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Abstract

NH; and NO; seasonal uptake by the phytoplankton and <2-um communities were investigated in the Menai
Strait using N tracer techniques. Based on O,-determined primary production and DIN metabolism measurements,
five phases were defined: (1) prebloom (before April), (2) primary net autotrophic (April and May), (3) net hetero-
trophic (June), (4) secondary net autotrophic (July and August), and (5) regenerative (remainder of calendar year).
The inorganic N nutrition of phytoplankton and <2 um organisms was NO;-based in spring and NH;-based in
summer and autumn, reflecting varying ambient concentrations of these nutrients superimposed on a genera pref-
erence for NH; by both communities. The percent contribution of picoplankton to the total NH; uptake was higher
than to nitrate (seasona averages of 50 = 14% and 32 + 24%, respectively). The contribution of the <2-um size
fraction was lowest during both net autotrophic phases (4—13%) and highest during the net heterotrophic, prebloom
and regenerative phase (70—-84%). A strong correlation between percent NH; and NO; assimilation by the <2-um
size fraction and bacteria abundance between May and July suggests significant bacterial uptake at this time.
Bacterial DIN utilization was estimated by correcting uptake rates by the <2-um fraction, for picophytoplankton
presence. During the primary net autotrophic phase, inferred bacterial uptake constituted 13 and 34% of total
NO; and NH; uptake, respectively. In the net heterotrophic phase, it amounted to ca. 70% of the total DIN uptake,
with no differences between nutrients. Competition between bacteria and phytoplankton for depleted DIN could
have contributed to the phytoplankton bloom termination.

Most of the published work on the nitrogen dynamics of
plankton microbial communities concentrates on short-term
measurements taken over intervals of a few days to weeks.
These investigations are predominantly restricted to the pe-
riods of the season of particular ecological relevance (e.g.,
the spring/summer, autumn, or both phytoplankton blooms).
Such short term measurements are frequently directed at
very specific questions (e.g., Selmer et a. 1993; Dickson
and Wheeler 1995; Slawyk et al. 1997). Cost and logistical
problems have almost certainly been a major impediment to
this sort of work, leaving the sequential events that take
place over the whole seasonal cycle (e.g., Glibert et al. 1982;
Kristiansen et al. 1994; Maguer et al. 1996) and that char-
acterize the microbia ecology of the whole system poorly
documented.

If long-term studies of the phytoplankton nitrogenous nu-
trition are few and far between, by comparison, those re-
garding the seasonal variation of the uptake of inorganic N
by the picoplankton or heterotrophic bacteria are scarce in
the extreme. The paper by Hoch and Kirchman (1995) is the
only seasonal study of this type that we are aware of. This
shortage probably arises because, until the middle 1980s, the
microheterotrophs were not considered to play a significant
role in inorganic nitrogen assimilation in the oceans (see
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review by Kirchman 2000). The acknowledgement of sig-
nificant rates of bacterial uptake of inorganic N has led to
the question of the quantitative participation of heterotrophs
in this facet of the nitrogen metabolism, its environmental
regulation, and ecological repercussions. Investigations of
this aspect of the bacterial ecology have been of short du-
ration and often bedeviled by the difficulty in isolating the
activity of the microheterotrophs from the remainder of the
community (Harrison and Wood 1988; Selmer et al. 1993;
Kirchman and Wheeler 1998).

Sieburth et al. (1978) introduced the concept of picoplank-
ton, defined as organisms with diameters between 0.2 and 2
pm, comprising mainly unattached unicellular bacteria In
the present study, we followed the Sieburth et al. (1978)
distinction and chose to physically separate and study the
picoplanktonic fraction. A problem in appending the descrip-
tion ““bacterial”’ to the picoplankton fraction is our growing
awareness of small autotrophs that can pass through the 2-
pum membrane during fractionation procedures. As will be
shown, the presence of phytoplankton in the small fraction
precludes the straightforward quantification of the heterotro-
phic processes; nonetheless, valuable insights can be gained.

