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Introduction

One of the main characteristics of the Southern Ocean is 
the low phytoplankton biomass present in these high nutri-
ent water masses (e.g., El-Sayed 1984), although the limit-
ing factors that control phytoplankton growth (such as tem-
perature or light availability) are occasionally relieved and 
lead to large phytoplankton blooms (Sakshaug and Holm-
Hansen 1984).

Antarctic coastal waters are likely to be nutrient rich 
and iron sufficient (Sañudo-Wilhelmy et  al. 2002) in con-
trast with lower iron availability in open waters (Sarthou 
et al. 2011). Thus, chlorophyll a concentrations are usually 
higher in coastal waters near the Antarctic Peninsula when 
compared with oceanic waters offshore (Marrari et  al. 
2008).

The phytoplankton community in the Southern Ocean 
is mainly composed by diatoms and dinoflagellates (Fiala 
et al. 1998; Garibotti et al. 2005; Kopczyńska et al. 2007). 
Amongst these, diatoms are significant contributors to 
total phytoplankton biomass in polar communities, includ-
ing genera such as Thalassiosira, Nitzschia, Chaetoceros, 
Corethron, Odontella and Rhizosolenia (e.g., Clarke and 
Leakey 1996; Arrigo et al. 1999), and also play a key role 
during spring blooms (Sakshaug and Holm-Hansen 1984). 
In this context of high nutrient concentrations, Antarctic 
phytoplankton usually shows low specific nitrate uptake 
rates, contrasting with the high utilization of available 
ammonium (Dugdale and Wilkerson 1991) that reflects a 
high dependence on ammonium supply (Agustí and Duarte 
2000).
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This form of reduced nitrogen in Antarctic waters can 
be obtained from several sources: sea ice, that usually rep-
resents a source of reduced organic and inorganic nitro-
gen during the melting season (e.g., Brandini and Bauman 
1997), microbial regeneration (Goeyens et al. 1991), and, in 
some coastal areas, terrestrial sources from bird and mam-
mal colonies (Tatur and Myrcha 1983). Amongst ammonia 
sources, zooplankton recycling of nutrients also plays an 
important role, conditioning the pelagic ecosystem in the 
Southern Ocean to maintain it at a high productivity level 
(Alcaraz et  al. 1998; Lehette et  al. 2012; Arístegui et  al. 
2014).

The Antarctic zooplankton community includes, 
amongst other groups, copepods, amphipods, and salps and 
is often dominated by krill (Euphausia superba), the cen-
tral node linking primary producers, and higher trophic lev-
els in the Antarctic marine food web (Murphy et al. 2007; 
Santana et al. 2013).

Zooplankton not only regulates phytoplankton popula-
tions through predation, but also through the efficient recy-
cling of macro- and micronutrients (i.e., nitrogen, phospho-
rus, and iron) that are essential for phytoplankton growth 
(Sterner 1986; Vanni 2002; Tovar-Sánchez et  al. 2007). 
Amongst all the recyclable nutrients, ammonium  (NH4

+) 
is the principal nitrogenous excretion product of zooplank-
ton (Corner and Davies 1971) and may represent the major 
portion of the total nitrogenous nutrient load assimilated 
in daily primary production (Biggs 1982). In fact, ammo-
nia has been previously described as a preferred nitrogen 
source for phytoplankton growth (i.e., Probyn and Painting 
1985; Alcaraz et al. 1998). Despite the typically low  NH4

+ 
concentrations in the Southern Ocean (Priddle et al. 1997), 
ammonia supply has been experimentally shown to trigger 
blooms in mesocosms deployed in Antarctica (Agustí and 
Duarte 2000; Agustí et al. 2009).

Previous observations on krill abundance and distribu-
tion (Loeb et  al. 1997; Atkinson et  al. 2004) have shown 
that warming over Antarctica is leading to changes in these 
zooplankton communities, caused by interannual changes 
in the extent of sea ice in areas crucial to krill recruitment 
(Smetacek 2008). Increased temperatures also influence the 
geographical distribution and abundance of other Antarctic 
macrozooplankton groups as salps (Atkinson et  al. 2004; 
Mackey et  al. 2012; Steinberg et  al. 2015). In fact, while 
the current population of krill in the Southern Ocean may 
be only 20% of its pre-1980s size (Atkinson et  al. 2004), 
the highest salp densities have occurred (Atkinson et  al. 
2004).

