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ABSTRACT The role of losses in controlling phytoplankton bionlass and production off Hlanes Bay 
( N W  Ilediterranean) were examined, using In sltu dialysis cultures, during a period of very low nutrl- 
ent concentrat~on The ambient community experienced a negative net growth rate (-0.05 * 0.03 divi- 
sions d-l ) ,  compared to relatively high cornmunit). growth rates (0.78 * 0.07 dlv. d ' )  when metazoan 
grazers and physical losses, which appeared to bc negligible, were excluded, indicating that loss rates 
(0  83 dlv. d.') exceeded growth rates. This provided evidence that the blomass and production of the 
phytoplankton community was controlled by consumers, even at  a t ~ m e  of very low nutrlent concentra- 
tlons The comn~unity structure changed in response to the suppression of losses, leading to an 
enhanced growth of nano- and microphytoplankton, while the abundance of plcoplanktunic autotrophs 
tended to decline slightly. Yet, the biomass attained by nano- and microphytoplankton was slmilar 
despite large differences in t h e ~ r  initial dens~ty ,  indicating the existence of a resource limitation of the 
biomass the different groups ]nay achieve. These results clearly provide e\.idence that the biomass and 
production of larger (>5 pm) phytoplankton was controlled top-down by metazoan consumers, which 
were excluded from the dialysis bags, while picophytoplankton biomass was likely to be controllcd by 
prot~sts This supports the notion that whether autotrophic production 1s channelled through metazoan 
herbivores or through the 'microbial loop' is closely dependent on the size (greater and smaller than 
about 5 pm, respectively) of the autotrophs, and that top-down control of phytoplankton production 
may occur even when nutrients are very scarce. 
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INTRODUCTION 

The NW Mediterranean is an  oligotrophic environ- 
ment, with generally low nutrient concentrations 
(Estrada & Margalef 1988) that suggest nutrient limita- 
tion is a main constraint on primary production. This 
suggestion has been supported by evidence obtained 
for seagrasses (e.g. Perez et  al. 1991, 1994, Alcoverro et 
al. 1995) and macroalgae (Geertz-Hansen et  al. 1994, 
Vidondo & Duarte 1995), and by some evidence for 

open sea phytoplankton (Krom et  al. 1991, Estrada et  
al. 1993). These investigations all point to phosphorus 
as the main limiting nutrient in the NW Mediter- 
ranean, as supported by high carbon:phosphorus ratios 
in marine plants (Perez et al. 1991, 1994, Delgado et al. 
1994, Geertz-Hansen et  al. 1994, Alcoverro et  al. 1995, 
Vidondo & Duarte 1995), and phosphate concentra- 
tions often below detection limits (e.g C .  M. Duarte 
unpubl.). 

There is, however, substantial evidence that points 
to the paramount importance of consumers In the NW 
Mediterranean plankton, such as very high biomass of 
microbial heterotrophs (D. Vaque unpubl.) and zoo- 
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plankton (P. Andreu & C. M. Duarte unpubl.) relative 
to that of phytoplankton (M. P. Mura unpubl.). Also, 
there is a tendency for heterotrophs to dominate light 
absorption (Agusti 1994), and community planktonic 
metabolism (M.  P. Satta, S.  Agusti, M. P. Mura & 
C. M. Duarte unpubl.) at annual time scales. That the 
biomass and metabolism of heterotrophs is very high 
relative to that of phytoplankton indicates that carbon 
demands should be h ~ g h  relative to production and, 
hence, a potential for top-down control of phytoplank- 
ton biomass and production. 

The main seasonal phytoplankton bloom in the NW 
Mediterranean littoral occurs in late winter (late Feb- 
ruary to March; M. P. Mura unpubl.), when phyto- 
plankton production greatly exceeds heterotrophic 
demands. The decline of this bloom is attributed to 
dissolved inorganic nutrient (partlcular1.y P) depletion 
(C. M. Duarte unpubl.), suggesting nutrient-limited 
production. However, it may derive equally from in- 
creased grazing pressure, for the bloom is followed by 
the recruitment of zooplankton (e g. copepod nauplii 
and cnidaria; P. Andreu & C. M. Duarte unpubl.) con- 
sumers. Field observations are, therefore, unable to 
eIucidate whether the decline of the late winter phyto- 
plankton bloom is due to grazing pressure or limited 
nutrient supply. These possibilities are, therefore, best 
examined through in situ experiments. 