The primary production cycle in the Menai Strait, its tim-
ing and environmental controls, and its relation to the mi-
croheterotrophic processes (bacterial respiration and produc-
tion) have been the subject of previous extensive
investigations (Blight et al. 1995) and will not be addressed
here in detail. The main issue we want to consider is the
proportions of ammonia and nitrate taken up by the pico-
plankton (including the extent of bacterial inorganic N me-
tabolism) in relation to those by the whole phytoplankton
assemblage and, in particular, the seasonal changes in the
relative importance of these nutrients for the two commu-
nities.
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Methods

Seawater was taken from the Menai Strait, collected from
St. George Pier, Menai Bridge, North Wales, UK (see Blight
et a. 1995 for map and hydrography of location). Sampling
was undertaken at high tide fortnightly between February
and August and monthly from September until November
between 0700 and 1000 h. A hand bilge pump (5 dm® min-2)
was used to collect the water from approximately 1 m deep
into three 25-dm? acid-washed (10% HCI), opal escent, poly-
propylene containers. Following collection, samples were
processed immediately. Sample size fractionations were per-
formed by means of a custom-made, gravity-driven, reverse-
flow filtration system using large diameter (142 mm), 2-um
pore size polycarbonate membrane filters (Poretics). The fil-
tration of 10 dm?® took =1.5 h.

Ammonia (NH; + NH;), nitrate, and nitrite concentra-
tions were determined manually as described by Parsons et
al. (1984). The lower limits of detection (estimated accord-
ing to Miller and Miller 1984) for nitrite, nitrate, and am-
monia were 0.01, 0.025, and 0.030uM, respectively. Chlo-
rophyll concentrations were determined on aliquots of the
whole (100 to 250 cm?3) and fractionated (500 to 1,000 cm?)
samples by filtering onto 47-mm-diameter Whatman GF/F
filters. Phytopigments were extracted overnight in 8 cm? of
neutralized 90% acetone. Chlorophyll concentrations were
determined using a Turner 10 Designs fluorometer according
to Tett (1987).

The total number of bacteria was determined using DAPI
(4'6-diamino-2-phenylindole; final concentration of 1.25 ug
cm~—3; Sigma) and epifluorescence UV microscopy (Leitz Or-
toplan Microscope; X 1,250 magnification) according to the
method of Porter and Feig (1980).

Gross and net community production and respiration were
determined from in vitro changes in the concentration of
oxygen, determined according to classical procedures. In-
cubations of fractionated (<2 um) and unfractionated sam-
ples were made in 50 cm? borosilicate bottles (three to five
replicates). The incubations took place outdoors in water-
cooled incubators. One incubator was kept in the dark (dark
incubations) and the other was subjected to the natural di-
urnal light and dark cycle (light/dark incubations) for 24 h.
The incubation temperature was kept as close as possible to
the in situ temperature (=3°C). The irradiance was attenu-
ated to approximately 60% of the total incident light by a
neutral density mesh so that it was close to the in situ irra-
diance. The concentration of dissolved oxygen in the bottles
was determined by Winkler titrations using a PC-based sys-
tem with a photometric endpoint detector based on the orig-
inal design described by Williams and Jenkins (1982).

The uptake of >N-labeled ammonium [(**NH,),SO,; 99.3
atom %; Europa Scientific] and nitrate (Na®>NO;; 99.4 atom
%; Europa Scientific) by the whole community and <2-um
organisms was estimated according to the classical method
of Dugdale and Goering (1967). The isotopic additions were
generally =10% of the ambient concentration of nitrate and
ammonia. Incubations over the natural light/dark cycle were
carried out for 24 h in the same conditions as those described
for the oxygen flux determinations. Following incubation,
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samples were size fractionated, and the particulate matter in
the whole and <2-um samples was collected onto Whatman
GF/F glass fiber filters for further elemental and isotopic
analysis (Europa Scientific elemental analyzer ** Roboprep”
coupled with a mass spectrometer ‘‘ Tracermass’). Reasons
for performing the fractionation after rather than before in-
cubation were twofold: (1) It minimized handling stress, and
(2) because the comparison of nitrogen uptake by phyto-
plankton and bacteria was of interest in this experiment, by
allowing these two communities to coexist during the incu-
bation, a more realistic scenario of their interactions in situ
was expected. The same considerations apply to the oxygen
flux measurements, but there is no alternative to fraction-
ation of samples prior to incubation. Although we experience
the occasional anomaly with size-fractionated measurements
with this approach, our impression (Blight et al. 1995) is
that they are not pervasive and they provide us with a reli-
able general picture. It is without a doubt that any sample
manipulation or treatment can give rise to the possibility of
errors. Although there are reports claiming damage to the
cells during sampling fractionation, an examination of the
physics associated with shear (the major form of stress in
the procedure we were using) makes this unlikely in the
present circumstances. For example, the organism Mesodi-
nium rubrum, an ultradelicate flagellate, swims at speeds that
can approach 8,500 um s* (Jonsson and Tiselius 1990)
without damage, only to be ripped apart by the surface ten-
sion forces when it makes contact with the meniscus. The
linear flow of sample water through the pores of the mem-
brane was on average 300 um s* in our fractionations (i.e.,
significantly lower). Therefore, damage from shear forces
seems unlikely to us.