Changes in zooplankton abundances and species com-
position may have consequences for phytoplankton popu-
lations through the alteration of predation rates and nutri-
ent recycling. Due to the major role that krill organisms 
play in the Antarctic ecosystem (Loeb et  al. 1997), the 

decline in their standing stock may have serious effects in 
their contribution to recycled ammonia and in the South-
ern Ocean food web.

In a future ocean, with altered zooplankton commu-
nities, the input of zooplankton-recycled nutrients may 
change, with consequences for the inhabiting phytoplank-
ton communities.

To clarify how phytoplankton populations respond 
to recycled nutrients and elucidate the consequences of 
future altered recycling, here, we performed four micro-
cosm experiments. These were conducted south and 
north of the Antarctic Convergence, and involved the 
addition of excretion products of the in situ zooplankton 
community (in our experiments, krill, amphipods, and 
copepods). We assessed the nutrient consumption along 
each incubation and the responses of the phytoplankton 
communities to excreted nutrient additions.

Materials and methods

Four experiments were conducted both sides of the Ant-
arctic Convergence: next to the Antarctic Peninsula, one 
experiment took place during ICEPOS 2 (2005) and 
one during ATOS II (2009). In the southern Atlantic 
Ocean, we performed two experiments during the cruise 
LOHAFEX (2009) (Fig. 1).

Zooplankton communities were sampled in verti-
cal tows reaching 200 m deep, using a WP-2 net, in the 
LOHAFEX cruise, where communities were dominated 
by amphipods (experiment 1) and copepods (experiment 
2) (Table 1). During the cruises ICEPOS 2 and ATOS II, 

Fig. 1  Sampling locations for the four experiments conducted in the 
Southern Atlantic Ocean and along the Antarctic Peninsula
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krill swarms were located using a Simrad™ EK60 mul-
tifrequency echosounder. Then, an IKMT net with 1 cm 
mesh size was deployed and trawled at three knots for 
20 min to sample those water layers with the highest krill 
abundance, specifically 40–70  m during ICEPOS 2 and 
20–30  m deep during ATOS II. A sufficient number of 
zooplankton specimens (approximately 30–50 krill indi-
viduals in ICEPOS 2 and ATOS II, and up to 300 amphi-
pods or the whole zooplankton community in LOHAFEX 
experiments) extracted from natural healthy zooplankton 
communities (Table 1) were directly transferred to buck-
ets with 0.2 µm filtered surface seawater and allowed to 
excrete for 48 h while checking the increase in ammonia 
concentration daily (see in the following). When con-
centrations increased up to 50–100  µmol  NH4  L−1, the 
water where zooplankton had been excreting was filtered 
through GF/F filters, and considered as the solution con-
taining excretion products, or metabolite solution (MS).

Unfiltered surface water (5 m) was sampled with Niskin 
bottles mounted onto a Rosette sampling system and inocu-
lated with enough MS solution to raise  NH4 concentrations 
to about 5 µmol  NH4 L−1. After mixing, water was distrib-
uted into four 2  L replicate Teflon bags (or two replicate 
2 L quartz bottles, in ICEPOS 2 experiment), both systems 
allowing all the solar radiation to pass through. The same 
number of Teflon bags or quartz bottles was also filled with 
unfiltered 5 m surface water, but without MS solution, as 
control replicates. These containers were completely filled 
to avoid bubbles, and were enclosed in large mesh nets 
anchored at the bottom of the incubation tank, to prevent 
them from floating at the surface. In addition, after every 
sampling, Teflon bags were carefully manipulated and 
closed, allowing trapped air to escape. The experiments 
were performed on deck of the R/V Hespérides (during 

ICEPOS 2 and ATOS II) and Polarstern (LOHAFEX) in 
a place free of shade, receiving total incident solar radia-
tion. Incubation tanks were fed with running surface seawa-
ter systems (3–5 m depth), fast and efficient to maintain the 
incubators at in situ (±1 °C) temperature conditions. The 
four experiments took place during summer, at close dates 
during February–March. Incubations lasted from 6  days 
(ATOS II) up to 13 days (LOHAFEX 1) (Table 1). Metal 
free techniques were used in all manipulations during our 
experiments.

50 mL of experimental water were sampled every sec-
ond day and filtered into Whatmann GF/F filters to meas-
ure chlorophyll a concentration, following the fluorometric 
method described by Parsons et al. (1984). After filtration, 
the pigment was extracted in 90% acetone for 24  h, and 
kept refrigerated in the dark. After extraction, the fluores-
cence was measured by spectrofluorometry.

