop will
proportionally decrease (Parsons and Lalli, 1988; Miller et al.,
1991).

In a future salps-dominated Southern Ocean around half of
total primary production (TPP) and roughly 100% of particu-
late primary production (PPP) will be necessary to compensate
for the respiratory zooplankton losses, and near 50% of it will
be packed into large, fast sinking fecal pellets (Pakhomov et al.,
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2006), thus intensifying the rate of vertical carbon flux to deep
waters and increasing the turnover time of biogenic carbon (i.e.,
from short-lived to long-lived and sequestered, Fortier et al., 1994;
Le Fèvre et al., 1998).

Quantitative and qualitative changes in the nutrient environ-
ment for phytoplankton due to the climate shift in the Southern
Ocean (Montes-Hugo et al., 2009), the lack of metabolic N:P
homeostasis (Alcaraz et al., 2013) and the differential regener-
ation rates of N and P in relation to the food web structure
(Elser et al., 1988, 1996) are, besides grazing, prime factors of
change in the competitive relations for phytoplankton commu-
nities. Although the most direct effects of the predicted shifts in
Southern Ocean zooplankton will derive from the different qual-
ity as food of krill and salps, the higher specific carbon demand
due to the new zooplankton community structure, coupled with
higher vertical carbon flux via salps fecal pellets, will strongly
affect the characteristics of carbon cycling. At the same time, the
increased rate of nutrient re-supply by zooplankton will increase.
Coupled with the new NE:PE metabolic quotient, the N:P quo-
tient of the nutrient pool will rise by a factor of two, a change
that could contribute to modify the structure and function of pri-
mary producers (Sterner, 1986, 1990) accelerating the changes
already observed in the community structure of phytoplankton
by Montes-Hugo et al. (2009).

As a conclusion, a major change in the relative proportion of
krill and salps in the Southern Ocean can induce significant vari-
ations in the marine food webs. Aside from the direct trophic
effects, other major changes will take place via the increase of the
metabolic carbon requirements of zooplankton and its vertical
export, the higher overall contribution of zooplankton excre-
tion to the nutrient requirements by phytoplankton, and the
increasing N:P ratios of the recycled nutrients. Moreover, the
zooplankton shift will result in a decrease of the P/R quotient
(Odum, 1956; Margalef, 1974), indicator of a potential increase
of the trophic efficiency of the system, while paradoxically the
regeneration processes in surface waters will decrease.
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