The experimental procedure for the determination of *3C-
uptake rates by the whole and picoplankton communities
was identical to that applied to the **N-technique, with sea-
water samples labeled with both isotopes and incubated in
light/dark conditions for 24 h. A 5% addition of labeled
material was used (i.e, 100 umol *C L-* sample (as
NaH®?CQO;; 99.0 atom %; Europa Scientific), assuming an
ambient TCO, concentration of 2,000 umol dm-3.

Nitrate and ammonium absol ute uptake rates by the whole
and picoplankton communities were calculated following
equations discussed by Collos (1987), with no corrections
made for the recycling of nitrogen. Although N recycling
(particularly that of NH;) is likely during long incubations
and constitute a possible source of error, the reasonable C:
N (ammonia) uptake ratios obtained (median of 17), indicate
that it was not extensive in the present circumstances. Ex-
ceptions are days 143 and 219 when C: N uptake ratios be-
tween 220 and 260 suggest that N recycling might have been
significant, and these data points should be treated with due
care. Furthermore, on five occasions (days 158, 173, 188,
219, and 233), nitrate uptake rates were estimated assuming
the ambient nitrate concentration (0.025 uM—the lower lim-
it of detection of the method used to determine ambient
NO;) because the actual levels were below detection limits.
Therefore, the calculated rates could constitute overestima-
tions of the true values, and the results obtained for these
dates should be regarded with due uncertainty. The same
applies to the calculation of ammonium uptake rates on days
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Fig. 1. Seasonal variation of dissolved inorganic nitrogen in the
Menai Strait during 1995. The average standard errors for ammonia,
nitrite, and nitrate measurements were +0.005, =0.006, and *=0.03
1M, respectively.

59, 143, 158, and 173 when ambient ammonia was below
detection concentrations (ambient NH; assumed as 0.030
uM, the lower limit of detection). Uptake rates of **C were
calculated according to the formulae in Hama et al. (1993).

Results

Nitrogenous nutrients—The seasonal variation of dis-
solved inorganic nitrogen in the Menai Strait during 1995 is
shown in Fig. 1. The main feature of the nitrate cycle was
the sharp decrease in concentration observed in May, which
recovered after October. The highest concentrations (=8.8
uM) were registered early in the year, prior to the spring
phytoplankton bloom. Nitrite concentrations were low
throughout the season (=0.5 uM), athough there was a ten-
dency to increased levels toward autumn. The annual pattern
of the variation of ammonia concentration was variable, fea-
turing short intervals of ammonia accumulation in the water
(e.g., day 131; 0.7 uM) followed by periods of near ex-
haustion. Despite increased concentrations toward the au-
tumn, winter concentrations tended to be low (=0.1 uM).

Chlorophyll—Chlorophyll concentrations (Fig. 2) peaked
in May (8.3 ug dm=3), associated with the vernal blooming
of phytoplankton. There was also a later peak in the autumn,
but of much lower magnitude. During summer (July—Sep-
tember), the standing stock was low (=1 pug dm=3). The
observed chlorophyll seasonal pattern was comparable to
that described by Blight et al. (1995), with the early phase
of the phytoplankton bloom (Fig. 2A) predominantly diato-
maceous, followed by a mixed population of diatoms and
flagellates (Fig. 2B), the latter becoming more predominant
as the former declines. The largest proportion of the flagel-
late population belonged to the genus Phaeocystis, corre-
sponding to the highest seasonal chlorophyll concentration.
The low agae standing crop present during summer and the
small bloom in the autumn (Fig. 2C) was constituted mainly
by diatoms. The chlorophyll content of the <2-um size frac-
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Fig. 2. Seasonal variation of bacterial abundance, whole-com-
munity (wc) chlorophyll concentration, <2-um absolute concentra-
tion (X10) and <2-um percent chlorophyll (in relation to the whole
community) in the Menai Strait during 1995. (A) Diatom prepon-
derance; (B) Phaeocystis-dominated bloom; (C) diatom-dominated
autumn bloom.

