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INTRODUCTION

Understanding the principles that govern trophic
interactions among microbial planktonic organisms,
i.e. those that regulate carbon and energy flows in
microbial food webs, is a major goal in biological
oceanography. One of the key questions to address is
the mode of control of bacterial and heterotrophic
protist abundances.

Since bacterial numbers in natural waters show little
variation, it was suggested that bacterial production
(BP) must be roughly balanced by grazing mortality
(Sherr et al. 1989). However, the proportion of BP con-
sumed by bacterivory is very variable, ranging from

<50 to >100% (Sherr et al. 1986, Wikner et al. 1990).
Methodological constraints may be partly responsible
for these discrepancies (Sherr et al. 1986, Wikner et al.
1990), as well as other processes causing biomass
losses, such as viral lysis (Fuhrman 1999). In addition to
grazing and viral lysis, bacterial abundance and bio-
mass can be controlled by physical factors, such as tem-
perature and supply of substrates, through their effect
on bacterial growth rates (Revilla et al. 2000, Schultz et
al. 2003, Staroscik & Smith 2004). However, it is recog-
nized that the relative importance of the various factors
that can regulate heterotrophic microbial population
densities differs among systems (Wieltschnig et al.
1999) and also among seasons (2olić et al. 1998).
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In many estuaries, temperature has been shown to
exert a strong influence on bacterial activity (Schultz
et al. 2003, McManus et al. 2004, Staroscik & Smith,
2004). However, the influence of temperature has been
shown to vary along the longitudinal axis in other estu-
aries (Goosen et al. 1997, Revilla et al. 2000). Further-
more, in some systems in which temperature has been
shown to play an important role in shaping bacterial
activity, temperature effects have been claimed not to
override the influence of substrate availability (Murrell
2003, Apple et al. 2006). In estuarine ecosystems, con-
trol of substrate supply is more complex than in off-
shore waters due to potential spatial and seasonal vari-
ability in the proportion of autochthonous (e.g. primary
production, zooplankton sloppy feeding) and alloch-
thonous substrates used by bacteria.

The role of grazing in the control of bacterial stand-
ing stocks has been less studied. It has been suggested
that grazing control is weaker in eutrophic than in olig-
otrophic waters (Boissoneault-Cellineri et al. 2001),
and that the degree of grazing control also varies on
seasonal time scales (2olić & Krstulović 1994).

Heterotrophic nanoflagellates (HNF) are generally
reported as the main bacterivores (Weisse 1999,
Ichinotsuka et al. 2006). However, the extent to which
HNF can satisfy their carbon requirements through
bacterivory is unclear. Some studies suggest that bac-
terivory can supply only a minor percentage of HNF
carbon needs (Kuosa & Kivi 1989, Vaqué et al. 1992),
but it is not well known how widespread this situation
is in marine and estuarine environments. The relative
influence of substrate supply and/or predation in con-
trolling the abundance of HNF in estuaries has been
addressed in only a few studies (Mylaert et al. 2000,
Iriarte et al. 2003).

In summary, there are still gaps in our understanding
of the mechanisms that control the standing stocks of
and carbon flows through bacteria and protists. In
addition, few generalizations can be made because of
the great heterogeneity across and within estuaries in
terms of geomorphology, hydrography, nutrient and
organic matter loading (McManus et al. 2004).

The lower Urdaibai estuary (Bay of Biscay) is charac-
terized by high tidal flushing (the estuary almost emp-
ties itself with each tidal cycle), making it a relatively
low-nutrient oligo-mesotrophic area. The aim of this
study was to investigate the role of temperature,
resources and grazing in the control of bacterial and
HNF abundances in the lower Urdaibai estuary on a
seasonal time scale. For this purpose, measurements of
bacterial abundance and production rates, HNF and
ciliate abundances, bacterivory rates, chl a biomass,
and primary production rates were carried out during
an annual cycle. Seasonal variations in bacterial abun-
dance and production rates were measured in this

estuarine zone in a previous work (Revilla et al. 2000)
and bacterivory rates were measured in another study
conducted in May 2001 (Iriarte et al. 2003). However,
there is practically no information on HNF abundance
and bacterivory rates on a seasonal time scale in the
Urdaibai estuary, to enable us to compare the role of
grazing, substrate supply and physical factors such as
temperature, on bacteria and HNF.