Samples for nutrient analyses were collected at the 
beginning of each experiment and at alternate days along 
the duration of the experiments. Samples for determination 
of nitrate + nitrite, silicate, and phosphate concentrations 
were kept frozen until analyzed using the standard meth-
ods (Hansen and Koroleff 1999) in a Bran Luebbe AA3 
AutoAnalyzer. Ammonia concentrations were determined 
onboard, using a Shimadzu spectrofluorimeter (ICEPOS 2 
and ATOS II), following the method described by Kérouel 
and Aminot (1997), or a SKALAR segmented flow auto-
analyzer (LOHAFEX), following the standard procedures. 
The removal rates of nutrients by the phytoplankton com-
munity were estimated as the inverse of the slope obtained 
from the changes measured in nutrient concentrations with 
time.

During the ICEPOS 2 experiment, the community com-
position was determined using epifluorescence microscopy. 

Table 1  Date, location, temperature, chlorophyll a, and nutrient characterization of the initial samples used for each experiment

The most abundant zooplankton groups present in the communities used for obtaining the excretion products during our experiments are also 
shown
† Mainly composed by copepods as Calanus sp., Ctenocalanus sp. and Oithona sp. (M. G. Mazzocchi, pers. comm.)

Experiment Polar Subpolar

ICEPOS 2 ATOS II LOHAFEX exp. 1 LOHAFEX exp. 2

Date 11–20 Feb 2005 23 Feb–01 Mar 2009 09–22 Feb 2009 26 Feb–08 Mar 2009
Sampling location 64°03′S/55°50′W 66°01′S/67°12′W 47°54′S/15°7′W 48°5′S/14°28′W
T (ºC) −0.5 1.3 7 7.5
Chla (µg L−1) 3.89 3.88 1.41 0.47
NH4 (µmol L−1) 0.73 2.42 0.37 0.15
NO2 + NO3 (µmol L−1) 13.8 7.85 22.66 18.04
PO4 (µmol L−1) 1.15 1 1.31 1.16
SiO4 (µmol L−1) 39.5 40.47 0.31 1.01
Zooplankton groups 

used for excretion
Krill (Euphausia superba) Krill (Euphausia superba) Amphipods (Themisto sp.) Zooplankton  community†
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We sampled 100  mL of each replicate and treatment that 
were preserved with glutaraldehyde (1% final concentra-
tion), filtered onto 0.6  µm Nuclepore filters and kept fro-
zen (−80 °C) until ashore examination in a Zeiss epifluo-
rescence microscope. Phytoplankton cells were grouped 
into major taxonomic groups (diatoms or flagellates). Dur-
ing the ATOS II experiment, a FlowCAM (FluidImaging 
Technologies) was used for counting the largest cells on 
the basis of cell size and fluorescence. The FlowCAM was 
equipped with a 300 μm-wide flow cell and a camera with 
a 4× magnification objective, chosen according to the size 
of the predominant species found in the samples. In sub-
polar experiments, during LOHAFEX cruise, 100  mL for 
cell community characterization were preserved by add-
ing approximately 1  mL of Lugol per 250  mL of sample 
volume, and kept in cold (5 °C, approximately). Prior to 
microscopic analysis, samples were concentrated following 
the Utermöhl method in sedimentation chambers for 24 h. 
Cells were counted in a transmitted-light inverted micro-
scope (Zeiss Axiovert 200) at 20× magnification.

We estimated mean cell volumes of phytoplankton by 
measuring cell sizes by transmitted-light microscopy (Zeiss 
inverted microscope) and approximating mathematically to 
the closest geometric figure. The total biovolume for each 
group was calculated as the product of cell density and its 
mean cell volume.

The net growth rates (µ) of the different populations 
along the experiment were calculated from the slope of 
changes of the natural logarithm (Ln) of cell abundance N, 
or the chlorophyll a concentration, over time (t, in days), 
considering all of the data obtained during the experimen-
tal time, by fitting the linear regression equation:

We used the  JMP® software for data analysis. The differ-
ences in chlorophyll a concentrations and net growth rates 
between control and excretion treatments and between the 
different experiments were analyzed using the Student’s t 
test.