tion varied throughout the year, with the highest level reg-
istered in May (0.4 wg dm—3) and the lowest early in the
year. The chlorophyll peak in the <2-um size fraction during
spring coincided with that in the whole community, although
the seasonal patterns of variation of these two size fractions
were generally dissimilar (Fig. 2). The percent contribution
of the picoplankton to the whole phytoplankton community
was highly variable (Fig. 2). The lowest percentages of chlo-
rophyll in the picoplanktonic fraction were registered during
the spring algal bloom, varying between 1% (day 158) and
13% (day 101). This could be an artefact of the fractionation
procedure, because clogging of the fractionation membranes
by the high concentration of phytoplankton in the water at
this time of the year, in particular by Phaeocystis, could have
prevented small phytoplankton cells from passing through
the membrane. The absence of such conditions in the sum-
mer and autumn allowed more chlorophyll-containing or-
ganisms to pass the membrane, with the proportion of pi-
coplanktonic chlorophyll reaching 67% and 45% of the total
in two sampling occasions (days 233 and 320, respectively).

Bacterial abundance—The seasonal variation of bacterial
abundance (Fig. 2) exhibited a maximum in June (7 X 10°
cells dm=3), followed shortly by a lesser peak a month later.
The number of bacteria then slowly declined toward the au-
tumn, reaching minimum values in winter.

Biological oxygen fluxes—The cycle of production in the
Menai Strait has been described and analyzed in detail by
Blight et al. (1995); therefore, only a brief description will
be given here. The main features of the gross and net oxygen
production seasonal cycles were the well-defined peaks dur-
ing spring and summer (Fig. 3), with the highest rates (48
and 38 umol O, dm=2 d~*, respectively) coinciding with the
season’s highest concentration of chlorophyll. Oxygen pro-
duction then declined sharply, leading to low gross com-



Picoplankton nitrogen assimilation

Fig. 3. Seasona variation of gross and net whole-community
(wc) oxygen production and of whole-community and <2-um ox-
ygen respiration. The average standard errors of these measurements
were +=0.88, =0.77, +£0.55, and +0.61 uM d-1, respectively.

munity production and to negative net community produc-
tion by the end of June (day 173). The summer period was
characterized by two peaks on days 188 and 219 of smaller
magnitude than the spring maxima. There were also peaks
of production in September and October, but again of much
lower significance than those observed before, with rates de-
clining continuously during fall. Respiration (Fig. 3) was
highest in May and June (10 and 13 umol O, dm=2 d-4,
respectively). A smaller respiration peak was observed in
August, after which rates decreased toward the autumn. The
May respiration peak coincided with the maximum seasonal
net oxygen production, whereas the June rise was concurrent
with negative net production rates. During July and August,
the respiration profile did not follow closely that of the net
production, but high rates of respiration coincided with the
peaks of net community production. The seasonal profile of
picoplanktonic respiration (Fig. 3) did not simply track that
of the whole community: rates were generally less variable
throughout the summer.

Uptake of inorganic nitrogen—>N-nitrate uptake: The
seasonal variation of NO; uptake by the whole community
and <2-um size fraction is shown in Fig. 4. Early in the
year (winter and early spring), the profiles for these two
communities are somewhat different from each other, but
from April, the seasonal variation of NO; uptake by the <2-
um size fraction followed a pattern similar to that of the
whole community. The main characteristic of those seasonal
profiles is the peak in May. This uptake maximum was as-
sociated with the spring phytoplankton bloom, coincided
with the highest seasonal net oxygen production rates and
chlorophyll concentrations, and was accompanied by a rapid
decline of ambient NO;. The lowest uptake of NO; by both
communities was during summer, mirroring depleted NOz
conditions.

SN-ammonium uptake: Contrary to the seasonal profiles
of NO; uptake by the whole community and picoplankton,
those for NH; uptake were characterized by three distinct
peaks in May, July, and August, with rates reaching up to
0.62 uM d-* (Fig. 5). These uptake maxima coincided with
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Fig. 4. Seasona variation of nitrate uptake by the whole com-
munity and the <2-um size fraction in light/dark incubations over
a 24-h period. Insert shows a detail of the lower part of the graph.
The average standard errors for the whole-community and <2-um
nitrate uptake measurements were +0.003 and +=0.0003 uM d-?,
respectively.