Here we examine the role of losses in controlling 
phytoplankton production during a period of very low 
nutrient concentrations, following the late winter 
bloom. We do so based on the comparison, both for the 
total community and for different phytoplankton 
groups, of cell density, biomass, and net growth rates 
of the ambient phytoplankton with those measured in 
communities enclosed in dialysis bags i n  situ to ex- 
clude losses. 

METHODS 

The experiment was conducted in the Bay of Blanes, 
Spain (41" 39.90' N, 2" 48.03' E)  between April 12 and 
18, 1994, about 30 d after the late winter phytoplank- 
ton bloom, the single most important seasonal 'bloom in 
the area. The Bay of Blanes is a shallow (c10 m), 
exposed coastal zone with vertically mixed waters and 
little freshwater input during most of the year (C. M. 
Duarte unpubl.). Dissolved inorganic nutrient concen- 
trations are low, albeit well above detection limits, dur- 
ing most of the year, and fall to levels close to, or below, 
detection limits following algal blooms (C. M.  Duarte 
unpubl.) .  The most important bloom (reaching about 
3 mg chlorophyll a (chl a) m-3) is observed in late win- 
ter (late February to March), phytoplankton biomass 
remaining at about 0.2 to 0.5 mg chl a m-"during most 

of the year (M. P. Mura unpubl.). Planktonic respiration 
rates are similar to, or greater than, primary production 
rates during most of the year, except during the onset 
of phytoplankton blooms, when the planktonic com- 
munity is net autotrophic (M. P. Satta, S. Agusti, M. P. 
Mura & C. M. Duarte unpubl.). 

Data on in situ conditions along the experimental 
period were derived from a sampling programme 
examining variation in e.g. water properties (tempera- 
ture, salinity, dissolved inorganic nutrlent concentra- 
tions), phytoplankton biomass and production, and 
community respiration (C. M. Duarte. M. P. Mura & 
M. P. Satta unpubl.), and zooplankton biomass (P. 
Andreu & C. M. Duarte unpubl.), at weekly intervals. 

The experiment consisted of the examination of 
apparent growth rates of phytoplankton enclosed 
within dialysis bags, and suspended in situ at about 
1.5 m below the surface. The dialysis cultures con- 
tained the unfiltered subsurface community that was 
screened through a 150 pm mesh, and the natural com- 
munity, screened through a 40 pm mesh. Changes in 
phytoplankton abundance in ambient subsurface 
waters along the experiments were used as controls 
representing the net growth rate in situ (T6th 1980, 
Furnas 1982, 3990, Ferrier & Rassoulzad.egan 1991). 
Six dialysis bags were prepared for each of the treat- 
ments and consisted of 500 m1 bags constructed with 
dialysis membranes with a molecular weight cut- 
off (MWCO) of 6000 to 8000. These membranes allow 
diffusion of molecules smaller than proteins, which 
equilibrate with ambient sea water at time scales <4 h. 
Dialysis bags were hydrated by soaking them in 
deionised water for 2 h prior to use. The bags were 
filled with subsurface water, unscreened or filtered, 
depending on the treatment, on deck of an outboard 
motor boat and closed. They were then carefully tied to 
a frame and suspended in the bay at 1.5 m depth. The 
shallow depth of the Bay of Blanes prevents light limi- 
tation, with subsurface light intensity varying between 
500 and 1300 pEinstein m-' S - ' ,  compared to the 
200 pEinstein m-' S - '  necessary to saturate photosyn- 
thesis of this phytoplankton community (IM. P. Satta 
unpubl. results) Hence, differences in light availability 
to phytoplankton cells s.uspen.d.ed in the d.ialys~s bags 
and in the natural community should have had no 
influence on the results obtained. 