Results

The four communities tested differed in their initial char-
acteristics. Chlorophyll a, ammonia, and silicate concentra-
tions measured at the beginning of each experiment were 
higher in the communities south of the Antarctic Conver-
gence than in those sampled at lower latitudes (Table  1). 
Initial nitrate concentrations were lower in our polar exper-
iments, while initial phosphate concentrations were similar 
amongst experiments (Table 1).

The phytoplankton communities observed during both 
subpolar experiments (LOHAFEX 1 and 2) were dominated 

(1)Ln (N
t
) = a + �t.

by diatoms, including the genera Thalassiosira, Corethron, 
Navicula, Cylindrotheca, and Nitzschia, and also by differ-
ent groups of flagellates (mainly dinoflagellates and Phae-
ocystis). Cell counts from ATOS II experiment had to be 
discarded after a malfunction of the cell counting device. 
During ICEPOS 2, south of the Antarctic Convergence, 
taxonomic differentiation was low due to the use of epifluo-
rescence microscopy, but we could observe the presence of 
both pennate and centric diatoms and flagellates, with dia-
toms dominating the phytoplankton community in terms of 
abundance and biomass.

The extent of increase in nutrient concentrations with the 
addition of zooplankton excretion products varied across 
experiments (Table 2). All communities took up ammonia, 
with higher net ammonia removal in treatments receiving 
excretion products when compared to those of control com-
munities (p < 0.01, except for ATOS II). The extent of these 
increases was related to the correspondent enrichment of 
ammonia (Table 2; Fig. 2). Communities south of the Ant-
arctic Convergence did not take up both nitrite and nitrate 
significantly, whereas those north of the polar front showed 
a higher consumption of these compounds. Nonetheless, no 
significant increase in net nitrite and nitrate removal rate 
with the addition of excretion products was observed for 
any of the communities tested (Table 2; Fig. 2). Phosphate 
and silicate removal rates were low for the communities 
south of the Antarctic Convergence and did not increase 
significantly with the addition of excretion products, but 
removal rates were enhanced in the communities north of 
the Antarctic Convergence receiving excretion products, 
most of all during LOHAFEX exp. 1 (p < 0.01, Table 2; 
Fig. 2).

Chlorophyll a concentrations increased significantly 
with time (Student’s t test, p < 0.05), except for the control 
treatment in ICEPOS 2 (Fig. 3). Net growth rates estimated 
from chlorophyll a measurements tended to be higher in 
the communities receiving excretion products in all experi-
ments, with significant differences between treatments in 
the ICEPOS 2 and LOHAFEX 2 experiments (Student’s 
t test, p < 0.05, Fig.  4). The results found in the ATOS II 
experiment were less conclusive than those in the other 
experiments, likely due to its shorter duration (6 days com-
pared to the 9, 10, and 13  days of incubation during the 
ICEPOS 2 and both LOHAFEX experiments).

Nonetheless, in all experiments, the net growth rates 
estimated from chlorophyll a concentration during the 
first days of incubation are of a similar magnitude, and 
also showed increased net growth under the excretion 
treatments.

A wide range of responses to excretion additions was 
found amongst the different phytoplankton groups. In both 
subpolar experiments, the net growth of pennate diatoms 
such as Navicula sp. or Nitzschia sp. in terms of abundance 
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was enhanced at the excretion treatments, and the net 
growth of Phaeocystis sp. decreased when excretion prod-
ucts were added, although these changes were not signifi-
cant (data not shown). These differential responses between 
phytoplankton groups are also reflected in the trends in 
biovolume estimated for each group in both subpolar 
experiments (Fig. 5). In the ICEPOS 2 experiments (polar 
waters), pennate diatoms also increased with the addition 
of excretion products, although differences with controls 
were not significant (data not shown).

Discussion

Zooplankton communities are important contributors to the 
nitrogen (mainly as ammonia) and phosphorus required by 
phytoplankton for primary production (Alcaraz et al. 2010), 
playing a key role in recycling nutrients (Vanni 2002), and 
affecting phytoplankton quantitatively and qualitatively by 
modifying the pool of available nutrients (Sterner 1986). In 
fact, there have been observed different temporal and geo-
graphic patterns of ammonium distribution related to the 
complex behavior and physiology of zooplankton influenc-
ing their grazing and excretion (Priddle et al. 1997).

In marine systems, the impact of remineralization by 
microzooplankton on photoautotroph production has been 
recognized (Burkill et al. 1987; Berman 1991), but during 

our experiments, we focused on the effect of meso- and 
macrozooplankton, also clearly important in the overall 
supply of reduced nitrogen to phytoplankton.