periods of increased concentration of ambient NH; and high
primary production. The May peak was registered afortnight
earlier than the net community oxygen production and chlo-
rophyll maxima. From August, the increasing ambient avail-
ability of ammonia appeared to be sufficient to sustain the
last and protracted uptake period, well into the autumn. The
summer uptake maxima occurred at a time of low phyto-
plankton biomass (July and August) but the later peak ap-
pears to have sustained the minor autumn chlorophyll bloom.
The spring and summer NH; uptake peaks were separated
by a period of very low uptake rates, characterized by de-
creased chlorophyll concentrations and depleted levels of
ambient NH; . For both communities, the lowest uptake rates
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Fig. 5. Seasona variation of ammonium uptake by the whole
community and the <2-um size fraction in light/dark incubations
over a 24-h period. The average standard errors for the whole-com-
munity and <2-um ammonium uptake measurements were +0.004
and +0.001 uM d-1, respectively.
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Fig. 6. Seasona variation of **C uptake by the whole commu-
nity and the <2-um size fraction. Comparison between the <2-um
chlorophyll concentrations and *C uptake by this size fraction. The
average standard errors for the whole-community and <2-um *C
uptake measurements were 0.2 and =0.04 uM d-%, respectively.

(=0.01 uM d-1) were generally measured early in February
and March when ambient NH; was low. Also, from early
June onward, rates of NH; uptake by the <2-um size frac-
tion exceeded those of nitrate uptake, whereas in the spring,
nitrate uptake exceeded that of NH;.

H®CO; uptake—The uptake of H®#CO; by the whole
community shows a seasonal pattern characterized by a max-
imum in May (10 uM d=*) and two smaller peaks in the
beginning of July and end of August (Fig. 6). The May max-
imum coincided with the peak of nitrate uptake, confirming
the importance of this nutrient to the early stages of the
primary production cycle in these waters. The timing of the
summer uptake maxima agreed well with that of the phy-
toplankton net growth, and fluctuations in the H**COj; uptake
exhibited a profile identical to that of ammonium uptake.
This suggests a close relationship between the uptake of re-
generated nitrogen and production at this time of the year.

The seasonal fluctuation of the picoplankton H2CO; up-
take rates followed a pattern identical to that of the unfrac-
tionated sample (Fig. 6), but the main peak of uptake was
in July rather than in May. The picoplankton profile was
similar to that of the seasona variation of the chlorophyll
content in the <2-um size fraction (Fig. 6). This suggests
that the picoplanktonic H*CO; uptake was predominantly
associated with the autotrophic component of the small size
fraction and that the chlorophyll was photosynthetically ac-
tive and not related to chloroplast because of damage during
filtration. The mean seasonal contribution of the <2-um size
fraction to the total H*CO; uptake was 27 + 12%, with the
lowest values (8%) during the spring bloom (days 131-143)
and the highest (45%) in June.

Discussion
As judged from historical data on the seasonal variation

of nitrogenous nutrient concentrations (Ewins and Spencer
1967), bacterial abundance (Blight et al. 1995), primary pro-
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Fig. 7. Seasonal variation of the INAQ during 1995 in the Men-
ai Strait for the whole community and the picoplankton. Compari-
son with the five phases established based on the oxygen produc-
tion/consumption by the whole community: prebloom phase
(PB-Ph); primary and secondary net autotrophic phases (1° NA-Ph,
2° NA-Ph); regeneration phase (R-Ph), and net heterotrophic phase
(NH-Ph).

duction and respiration (Blight et a. 1995), and chlorophyll
concentration (Ewins and Spencer 1967; Jones and Spencer
1970; and Blight et al. 1995), 1995 was a typical year. The
seasonal trends described were also found to be character-
istic of temperate coastal waters (Glibert et al. 1982; Dauch-
ez et a. 1991; Maguer et a. 1996).

Based on the results obtained, the seasonal cycle of pro-
duction in these waters was divided into five phases.

I.  Prebloom phase (up to the end of March)
[1.  Primary net autotrophic phase (April and May)
[11.  Net heterotrophic phase (June)
IV. Secondary net autotrophic phase (July and August)
V. Regenerative phase (remainder of the calendar year)

These phases are shown in Fig. 7 and will be used as a basis
for discussing the results.

Contribution of nitrate and ammonium to the nitrogenous
nutrition of Menai Strait’s phytoplankton—To facilitate the
description of the balance between nitrate- and ammonium-
supported production during the seasonal cycle in the Menai
Strait, we calculated a quotient (inorganic nitrogen assimi-
lation quotient, INAQ) from the uptake rates of these nutri-
ents by the whole phytoplankton community (Fig. 7).