MATERIALS AND METHODS

Study area and sampling scheme. The Urdaibai
estuary is a temperate, small (area ≈ 1.89 km2,
~12.5 km long), shallow (average depth of 3 m), meso-
macrotidal system draining to the Bay of Biscay, north
of Spain (Fig. 1). The upper zone of the estuary is a nar-
row channel with limited tidal influence, and is rich in
inorganic nutrients and organic matter. The lower zone
is wider and has a central channel that is bordered by
extensive tidal flats. Tidal advection exerts a major
influence in the lower zone. The main geomorphologi-
cal and hydrological characteristics of the Urdaibai
estuary can be found in Villate et al. (1989).

In the present study, water masses of salinity >34
were selected in the lower reaches of the estuary, and
sampling was carried out monthly at high tide from
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Fig. 1. Study area in the Urdaibai estuary, Bay of Biscay, and 
location of the sampling zone (shaded)
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May 1998 to May 1999 (Fig. 1). Water samples were
taken near the surface (0.5 m) with a 5 l Van Dorn
opaque bottle, and temperature and salinity were mea-
sured in situ using an LF196 WTW sensor.

Inorganic nutrients. Samples filtered through What-
man GF/F filters were analysed for inorganic nutrients
(nitrate, ammonium and phosphate) as described by
Parsons et al. (1984).

Abundance of heterotrophic microbial plankton.
Samples for the measurement of heterotrophic micro-
bial plankton density were preserved with 1% glu-
taraldehyde. Aliquots of 100 ml were filtered for count-
ing ciliates, 50 ml for small (1 to 8 µm) HNF (hereafter
called small HNF), and 2 ml for heterotrophic bacteria.
All enumerations were performed on DAPI-stained
samples using epifluorescence microscopy. A Leica
DMRB microscope fitted with 40 × and 100 × (oil immer-
sion) Pl-Fluotar objectives, and a Leica filter set for UV
(set A with BP 340 to 380 excitation, RKP 400 beam
splitter and LP 430 barrier filters) was used. For each
bacterial sample, at least 750 bacteria and 30 fields
were counted. For HNF, at least 150 individuals and
35 fields were counted, while the whole filter was
scanned for ciliates.

Bacterial production and bacterivory. Bacterial net
production (BP) was measured using the [methyl-
3thymidine] (TdR) incorporation method (Fuhrman &
Azam 1982). A detailed description of the methodology
can be found in Iriarte et al. (2003). The mean CV of
triplicate measurements was 28%. Rates of TdR incor-
poration were converted to bacterial cell production
rates applying a conversion factor of 2.514 × 1018 cells
mol–1 (Iriberri et al. 1990).

Grazing rate on bacteria was measured using the
radioactively labelled bacteria (RLB) technique (Caron
et al. 1993). The methodology is described in detail
elsewhere (Iriarte et al. 2003). Briefly, bacterivory was
measured in 2 size fractions: 1 to 8 and 8 to 100 µm. For
this purpose, samples were serially filtered through 8
and 1.2 µm polycarbonate Millipore filters at the end of
a 30 min incubation. Background radioactivity level
was measured as incorporation of TdR in samples fixed
with formaldehyde (2% final concentration) at t0.
Radioactivity was measured as done for BP. The mean
CV in triplicate measurements was 28% for the 8 to
100 µm size fraction and 25% for the 1 to 8 µm size
fraction.

Protistan bacterivory (PB, in bacteria l–1 h–1) rates
were calculated by converting the radioactivity re-
tained on the filters into consumed bacteria, applying
the same conversion factor as that used for BP.

Incubations for BP and PB were performed in on-
deck type incubators equipped with a refrigerated cir-
culator (FC 15 Grant Instruments) and a thermostatic
heater (FH 16D Grant Instruments).

Bacterial-specific growth (BSG) rate was estimated
as the ratio of BP to bacterial abundance (BA).

Chlorophyll a, primary production and extracellu-
lar release of carbon by phytoplankton. Chl a concen-
tration was measured in 3 size fractions (<1, 1 to 8 and
8 to 100 µm). Size fractionation was performed by fil-
tration using polycarbonate Nuclepore filters. Chl a
was extracted in 90% acetone and concentration was
measured spectrophotometrically (Shimadzu UV
160A) as described by Parsons et al. (1984).