Three dialysis bags per treatment were sampled 3 d 
after and 6 d after initiation of the experiment. The 
contents were collected into a 500 m1 clean plastic con- 
tainer, and immediately transported to the laboratory. 
At the laboratory, a variable water volume (50 to 500 
ml, depending on phytoplankton bi.omass) was filtered 
through Whatman GF/F filters for fluorometric analysis 
of chl a concentration (Parsons e t  al. 1984). The filters 
were homogenised in 90% acetone and refrigerated 
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The rates the changes in phytoplank- Fig. 1. Time course of nitrate concentration, chlorophyll a 
ton ~0n~entrat i0nS in ambient Waters and inside the and gross and net production in the Bay of 

for ca 6 h. Fluorescence was measured, following gross (pg,,,,) growth rates of phytoplankton, respec- 
extraction, in a Turner Designs fluorometer calibrated tively (Toth 1980, Furnas 1982, 1990). Accordingly, loss 
with pure chl a (Sigma Co., St. Louis, Missouri, USA) rates (p,,,,) were calculated as the difference between 
(Holm-Hansen & Riemann 1978). An additional sample gross and net growth rates. Phytoplankton production 
(100 to 250 ml) was preserved with glutaraldehyde was calculated as the rate of increase in phytoplankton 
(sample final concentration of 1.5%) for microscopic carbon with time. 
examination of phytoplankton. A subsample of these 
samples (about 70 rnl) was filtered at  low pressure onto 
black Nuclepore filters (0.8 pm nominal pore size), and RESULTS AND DISCUSSION 
then stained with 1 m1 of DAPI (4',6-diamino-2- 
phenylindole, a DNA-specific stain; Martinussen & The experiment followed the late winter bloom by 
Thingstad 1991) solution (10 pg ml-') for 5 to 10 min about 1 mo, when chl a concentrations had dropped 
without vacuum. Filters were then washed twice with from the bloom levels of 3 mg chl a m-3 to about 0.3 mg 
filtered sea water before they were mounted on a glass chl a m-3 (Fig. l ) ,  the long-term modal value observed 
slide over a drop of Zeiss immersion oil, and stored in the Bay of Blanes (C. M. Duarte unpubl. data). The 
frozen until microscopical examination in the labora- late winter bloom was followed by a relatively strong 
tory. wind event that upwelled water with higher nitrate 

Epifluorescence microscopy, which allows unam- concentrations into the shallow littoral (C. M. Duarte 
biguous discrimination of autotrophic (i.e. containing unpubl.). This mixing of water masses was clearly 
chl a) from heterotrophic cells, was used to identify, reflected in the T-S (temperature-salinity) diagram (not 
enumerate, and measure phytoplankton cells. The shown), which also showed that the resulting water 
phytoplankton cells collected on the filters were exam- mass remained stable throughout the experiment. 
ined using a Zeiss Axioplan microscope equipped with 
an epifluorescence unit provided with an UV filter set 
(Zeiss filter 487701). The filters were examined at 400 3 

and 1000 magnifications to count cells larger (40 to 50 7; - - - 
fields) and smaller (30 fields) than 5 pm, respectively. 2 'i 
Cells with diameters smaller than 5 pm are referred - .- 
to hereafter as picophytoplankton, and divided into 2 ; 

4 0 

prokaryotic and eukaryotic cells depending on 5 .: 
whether chlorophyll autofluorescence was distributed E 5 
over the cell or packed into chloroplasts, respectively; g l - , - 
whereas phytoplanktonic cells with diameters be- g 6 
tween 5 and 20 pm were considered as nanophyto- .- 2 

c plankton and cells with diameter >20 pm were classi- u b. 
I I I 

- - 3 /  
-. 
0 

fied as microplankton (Sieburth et al. 1978). Nano- and o 
microphytoplankton were classified into genera. The 0 20 40 60 