INAQ = uptake of nitrate (uM d—)
+ (uptake of ammonia (uM d-1)
+ uptake of nitrate (uM d1))

Although mathematically the same as the f-ratio (Dugdale
and Goering 1967; Eppley and Peterson 1979), we were dis-
inclined to use the same term because the calculated quotient
does not bear the legitimate meaning associated with the
terms of *‘new’” and ‘‘regenerated”’ production used in Dug-
dale and Goering (1967) and Eppley and Peterson (1979).
This is because in the Mena Strait, the production zone is
in close contact with the sediments where nitrate regenera-
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tion can occur because of the shallow water column. Not
withstanding this, the value and seasonal variations of our
INAQ are similar to those of f-ratios reported by severa
investigators for coastal waters (e.g., Glibert et al. 1982;
Dauchez et al. 1991). In particular, the seasona cycle of
events in the Menal Strait regarding the phytoplankton ni-
trogenous assimilation resembled closely those of Kristian-
sen et a. (1994) for the Barents Sea marginal ice zone, de-
spite differences between these two environments. The high
estimates of nitrate-based production during the spring
bloom are aso in accordance with Platt and Harrison's
(1985) suggested value of 80% in coastal areas.

There was a tempora progression from the predominant
use of NO; (INAQ > 0.5) to that of NH; (INAQ < 0.5).
The seasonal pattern (Fig. 7) can be divided into the five
phases described above. High INAQ are characteristic of the
prebloom phase and, most important, of the primary net au-
totrophic phase, with the spring algal bloom being 64 to 88%
nitrate based. The postbloom period can be considered tran-
sitional, corresponding to the net heterotrophic phase with
INAQ = 0.45. This indicates that although nitrate was till
being used, ammonium was becoming more important as a
nutrient than previously. From July onward, INAQ were
<0.15, indicating that at |east 85% of the primary production
peaks that define the secondary net autotrophic phase was
supported by ammonium. After September, and equivalent
to the regenerative phase, the low net production was ini-
tially NH; based, the contribution of this nutrient to primary
production decreasing from 80% in September to only 40%
in November. This could be because of the increased nitrate
concentration, which surpassed that of ammonium on days
297 and 319.

The balance between nitrate and ammonium assimilation
throughout the year was almost certainly influenced by the
preference for a particular form of inorganic N by the pre-
dominant phytoplanktonic community and the nature of the
alga assemblage itself at any point in time during the sea-
sona cycle. Furthermore, the proportionately greater utili-
zation of nitrate early in the year, in comparison to that in
summer despite the observed overall preference for NH;
(given by ammonium and nitrate relative preference indices,
McCarthy et a. 1977; data not shown), could be a function
of the composition of the predominant algal assemblage dur-
ing those periods. The early blooms of phytoplankton in the
Menai Strait are dominated by diatoms (Blight et a. 1995).
This group of algae appears to be able to exploit high nitrate
concentrations at the low temperatures typical of early spring
better than the nanoplankton, which predominate in the sum-
mer. There are many examples demonstrating that nitrate-
based production is associated with larger rather than smaller
phytoplankters (Glibert et al. 1982; Sambroto et al. 1993).
This could explain the high contribution of nitrate to the
Menai Strait phytoplankton nutrition early in the year, de-
spite preference for NH; .

The role of picoplankton in DIN uptake—The contribution
of the <2-um size fraction to the total uptake of nitrate and
ammonium varied widely. The highest percent uptake was
observed at the least productive periods of the seasonal cycle
(i.e., during the prebloom phase—84 and 67% for nitrate and
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ammonium, respectively) and the net heterotrophic phase. In
the latter, the average percent contribution was approximate
for both nutrients (73 = 5%) and coincided with the season’s
highest bacterial abundance, high <2-um size fraction ox-
ygen respiration, low chlorophyll, negative net oxygen pro-
duction, and ambient depletion of ammonium and nitrate.
The lowest percent uptake by the small size fraction was
during the autotrophic phases of the seasonal cycle.