Primary production (PP) rate was measured using
the 14C technique (Parsons et al. 1984). Seawater
samples were pre-filtered through a 100 µm Nytal
screen to eliminate larger zooplankton, and incubated
for 24 h immediately after sampling in 60 ml Nalgene
bottles (1 dark and 3 light) with 4 µCi NaH14CO3. Incu-
bations for PP were performed in the same incubator
as for BP and PB. On-deck type incubations were car-
ried out, simulating the in situ irradiance with neutral-
density screens. Incident PAR (photosynthetically
active radiation) was recorded with a Li-Cor inte-
grating quantum meter (Li-1000). At the end of the
incubation, the bottle content was serially filtered
through 8, 1.2 and 0.2 µm pore-sized mixed cellulose
ester filters with 47 mm diameter. The mean CV of
triplicate measurements was 5.5%.

Extracellular release of carbon (ERC) was estimated
by measuring the radioactivity remaining in the filtrate
after acidification, following the methodology de-
scribed by Parsons et al. (1984), with the modification
of using 1 N HCl for acidifying the samples. Total CO2

concentration was estimated from alkalinity measure-
ments (Parsons et al. 1984). The mean CV of triplicate
measurements for ERC was 43.1%. 

Statistical analyses. Log transformations were per-
formed on all data to meet requirements for normal
distribution. Relationships between bacterial and
phytoplankton parameters with other parameters were
tested using Pearson product-moment correlation
tests. A Student t-test was carried out to check for
significant differences in BP between fractionated
(<1.2 µm) and unfractionated (total) samples. All statis-
tical analyses were performed using SPSS software
(SPSS 14).

RESULTS

Abiotic parameters

The temporal variation in selected hydrographic
parameters in surface waters (0.5 m) are shown in
Fig. 2. Salinity was >34 throughout the water column
during the study period and temperature exhibited the
typical seasonal pattern of temperate areas, with max-
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imum values in summer (22.4°C) and minimum in win-
ter (11.5°C). The stratification index (ΔS/H) (Hoch &
Kirchman 1993) showed that this lower estuary was
generally well mixed. A maximum value of 0.386 was
measured in February, during high river flow rates.

Inorganic nutrient concentrations generally showed
maxima in winter and minima in summer (Fig. 2).
Phosphate concentration ranged from 0.06 to 0.36 µM
and was the scarcest of all the measured nutrients.
Among the nitrogenous nutrients, nitrate was domi-
nant during autumn and winter, and ammonium dur-
ing summer (i.e. months of lowest river flow). Nitrate
concentrations varied between 0.51 and 9.63 µM, and
ammonium concentrations between 1.66 and 3.37 µM.

Abundance of heterotrophic bacteria and protists

BA varied between 2.6 × 108 and 1.3 × 109 cells l–1.
Maximum bacterial counts were measured in July,
thereafter showing a general decreasing trend, and
reaching a minimum value in February (Fig. 3). The 1
to 8 µm size fraction was composed solely of HNF. The
abundance of small HNF ranged from 0.65 × 106 to
3.00 × 106 cells l–1, showed a peak in July, and had min-

imum values in winter and April. The abundance of
small HNF was more or less in phase with that of bac-
teria (Fig. 3). The abundance of ciliates was rather low
and also peaked in July and March (Fig. 3).

The ratio of bacteria to small HNF ranged from 282
to 764 (mean = 458 ± 132). Log BA was significantly
correlated with log small HNF (r = 0.79; p < 0.01). BA
showed a positive correlation with temperature (r =
0.78; p < 0.01) and PP (r = 0.72; p < 0.01) (Table 1).

Chlorophyll a, primary production, and extracellular
release of carbon

Chl a concentration, PP and ERC are presented in
Fig. 4. Total chl a concentration varied between 0.4
and 1.4 µg l–1. The maximum concentration was regis-
tered in May 1998 and values were higher during sum-
mer and autumn than during winter. An important
decline was observed from November to December
and chl a remained low until February. It is interesting
to note that chl a in the <1 µm size fraction showed its
maximum in August and also experienced a marked
decline from November to December, remaining low
thereafter.