Experimental 
average cell volume for each phytoplankton group 1/ period 
identified in each sample was computed, by approxi- 10 I I I 

mation to the nearest simple geometric shape, from the Net autotmphic 

dimensions (at 1000x) of ca 20 measured cells. The , , 
7 7 5 -  , -  biovolume (pm3 ml-l) of the different phytoplankton c c 

groups in each sample was calculated as the product of 
cell density (cells ml-l) and average cell volume (pm3 $0 ,  0 . . . . . . .  ' '. ' ' - 

, . 
cell-'). This was then converted into carbon using pub- g 7 , . -  , 9 . , 

, . , , . . . 

dialysis bags were used to represent the net (p,,,) and  lanes in spnng 1994 

lished regression equations (Montagnes et al. 1994). .- g .z wet:pHuction ', . 
. , . $ 1 .  

, .  
Growth rates (p, doublings d-') were calculated from 5 . , ''0 3 H : 
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P' 
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Nitrate concentrations declined from high (>2 vM) val- 
ues to reach very low concentrations (about 0.2 pM) 
during the experiment (Fig 1). Phosphate was only 
observed in measurable, albeit very low, concentra- 
tions 10 d before and 10 d after the experiment and 
remained below the analytical detection limit during 
the experiment. The waters were thoroughly mixed at 
this shallow (6 m) station, with daily average maximum 
wave heights ranging between 0.6 and 2 m during the 
experiment. The changes in nitrate concentrations 
were paralleled (r = 0.85, p < 0.001) by similar fluctua- 
tions in gross production, suggesting that production 
may have been influenced by nitrate availability 
(Fig. 1). Examination of the temperature dependence 
of phytoplankton productivity in the Bay of Blanes 
showed the productivity during this period to also be 
constrained by the low water temperature (14 to 15°C) 
during the experimental period (M. P. Satta unpubl.). 
The phytoplankton bloom period was characterised by 
a dominance of photosynthesis over community respi- 
ration, which was reversed to a net heterotrophic com- 
munity balance at the time of the experiment (Fig. 1). 
That community respiration exceeded production dur- 
ing the experimental period suggests high consumer 
demands, which could have probably exerted a con- 
trolling effect on phytoplankton production at that 

Days 

Fig. 2.  Box plots showing the time course of phytoplankton 
biomass and chlorophyll a  concentration.^ inside d ~ a l y s ~ s  bags 
The boxes encompass 50':i8 of the data,  the central l ~ n e  repre- 
sents the median, and the  bars encompass 9594, of the data 

time. The zooplankton community present was rela- 
tively sparse, as is typical of spring conditions (P. 
Andreu & C. M. Duarte unpubl.), dominated by crus- 
taceans (3900 to 7700 and 145 to 336 nauplii and cope- 
pods m-3, respectively) and gelatinous organisms (e.g. 
52 to 65 siphonophores m-"). The low abundance of 
these organisms implied that they were mostly absent 
from the dialysis bags (i.e. < l  individual 500 ml-l), 
except for nauplii (llnear dimension about 170 pm), 
which may have been present, albeit with only a few 
individuals, in the unfiltered dialysis bags. Heterotro- 
phic nanoflagellates and ciliates were present (about 
600 and 2 cells ml-l, respectively), with abundances 
similar to average annual values (D. Vaque unpubl.). 

Phytoplankton biomass increased greatly in the dial- 
ysis bags, exceeding ambient biomass by about 100- 
fold after 6 d,  and achieving similar biomasses in all 3 
dialysis treatments (see Fig. 5) .  Hence, phytoplankton 
production inside the bags increased substantially to 
reach production rates (41.9 k 8.5 pg C 1-' d-l) exceed- 
ing ambient production (about 13 pg C 1-' d-', inferred 
from oxygen evolution rates in Fig. 1 using conversion 
factors as in Parsons et al. 1984) by about 3- to 4-fold. 
The final biomass reached (150 i 19 1.19 C 1-'; Fig. 2) 
corresponded to a chl a concentration of 3.26 * 0.3 pg 
chl a l- '  (Fig. 2)' which is the modal biomass achieved 
by phytoplankton blooms in the Bay of Blanes (Mura et 
al. 1995). This indicates that phytoplankton communi- 
ties are able to reach biomasses and production rates 
charactenstic of bloom conditions at the very low nutri- 
ent concentrations observed during the experimental 
period. Accordingly, the low phytoplankton biomass 
and product~on observed in Blanes Bay at the time of 
the experiment was a result of substantial losses, rather 
than of resource limitation. This was further supported 
by examination of growth rates, which showed a net 
loss rate for phytoplankton in ambient waters (p,,, = 