The percent NH; uptake by the picoplankton fraction is
in the range reported by Selmer et al. (1993) for the NW
Mediterranean where, at the time of the chlorophyll maxi-
mum, 40-50% of the total ammonium uptake was by the
<1-um size fraction. In the Delaware estuary, Hoch and
Kirchman (1995) and Glibert (1982) estimated that <0.8-
M micro-organisms were responsible for 10—20% and 30%,
respectively, of total NH; uptake during summer. The esti-
mates of Hoch and Kirchman are lower than those obtained
in the Menai Strait for the same time of the year. This could
be because their <0.8-um size fraction excluded a larger
proportion of autotrophs than our <2-um size fraction. The
values of Glibert (1982) are, however, of the same magnitude
as those in the Menai Strait during the secondary net auto-
trophic phase.

In the Mena Strait, the average contribution of the small
fraction to the uptake of ammonium (50 = 14%) was higher
than that of nitrate (32 = 24%) and did not vary as much,
indicating a higher affinity for the former, by these organ-
isms. INAQ estimates for the small fraction confirm this
(Fig. 7). The INAQ seasonal trend for the <2-um size frac-
tion is similar to that for the whole community, except dur-
ing the primary net autotrophic phase. This agrees closely
with the pattern of NH; uptake by a <0.8-um size fraction
throughout the year reported by Hoch and Kirchman (1995).

Bacterial DIN uptake—The lack of a significant correla-
tion between the <2-um size fraction chlorophyll concen-
tration and absolute ammonia and nitrate uptake likewise
suggests that a major part of the DIN assimilated by the
picoplankton might not be associated with its autotrophic
component. Given the importance of heterotrophic DIN up-
take (reviewed in Kirchman 2000), we inferred this uptake
to be predominantly bacterial.

We measured dark uptake of ammonium and nitrate (re-
sults not shown) in order to have an insight into the hetero-
trophic processes involved in nutrient assimilation. We are
aware that it is not possible to simply equate dark uptake
with heterotrophic activity. The data support the view that a
large proportion of the DIN assimilated by the picoplankton
indeed might be bacterial: the percent contribution of the
<2-um size fraction to the unfractionated uptake in the dark
was on average higher (57%) than that in light/dark condi-
tions (44%). If the picoplanktonic fraction was dominated
by autotrophs, it would be expected that uptake in the light/
dark conditions would greatly exceed that in the dark.

Several approaches were explored to quantify bacterial
DIN uptake in the <2-um size fraction. None yielded the
complete answer, but collectively they provide evidence that,
at least during part of the seasonal cycle, DIN uptake by the
<2-um size fraction was dominated by the bacteria.
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1. We examined the relationship between the picoplankton
uptake of HCO; and chlorophyll concentration as a way
of correcting for the presence of phytoplankton in the <2-
wm size fraction, since assimilation of H*CO; is essen-
tialy autotrophic. No significant correlation was found.
However, the high uptake rates of **C in the small fraction
in relation to what would be expected given its low chlo-
rophyll content, which could suggest bacterial CO, assim-
ilation (Romanenko 1964), led us to the conclusion that
this approach would not resolve the matter.

2. The correlation between the absolute DIN uptake rates
and bacterial abundance and between the percentage of
picoplanktonic DIN uptake in relation to that by the
whole community and bacterial abundance was exam-
ined. No significant correlations were found when the
whole set of data was used. However, for the period be-
tween mid-May and early July (days 131 and 188, i.e,,
during later stages and immediately after the spring phy-
toplankton bloom), there was a strong correlation be-
tween percentage of DIN uptake and bacterial abundance
(R? = 0.80; P < 0.05 for nitrate; R? = 0.83; P < 0.05
for ammonium; n = 5 in each case). Thus, at this time
of the year, the bacteria appear to have a major influence
on DIN uptake in the <2-um size fraction.

3. Dataon dark DIN uptake (not shown) are consistent with
the previous view. The proportion of dark uptake rose to
94-100% of that in light/dark conditions. Although algae
take up inorganic N in the light and in the dark (Eppley
et al. 1971), it would be expected that in the light, uptake
would far exceed that in the dark. This was observed
during the net autotrophic periods of the seasonal cycle
(dark uptake was 16.3-24.8% of that in the light/dark
incubations in May and between 1.4-25.3% in July and
August). In addition to the above observations, the per-
cent chlorophyll for the <2-um size fraction was very
low (1-6%) and bacterial abundance peaked during the
net heterotrophic phase. During this period, total chloro-
phyll and primary production fell sharply. Collectively,
this information constitutes qualitative evidence that the
N uptake by the <2-um size fraction was dominated by
the bacteria, at least for this part of the season.