The ERC varied between undetectable levels and
1.5 µg C l–1 d–1. Maximum rates were measured in July,
at the time of maximum BA and BP.
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Bacterial activity

BP in unfractionated samples varied between 0.9
and 18.5 × 108 cells l–1 d–1 throughout the annual
cycle. BP also reached its maximum in July, but a
second lower peak was registered in March, coincid-
ing with the annual maximum in ammonium concen-
tration (Fig. 5A). No significant difference (t = –1.59;
p > 0.05) in BP was noted between unfractionated
and fractionated (<1.2 µm) samples. BP showed a sig-

nificant positive correlation with PP (r = 0.59; p <
0.05) and ERC (r = 0.65; p <0.05), but not with tem-
perature. BP was also significantly correlated with
BSG, but not with BA. However, unlike BP, we were
unable to see a significant correlation of BSG with PP
(Table 1).

Bacterivory

PB per small HNF (Fig. 5B) varied between 2.7 and
28.2 bacteria flagellate–1 h–1 (mean = 10.5 ± 8.2 SD) and
showed seasonal variations, with highest rates being
measured in July (i.e. at the time of maximum BA and
BP) and during winter and spring 1999. PB per small
HNF showed a negative correlation with chl a concen-
tration in the <1 µm size fraction (Table 1). 

PB rates in the 1 to 100 µm size fraction (Fig. 5C)
varied approximately over an order of magnitude
throughout the sampling period, ranging from 5.8 × 106

to 5.7 × 107 bacteria l–1 h–1. The seasonal distribution
showed 2 periods of peak rates, i.e. June to July and
February to March.

Small HNF contributed a mean of 63% to total bac-
terivory (Fig. 5C). In both size fractions, peaks in PB
were observed in summer and winter (although in dif-
ferent months). PB rates in the 1 to 8 µm size fraction
showed a significant correlation with BP and BSG
(Table 1). No such correlation was apparent for PB
rates in the 8 to 100 µm size fraction.

The proportion of BP consumed by heterotrophic
protists was also highly variable throughout the study
period, ranging from 28 to 405%. However, except
during 2 months, bacterivores consumed more than
50% of BP and a negative growth of bacteria was
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T NH4 S BA HNF CA BP BSG PB 1–8 PB PB Chl a PP
(°C) 8–100 HNF–1 <1

NH4 –0.42
S 0.15 0.04
BA 0.78** –0.15 0.27
HNF 0.68* –0.37 0.25 0.80**
CA 0.21 0.29 0.48 0.40 0.41
BP 0.31 –0.15 0.12 0.40 0.39 0.43
BSG –0.17 –0.02 –0.05 –0.16 –0.05 0.20 0.83**
PB 1–8 –0.17 0.06 0.14 –0.08 –0.01 0.11 0.63* 0.80**
PB 8–100 –0.34 –0.27 –0.12 –0.31 –0.40 –0.17 0.20 0.53 0.30
PB HNF–1 –0.55 0.27 –0.04 –0.55 –0.62 –0.17 0.24 0.66* 0.79** 0.48
Chl a <1 0.68* –0.70** 0.12 0.39 0.47 –0.06 –0.15 –0.47 –0.52 –0.30 –0.70**
PP 0.73** –0.33 –0.01 0.72** 0.63* 0.19 0.59* 0.19 0.01 –0.36 –0.39 0.48
ERC 0.23 –0.42 0.58 0.42 0.50 0.52 0.65* 0.49 –0.15 0.11 0.00 0.26 0.52

Table 1. Pearson correlation matrix of relevant log-transformed biotic and abiotic variables. T: temperature; S: salinity; BA:
bacterial abundance; HNF: small heterotrophic nanoflagellate abundance; CA: ciliate abundance; BP: bacterial production
in <1.2 µm size fraction; BSG: bacterial-specific growth rate; PB: protistan bacterivory; PP: total primary production; and 

ERC: carbon extracellular release rates. *p < 0.05, **p < 0.01
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observed (i.e. BP/PB < 1) during many months. Except
for the October sample, monthly variations in bacterial
biomass and the BP/PB ratio showed the same ten-
dency (Fig. 5D), i.e. when the BP/PB ratio was <1, BA
also decreased in relation to its value in the previous
month (BA2 – BA1 < 0). Conversely, when the BP/PB
ratio was >1, the BA increased from that in the previ-
ous month (Fig. 5D).