-0.05 0.03 divisions d-l) ,  whereas their gross growth 
rate - as observed inside the dialysis bags -was 
quite high ( p  ,,,,, = 0.78 + 0.07 div. d-l). Losses due to 
advection and diffusion must have been low, since 
waters remained well mixed during the study and no 
evidence of mixing of water masses was observed dur- 
ing the experiment. Hence, the substantial losses indi- 
cated by the results must be largely attributable to 
grazing by metazoans, which were excluded from the 
dialysis bags. These losses appeared to be very high in 
the Bay of Blanes, at about 0.83 div. d- l ,  suggesting a 
strong top-down control of phytoplankton biomass and 
production there, even at a time of very low nutrient 
concentrations. 

A detailed examination of the community response 
showed major changes in community structure and 
growth in response to the experimental enclosure 
inside dialysis bags. The natural community (i.e. that 
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present at t = 0) was dominated both in numbers and 
biomass by picoplankton, both prokaryotic (about 43 % 
of the biomass) and eukaryotic (about 22.3% of the 
biomass), with diatoms (dominated by those in the 
genus Chaetoceros) also having a significant (about 
33.6% of the biomass) contribution to community bio- 
mass (Fig. 3). The enclosed communities changed 
greatly in response to the suppression of losses, with a 
rapid initial response of diatoms (Chaetoceros and 
Nitzschia species) followed by a response of photosyn- 
thetic nanoflagellates by the end of the experiment 
(Fig. 3). In contrast with the enhanced growth experi- 
enced by nano- and microphytoplankton, the concen- 
tration of picoplanktonic autotrophs tended to decline 
slightly (Fig. 3). Dinoflagellates were present below 
detection limits at the initiation of the experiment, but 
developed a detectable biomass inside the dialysis 
bags as well as in the natural (i.e. the open water) com- 
munity. The lack of initial density estimates, however, 
precluded the estimation of net growth rates for 
dinoflagellates (Fig. 4).  

The growth rate of nano- and microphytoplanktonic 
groups increased greatly inside the bags, allowing cal- 
culation of gross growth rates. Gross growth rates were 
quite high, at about one or more divisions per day for 
photosynthetic nano- and microplankton (Fig. 4) ,  
clearly demonstrating the rather low nutrient concen- 
trations in the Blanes Bay waters to be sufficient to sup- 
port fast growth of these taxa. In contrast, the growth 

1 m  - - - 
E 1000 
W, - 
U - 

100 - 0 Chaelocems .- 
E Kitzrhia  

-0 m Nanoflaplellates 
= 10 
S I Dinoflagellates 

1 Euc. picoplankton 

I 0 Cyanobactcria 

Days 

Fig. 3. Time course of the biomass and density of the main 
phytoplankton groups present in the community inside the 

dialysis bags. Error bars show k 1 SE 

nano- and micmphyloplanklon picophyloplanklon 

2,0 

Fig. 4 .  Mean (r SE) apparent phytoplankton growth rates in 
the open water community (i.e. net growth rates), and inside 
dialysis bags (i.e gross growth rates for nano- and micro- 

phytoplankton) 

I l I l 

- Net gruwlh (open walcr) 

rate of picoplanktonic autotrophs did not increase, but 
declined, after enclosure in dialysis bags (Fig. 4). This 
indicates that the main source of losses of picophyto- 
plankton operated inside the bags, and points to het- 
erotrophic protists, which were present inside the dial- 
ysis bags (D. Vaque unpubl. data), as the organisms 
responsible for these losses. Loss rates for nano- and 
microphytoplankton, calculated as the difference 
between gross and net growth rate, were high, partic- 
ularly for Chaetoceros species (about 1.27 logz units 
d-l) ,  for which losses exceeded gross growth rates, 
resulting in a negative net growth rate in the open 
water community (Fig. 4). 