In the Southern Ocean, krill plays a major role as a 
nutrient recycler, stimulating phytoplankton growth and 
conditioning the ecosystem to support a high productivity 
(Tovar-Sanchez et  al. 2007; Smetacek 2008). The actual 
mechanism by which krill is implicated in  NH4

+ regen-
eration may not be direct or obvious (Whitehouse et  al. 
2011), and it has been suggested that krill excretion may 
enhance bacterial activity (Goeyens et  al. 1991; Aristegui 
et al. 2014), fuelling phytoplankton growth, and thus stimu-
lating periods of high productivity in the Southern Ocean 
(Smetacek 2008; Aristegui et al. 2014). However, the direct 
excretion of dissolved ammonium can also be the primary 
boost to mixed layer  NH4 concentrations (Whitehouse et al. 
2011; Lehette et  al. 2012). High concentrations of krill 
may supply sufficient local excesses of nutrients to trigger 
enhanced uptake and phytoplankton turnover (Whitehouse 
et al. 2011; Lehette et al. 2012).

As observed in our results, the net growth rates of phy-
toplankton communities estimated as the variation in Chl a 
concentrations were in general boosted under the excretion 
treatments, reflecting the stimulating effects of the nutri-
ents excreted by krill, amphipods, and copepods on the net 
growth of phytoplankton communities. This response has 
also been observed in previous experiments, with a positive 

Table 2  Removal rates 
(µmol L−1 day−1, ±SE) 
measured in control and 
excretion treatments for each 
nutrient and experiment, 
together with the enrichment 
factor (indicates how many 
times the nutrient concentration 
has been increased in the 
excretion factor with regard 
to its correspondent control), 
or increase in nutrient 
concentration after the addition 
of zooplankton excretion 
products

Superscripts indicate the p value obtained with Student’s t test: NSp > 0.05, *p < 0.05 and **p < 0.001. n = 4 
for all experiments, except for ICEPOS 2 where n = 2

Experiment NH4 NO2 + NO3 PO4 SiO4

ICEPOS 2
 Enrichment factor 23.4 1 2 3.8
 Removal rate
  Control −0.02 ± 0.03NS 0.22 ± 0.14NS 0.03 ± 0.01* 0.22 ± 0.2NS

  Excretion 0.3 ± 0.05* 0.4 ± 0.25NS 0.05 ± 0.03NS −0.39 ± 0.7NS

ATOS II
 Enrichment factor 3.1 1.4 1.6 1.3
 Removal rate
  Control 0.34 ± 0.07* −0.26 ± 0.18NS 0.02 ± 0.01* −0.65 ± 0.47NS

  Excretion 0.21 ± 0.06* −0.15 ± 0.14NS 0.02 ± 0.01* 0.28 ± 0.23NS

LOHAFEX exp. 1
 Enrichment factor 33.4 0.9 1.3 1.9
 Removal rate
  Control −0.03 ± 0.01* 1.23 ± 0.23** 0.06 ± 0.02* 0.09 ± 0.02**
  Excretion 1.46 ± 0.37* 0.94 ± 0.25* 0.11 ± 0.02** 0.23 ± 0.03**

LOHAFEX exp. 2
 Enrichment factor 3.9 1 1.2 1
 Removal rate
  Control 0.04 ± 0.03NS 0.99 ± 0.18** 0.07 ± 0.01* 0.09 ± 0.04*
  Excretion 0.72 ± 0.08** 0.89 ± 0.17** 0.1 ± 0.02** 0.16 ± 0.03**
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response in phytoplanktonic and bacterial communities 
(Agustí et al. 2009; Arístegui et al. 2014).

During our subpolar experiments, initial nitrate concen-
trations were higher than in our Antarctic experiments, so 
the consumption rates of this nutrient remained higher dur-
ing the incubation time. During LOHAFEX experiments, 
excretion additions lead to an increase in ammonia removal 

rates and a parallel decrease in nitrate removal rates. These 
opposite trends in ammonia and nitrate removal are not that 
clear in our Antarctic experiments, as the initial concentra-
tions of ammonia were slightly higher.