DISCUSSION

Seasonal variation in bacterial production and
growth rate

Temperature has been shown to have a strong pos-
itive relationship with BP rate in many estuarine
waters (Wright et al. 1987, Murrell 2003, Schultz et al.
2003, McManus et al. 2004, Staroscik & Smith 2004),
at least within a certain range of temperatures (Apple
et al. 2006). This is also the case in the upper nutri-
ent-rich zone of the Urdaibai estuary (Revilla et al.
2000). However, in the lower Urdaibai estuary, the
present study has shown that BP does not signifi-
cantly correlate with temperature. This is in agree-
ment with previous results (Revilla et al. 2000), and a
similar pattern has been observed in other low pro-
ductivity, high salinity estuarine zones (e.g. the lower
Schelde estuary, Goosen et al. 1997). It is noteworthy
that a winter peak in BP coincided with a peak in
ammonium, a nutrient derived primarily from sewage
discharges in this estuary (Revilla et al. 2000). Wright
et al. (1987) found a good correlation between BP and
temperature in the Parker estuary, but they sug-
gested that the role of temperature was only secon-
darily to determine the range within which microbial
activity rates might vary. Instead, they suggested that
the primary role of temperature was to govern the
long-term supply of substrate from a variety of
sources within the estuary. Apple et al. (2006) have
also shown that in Monie Bay (Chesapeake Bay), the
temperature effect on BP does not override the influ-
ence of substrate availability.

In the present study, BP showed a significant, though
weak (p < 0.05), correlation with PP by phytoplankton
>8 µm in size. A good correlation between PP and BP
has been reported in some coastal and estuarine
waters (Cole et al. 1988), but not in others (Findlay et
al. 1991, Almeida et al. 2005). In some estuaries PP and
BP only show a positive relationship in their lower
reaches (Goosen et al. 1997). In the present work, the
July peak of BP coincided with a peak in ERC. BP was
positively correlated with ERC but in general, the esti-
mated rates of carbon exudation could account for only
a small fraction (<10%) of BP. A possible explanation
for this could be that a high proportion of the photosyn-
thetically derived carbon taken up by bacteria may
come from sources other than phytoplankton exuda-
tion, e.g. dissolved organic matter released as a
byproduct of protist or larger zooplankton feeding, as
reported elsewhere (Hagström et al. 1988, Jumars et
al. 1989). However, it is also likely that rates of ERC
were underestimated due to uptake of part of the
phytoplankton carbon exudates by bacteria during the
incubation since the 14C incubations were performed
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for periods of 24 h. Therefore, the ERC data should be
interpreted with some caution. Incubations of 24 h
were chosen for PP to offset possible differences
related to the time of day when incubations started,
which depended on the timing of the high tide. In addi-
tion, dissolved organic carbon of anthropogenic origin
also seems to play a role. Due to its primarily anthro-
pogenic origin in this estuary (Revilla et al. 2000),
ammonia can be taken as a proxy for allochthonous
dissolved organic carbon. Despite the lack of correla-
tion between BP and ammonia throughout the year,
peak BP rates during autumn and winter occurred dur-
ing peak ammonia events.

BP is a product of BA and BSG. The lack of correla-
tion between BP and BA in the present data suggests
that factors affecting BP are probably those affecting
BSG. However, although BA and BP showed a positive
correlation with PP, we were unable to see a significant
correlation between BSG and PP. Staroscik & Smith
(2004) were faced with a similar situation in Narra-
gansett Bay and they argued that this could be due to
the low precision of BSG owing to its being a derived
parameter in which errors in each of the measured
parameters could be compounded. However, it could
also be an indication that substrates other than PP
derived carbon could sometimes be an important sub-
strate for bacteria in this estuarine zone.

It thus seems that bacterial activity in this estuarine
zone is more dependent on food supply than on tem-
perature, and that bacteria rely primarily on PP
derived carbon although allochthonous carbon sub-
strates can sometimes become important.

Seasonal variation in bacterivory

The percentage contribution of small HNF to total
bacterivory (mean of 63%) shows that the major bac-
terivores in the lower Urdaibai estuary are the small
HNF. This appears to be a general trend in the marine
environment (Wikner et al. 1990, Weisse 1999, Ichinot-
suka et al. 2006), although in some areas such as tidal
creek waters, ciliates can be responsible for the largest
fraction of protozoan consumption of bacteria (Sherr et
al. 1989).