Examination of the growth response of phytoplank- 
ton under the different treatments revealed a remark- 
able convergence in the final biomass reached by dif- 
ferent nano- and microphytoplankton taxa within the 
dialysis bags despite order-of-magnitude differences 
in their initial density among treatments (Fig. 5). The 
screening treatment (<l50 and c40  pm) induced size- 
able changes in the initial density of the groups, dilut- 
ing some of the taxa (e.g. Chaetoceros species) relative 
to the ambient waters. That final abundances were 
remarkably close despite substantial changes in initial 



218 Mar Ecol Prog Ser 130: 213-219, 1996 

Eur. picoplanklon 

0.0 

v 
3 .- 
9 

- 
C e 

Chaetmeros o. 

a Nitzschia 

a Nanoflagellates 

I Dinoflagellatcs 

Euc. picoplankton 

B Cyanobacteria 

Fig. 5. Time course of the density of the main taxa present 
in the phytoplankton community inside dialysis bags contain- 
ing unfiltered water, and water filtered through 150 and 

40 pm nets 

density implies that diluted populations must have 
supported faster apparent growth rates than denser 
ones. Alternatively, all populations may have sup- 
ported similar growth rates until the asymptotic bio- 
mass was achieved with initially sparse populations 
thereby maintaining maximal growth rates over longer 
time periods. Hence, the apparent growth rates of 
phytoplankton taxa (e.g. Chaetoceros species and 
eucaryotic picoplankton) calculated over the expen- 
mental period declined with increasing initial density 
(Fig. 6) .  These results provide strong evidence for the 
existence of an asymptotic biomass, which must be 
imposed by resource (e.g nutrients) limitation of bio- 
mass yield. 

In summary, the results obtained show a major shift 
in the abundance, production, and growth rate of 
nano- and microphytoplankton in response to enclo- 
sure inside dialysis bags, whereas those of picoplank- 
ton showed only a minor response. These results sug- 
gest the biomass and production of larger (>5 pm) 

Initial density (cells ml-l) 

Fig. 6 .  Relationship between the apparent growth rate of 
Chaetoceros species and eukaryotic picoplankton and their 
initjal density in dialysis bags. Solid line represents the fitted 

regression equations 

phytoplankton in Blanes Bay is controlled by meta- 
zoan consumers, and show the potential for phyto- 
plankton to reach bloom levels even during periods of 
very low nutrient concentrations. The experiment also 
provided evidence that picophytoplankton biomass is 
controlled by protists, rather than metazoans (cf. Ras- 
soulzadegan & Sheldon 1986). Hence, our results are 
consistent with the notion that whether autotrophic 
production is channelled through metazoan herbivores 
or through the 'microbial loop' is closely dependent on 
the size (greater and smaller than about 5 pm, respec- 
tively) of the autotrophs (Landry & Hassett 1982, Cush- 
ing 1989, Kuuppo-Leinikki 1990, Legendre 1990, Ras- 
soulzadegan 1993, Lclgendrcl & Rassoulzadegan 1995). 
Phytoplankton communities are, therefore, able to 
support substantial growth rates even during these 
oligotrophic conditions. However, the evidence for a 
constant yield, and the associated density dependence, 
obtained (Fig. 6) indicates that apparent growth rates 
are maintained below maximal levels by resource (i.e. 
nutrient) limitation. In conclusion, the biomass and 
production of the phytoplankton community appeared 
limited during the low-nutrient period investigated by 
metazoan grazers, although their growth rate was 
maintained below maximal values by the limited nutri- 
ent supply. 
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