Ammonia ambient concentrations are characteristically 
lower than those of nitrate (Glibert et al. 1982). According 
to this, and considering that nitrate uptake rates in Antarctic 

Fig. 2  Nutrient concentrations (in µmol  L−1) measured along the 
four experiments. Panel 1  NH4, panel 2  NO2 + NO3, panel 3  PO4, 
panel 4  SiO4. In each experiment, four replicates per treatment were 

measured, except during ICEPOS II (2 replicates per treatment). 
Error bars represent the standard errors (SE)



2041Polar Biol (2017) 40:2035–2045 

1 3

phytoplankton are typically low (Dugdale and Wilkerson 
1991) and that the uptake of ammonia is energetically more 
efficient (Dortch 1990), we found enhanced removal rates 
of ammonia in the excretion treatments in all experiments. 
This indicates that ammonia recycling is a major source 
of nitrogen to phytoplankton (Glibert et al. 1982), particu-
larly so in the Antarctic where nitrate uptake rates are low 
and ammonium is taken up rapidly (Agustí et  al. 2009). 
The enhanced ammonium uptake under increased ambient 
ammonium concentrations reflects the preference of phyto-
plankton for ammonium over nitrate (Olson 1980; Dortch 
1990). In fact, previous studies performed in the Scotia Sea 
observed that ammonium uptake was more than two-thirds 
of the total inorganic nitrogen assimilated by phytoplankton 
(Rönner et al. 1983; Koike et al. 1986).

Despite the increase observed in overall phytoplank-
ton biomass (as Chl a, Fig.  4) under excretion addition, 
our study of the effects of the addition of excretion prod-
ucts on the different phytoplankton groups present in these 

Fig. 3  Changes in chlorophyll 
a concentration (µg Chl a  L−1) 
with time observed for each 
experiment. In each experiment, 
four replicates per treatment 
were measured, except during 
ICEPOS II (2 replicates per 
treatment). Error bars represent 
the standard errors (SE)

Fig. 4  Net growth rates  (days−1) estimated from the chlorophyll a 
measurements from each experiment and treatment. Error bars repre-
sent the standard errors (SE)
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communities showed a broad range of responses across 
groups, as the differences observed in Fig.  5. During the 
iron fertilization experiment that also took place during 
the LOHAFEX cruise (Smetacek and Naqvi 2010), the 
initial phytoplankton community was dominated by flag-
ellates, including solitary cells of Phaeocystis sp. After 
iron addition, a rapid diatom growth was observed that 
declined within 2–3 weeks after fertilization. This decline 
could have been due to the depletion of silicic acid to limit-
ing concentrations and/or heavy copepod grazing pressure 
(Smetacek and Naqvi 2010). During our LOHAFEX exper-
iments, the excretion addition helped to decrease silicon 
limitation and favored diatom growth.

There has been observed a considerable variation 
between species in their use of  NH4 or nitrate as an N 
source, influenced by their availability (Seeyave et  al. 
2009). However, at present, no apparent pattern in the 
preference for an N source between species can be defined 
(Dortch 1990), finding different preferences even between 
similar species (Van Ruth et  al. 2012). These different 
interspecific responses are expected, considering their 
diverse life-history characteristics, especially in regard 
to their nutrient requirements (Kilham and Hecky 1988). 
For instance, several experiments performed in Antarctic 
waters have described a preference of small phytoplankton 
for ammonium, compared to large phytoplankton which 
tend to rely more on nitrate as an N source (Koike et  al. 
1986; Owens et al. 1991).

It has been suggested that diatoms grow faster and 
have a higher affinity for nutrients than other phytoplank-
ton taxa under nutrient-replete conditions (Parsons et al. 
1978). Sterner (1986) found that nutrient regeneration 
by Daphnia sp. increased total phytoplankton growth 
rate as well as that of several taxa; moreover, the taxon 
responding most positively to nutrient recycling was a 
group of pennate diatoms. This agrees with the results 
presented here, where pennate diatoms showed increased 

net growth rates in the treatments receiving excretion 
products. This enhanced growth of diatoms would also be 
reflected in the increased silicate consumption measured 
in both subpolar experiments, where the initial silicate 
concentrations were one–two orders of magnitude lower 
than those in the experiments conducted poleward of the 
Antarctic Convergence.