The mean and range of PB per small HNF observed
in the present study (mean 10.5; range 2.7 to 28.2 bac-
teria flagellate–1 h–1) are in good agreement with PB
per HNF reported for the Hudson estuary from May to
October (mean 8.5; range 1 to 19 bacteria flagellate–1

h–1) by Vaqué et al. (1992).
Bacterial grazing rates per HNF have been shown to

vary seasonally. 2olić & Krstulović (1994) observed
these rates to be higher during the high temperature
season than during the low temperature winter in

Kastela Bay. Vaqué et al. (1992) showed that they were
low in May and June and higher from July to October
in the Hudson estuary. Barcina et al. (1992) reported
that ingestion rates per HNF were, in general, higher
during the warm season than during winter for coastal
waters in the Bay of Biscay. However, the variability in
each month was as high as the seasonal variability in
the latter study, since an 8-fold difference in ingestion
rates per flagellate cell was observed on 2 different
days in August. In the present study, PB per small HNF
was high during warm months, but also in some lower
temperature months. However, the abundance of small
HNF did not show high values in winter. This variabil-
ity in PB per small HNF may be due to the fact that
they are able to use carbon sources other than bacteria,
e.g. picophytoplankton and small nanophytoplankton
(Kuosa & Marcussen 1988, Caron et al. 1991), viruses
and virus-sized particles (Gonzalez & Suttle 1993),
high molecular weight dissolved organic carbon (Sherr
1988), or even other heterotrophic nanoplankton
(Havskum & Hansen 1997). Furthermore, bacterivory
rates in some areas can only satisfy a minor proportion
of the carbon required for heterotrophic flagellate
growth, at least during part of the annual cycle (Vaqué
et al. 1992, Wieltschnig et al. 1999). A partial explana-
tion for the pattern observed in the Urdaibai estuary
could be that small HNF complement their diet with
other carbon sources and that, during periods when
the availability of carbon sources other than bacteria
declines, small HNF ingest proportionately more bac-
teria. For example, chl a in the <1 µm size fraction was
observed to decrease sharply in late autumn and win-
ter months and PB per small HNF showed an inverse
correlation with chl a in the <1 µm size fraction.

Assuming for HNF an average doubling time of 2 d
(Weisse 1999), a gross growth efficiency of 30%
(Fenchel 1982), a mean volume of 27 µm3 cell–1 (direct
measurement) and a volume to carbon biomass con-
version factor of 0.22 pg C µm–3 (Børsheim & Bratbak
1987); and a carbon content of 20 fg cell–1 for bacteria
(Lee & Fuhrman 1987); it can be seen that PB by small
HNF could satisfy only 13 to 27% of small HNF carbon
demand during summer and autumn (with the excep-
tion of the July peak of BP and PB), whereas it gener-
ally satisfied more than 50% of small HNF carbon
demand during winter and spring. In a eutrophic back-
water environment, Wieltschnig et al. (1999) found that
HNF covered only a seasonal mean of 21% of their car-
bon demand through bacterivory, and values as low as
5% were estimated for some months.

Other possible factors affecting the seasonal pattern
of PB per HNF cell could be seasonal variations in the
taxonomic composition of flagellates and/or in the size
of bacteria, which may significantly affect bacterivory
rates (Eccleston-Parry & Leadbeater 1994).
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The reported percentages of BP consumed by het-
erotrophic flagellates in the marine environment vary
over a wide range. Some studies suggest this percent-
age to be generally <50% (Leakey et al. 1996, Tuomi et
al. 1999), while other results suggest it to be about 50%
(Sherr et al. 1986). Capriulo et al. (1991) and Christaki
et al. (1999) suggested that BP is roughly balanced by
grazing, while Wikner et al. (1990) and Coffin & Con-
nolly (1997) reported substantially higher bacterivory
rates than BP, at least during part of the year. Our data
suggest that the main fate of BP in the lower Urdaibai
estuary was bacterivory. During many months, PB was
substantially higher than BP, i.e. bacteria showed a
negative growth, and this was paralleled by a declin-
ing trend in BA. Besides pointing to the important role
of grazing in the control of BA, the coherent trends in
the BP/PB ratio and the difference in BA (BA2 – BA1)
suggest that monthly measurements are able to reflect
general tendencies. However, BP, PB and the BP/PB
ratio can all have significant daily variations (Iriarte et
al. 2003) and this was reflected in the lack of correla-
tion between BP/PB and BA2 – BA1.

Factors controlling bacterial abundance: grazing,
substrate supply and temperature

A previous study showed that there is tighter control
of bacteria by small HNF grazing in the lower estuary
of Urdaibai than in its nutrient-rich zones (Iriarte et al.
2003). Results from the present study suggest that, in
general, bacteria in this lower estuary were more
tightly controlled by grazing during periods in which
flagellates were presumably more severely limited by
availability of carbon sources other than bacteria (e.g.
phytoplankton).

Regarding substrate supply and/or temperature con-
trols; the significant correlation between BA and PP,
and between BP and PP, suggest that substrate limita-
tion is stronger than temperature limitation as dis-
cussed above, although we were unable to see a signif-
icant correlation between BSG and PP or ERC. The
positive correlation between BA and temperature can
be explained by the high PB in some winter months.
These results are in agreement with findings of Pace &
Cole (1996) that BP in lakes increased more rapidly
upon fertilization than did abundance due to limitation
of BA by bacterial predators.

Grazing and substrate control of heterotrophic
nanoflagellate abundance

The ratio of BA to HNF abundance is estimated to be
~1000, in both freshwater and saltwater ecosystems

(Sanders et al. 1992). However, it is common to find
large departures from this generalised ratio (Sanders
et al. 1992, Gasol & Vaqué 1993) since heterotrophic
nanoplankton abundance seems to vary over a much
narrower range than BA does across systems (Gasol &
Vaqué 1993). In view of the weak relationship they
found between bacterial biomass and HNF abundance
using a large data set, Gasol & Vaqué (1993) derived
an equation to calculate the maximal flagellate con-
centration attainable (MAA) for a given BA. Gasol
(1994) generated a model to assess the main mode of
control of HNF abundance in plankton systems. This
model, in addition to the equation to generate the
MAA line, contains an equation to calculate the MRA
(mean realized abundance) line, which averages the
effect of both bottom-up (substrate supply) and top-
down (grazing) types of regulation throughout the year
(Gasol 1994). According to Gasol’s model, points lying
far below the MRA line would indicate a clear top-
down control on HNF abundance. Points above the
MRA line would indicate that the top-down effect on
HNF is low, and points close to the MAA line would
indicate a clear bottom-up control. Applying this
model to our data, it is apparent that top-down control
on small HNF would be low in the lower Urdaibai estu-
ary and that control would mainly be bottom-up since
observations of log BA and log small HNF lie between
the MAA and MRA lines (Fig. 6). This is consistent
with the low ciliate densities, the lack of a significant
correlation between small HNF and ciliates, and the
significant correlation between small HNF and BA
that were observed. The lower Urdaibai estuary is a
relatively low nutrient zone and these results are in
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agreement with observations of a dominant bottom-up
control of HNF in oligotrophic sites (see Gasol 1994).

CONCLUSIONS

The lack of correlation between BP and temperature,
and the positive correlation between BP and PP, and
between BP and ERC by phytoplankton suggest that
substrate supply exerts a more important control than
temperature on BP and growth.

Small HNF consumed larger amounts of bacteria than
ciliates did, but bacteria were not the only food supply
for small HNF since it was shown that they could not sat-
isfy their carbon demand through bacterivory alone.
Small HNF seemed to ingest proportionately more bac-
teria during late winter/early spring when the availabil-
ity of food sources other than bacteria, e.g. autotrophic
picoplankton, was low. This led to seasonal variations in
the degree of grazing control of the bacterial standing
stock, this control being tighter during late winter/early
spring. During many months, PB was substantially
higher than BP, i.e. bacteria showed a negative growth,
and this was paralleled by decreases in BA.

In view of these considerations, we believe that bac-
teria in the lower Urdaibai estuary were under both
substrate supply (bottom-up) and grazing (top-down)
types of control, although it is difficult to establish
which of the two exerted a tighter control. However,
the relationship between BA and small HNF abun-
dance and the lack of correlation between small HNF
and ciliates suggested that small HNF were largely
under a substrate supply (bottom-up) control.
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