Ecologists recognize the importance of consumers in 
regulating ecosystems processes such as nutrient cycling 
(Sterner 1986; Elser and Urabe 1999; Lehette et al. 2012), 
where zooplankton is identified as an important source of 
recycled nutrients for phytoplankton. The temporal and 
spatial variability of marine organisms as krill is typically 
assumed to be ultimately controlled by environmental 
variability, with large changes in krill biomass observed 
between regions and years (e.g., Atkinson et  al. 2004; 
Siegel 2005; Alcaraz et al. 2014). The distribution of krill 
varies horizontally and also along the year; west of the Ant-
arctic Peninsula, most winter observations are character-
ized by the absence of krill, with low biomass aggregations 
occurring deeper in the water column (Lascara et al. 1999). 
Krill also shows ontogenetic and diel vertical migration, 
feeding in the phytoplankton-rich shallow waters during 
darkness and avoiding predation by residing deeper during 
daylight (Demer and Hewitt 1995).

Several studies have described a decline in krill stand-
ing sock associated with reduced ice cover during the last 
decades (Loeb et  al. 1997; Atkinson et  al. 2004). In fact, 
despite the high krill concentrations previously reported 
close to the Antarctic Peninsula and in the Scotia Sea, krill 
populations have declined twofold since the mid-1970s due 
to profound changes along this area (Atkinson et al. 2004). 
This key species for the trophic network of the Southern 
Ocean has also been influenced by the emerging Antarctic 
krill fishery and significant ecological changes during the 
second half of the twentieth century (Murphy et al. 2007; 
Santana et al. 2013).

Fig. 5  Biovolume 
 (10−5 µm3 mL−1) calculated for 
Phaeocystis sp. and pennate 
diatoms (including species 
as Nitzschia sp., Navicula sp. 
or Corethron sp.) along both 
LOHAFEX experiments. Error 
bars represent the standard 
errors (SE)
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Besides this krill decline, differences in the stoichi-
ometry of excretion products are potentially important 
in determining the relative degree of nutrient limitation 
and thus algal species composition (Vanni 2002). It has 
been described that environmental changes can affect the 
ratios at which the different nutrients are recycled by krill, 
in example, predicting increased  NH4

+, DOC, and  PO4
+ 

release rates in a high  CO2 scenario (Saba et al. 2012).
In parallel, the decline of krill populations seems to be 

leading to a substitution by salps as the main components 
of the zooplankton community (Smetacek and Nicol 2005). 
Although the excretion of salps also contributes greatly to 
nutrient recycling and supply to phytoplankton, the stoi-
chiometric ratios of the excretion products differ greatly 
between salps and krill (Alcaraz et al. 2014). The ratios at 
which nutrients are recycled can exert a strong selective 
effect in natural communities of phytoplankton (Hecky and 
Kilham 1988), leading to strong indirect effects in natural 
communities (Sterner 1986), suggesting that the shift from 
krill to salps may also select for phytoplankton communi-
ties with stoichiometric ratios more similar to those of the 
salp excretion products.

It has been observed that the world ocean has undergone 
a warming process since the mid-20th century (Levitus 
et al. 2000), including remote areas such as the surround-
ings of the Antarctic Peninsula and near-coastal Antarctica 
(Christensen et al. 2007).

In a future scenario under increased temperatures, with 
a decreased ice cover and an increase in thermal strati-
fication, nutrient input from deeper water masses may be 
diminished, and the role of zooplankton as nutrient recy-
clers may become more important as ammonia sources 
for phytoplankton. This way, excretion and migration may 
impose a temporal pattern on ammonium concentration and 
distribution, being an effective means of transporting nitro-
gen through the mixed layer (Priddle et al. 1997).

If the changes in the rates of zooplankton excretion per-
sist, the stoichiometry and the quality of the dissolved pool 
of nutrients available for phytoplankton may be modified. 
As observed here, this would imply a decrease in total phy-
toplanktonic biomass, as zooplankton excretion usually 
seeds the conditions for subsequent phytoplankton blooms 
(Agustí et  al. 2009). Changes in the phytoplankton com-
munity composition may also be induced, as the form in 
which nitrogen is available for phytoplankton can have an 
influence on the productivity of different size classes and 
ultimately affect the sinking rates of the community (Stolte 
et al. 1994).

This will contribute to induce the abrupt, non-linear 
changes expected on the community structure of plankton 
ecosystems (Alcaraz et al. 2010). Thus, the decline in krill 
standing stock reported in the Southern Ocean may have 
deeper effects in the Southern Ocean phytoplankton than 

believed (Ruiz-Halpern et al. 2011) if these populations are 
deprived of the stimulating effects of krill excretion, even 
altering the carbon export, sustained on recycled nitrogen 
(Priddle et al. 1995).
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