4. We explored the approach used by Kirchman et al.
(1994), which assumes that the percentage of autotrophic
uptake in the <2-um size fraction is equivalent to the
percentage of chlorophyll in this size fraction, the rest
being bacterial. This tactic was applied to the whole set
of data, despite alack of correlation between DIN uptake
and chlorophyll concentrations in the <2-um size frac-
tion. There also was no alowance for any allometric ef-
fect (Joint 1991), so the results obtained can only be con-
sidered as first approximations. We made similar
calculations using the *C uptake rates (i.e., the percent-
age of autotrophic DIN uptake by the <2-um size frac-
tion was considered to be equal to its percent H*CO;
assimilation in relation to that by the whole community).
The results obtained (not shown), including the seasonal
profiles of the percent contribution of bacteria to total
ammonium and nitrate uptake, in general were the same
as those obtained with the chlorophyll approach.
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Fig. 8. Estimated percent contribution of bacteria to the unfrac-
tionated ammonium and nitrate uptake.

The results of the calculations using the chlorophyll ap-
proach showed bacterial contribution to the total uptake of
ammonium to be higher (seasonal average of 41%) than to
that of nitrate (27%) and less variable throughout the season
(Fig. 8). The net heterotrophic phase was the only time of
the year when bacteria appeared to be contributing equally
to the total uptake of ammonium and nitrate, with absolute
uptake rates of ammonium only slightly exceeding those of
nitrate. This was concurrent with ambient depletion of these
nutrients (=0.025 M for nitrate and =0.030 uM for am-
monium). When the rates were combined, the highest esti-
mated bacterial contribution to total DIN uptake was ob-
served during the net heterotrophic phase (68 = 1%). The
lowest calculated bacterial contributions occurred at times of
high primary production (average of 28 and 22% in the pri-
mary and secondary net autotrophic phase, respectively) and
in the regeneration phase (27 = 11%). In the prebloom
phase, bacteria accounted for an average of 43 = 17% of
the total DIN uptake.

The estimated bacterial contribution to NH; uptake in the
Menai Strait in June and July compared well with that mea-
sured in the coastal region by Hoch and Kirchman (1995)
for the same time of the year. Our calculated average percent
bacterial contribution to total nitrate and ammonium uptake
between May and September (of 24 and 40%, respectively)
was also within the range of values reported by Kirchman
and Wheeler (1998) for the sub-Arctic Pacific at the same
period of the year.

In accordance with other published work, the analysis of
our data leads us to the conclusion that bacteria play an
important role in DIN assimilation throughout the year in
the environment studied. Evidence suggests that during the
senescent period following the spring bloom, the majority of
DIN available was used by the microheterotrophs.

Contribution of bacterial DIN uptake to the demise of the
algal spring bloom—We examined the implications of the
previous conclusion on the demise of the spring phytoplank-
ton bloom (from mid-May until the beginning of July; days
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131-188). Estimates of DIN uptake by bacteria showed how
dramatically the role of the microheterotrophs changed in
the space of a few weeks at this time of the season. In May
and July, the majority of the DIN uptake was associated with
the autotrophs (62—96%), whereas in June, putative bacterial
uptake predominated (60%). This variation in the attribution
of the DIN uptake agrees very well with the net autotrophic
character of May and July and the net heterotrophic char-
acter of June attributed earlier on the basis of oxygen pro-
duction/consumption dynamics.

In the period between days 133 and 188, the major peaks
of algal nitrate and ammonium uptake (calculated bacterial
uptake subtracted from the whole-community uptake) ob-
served in May were concurrent with maximum chlorophyl|
and whole-community production. Although bacterial nitrate
and ammonium assimilation also peaked throughout this
month, on days 143 and 131, respectively, the contribution
of these organisms to the total DIN uptake was small (max-
imum of 32% for ammonium and 15% for nitrate).

The decrease in algal DIN uptake between days 131 and
143, which presumably contributed to the sharp decline in
chlorophyll concentrations and gross oxygen production (of
4- and 10-fold, respectively), can be a consequence of am-
bient nitrate exhaustion. Nitrate was the main nutrient sus-
taining the spring phytoplankton bloom, amounting to 71—
90% of the algal nitrogenous nutrition in May. It appears
that ammonium was not of importance for the autotrophs
nutrition at this stage but, by contrast, it contributed to ca.
80% to the bacterial DIN utilization on day 131 when am-
bient ammonium was relatively high (0.7 uM). However,
toward the end of May, when the concentration of this nu-
trient was undetectable, bacteria appeared to resort to the
less favored N source, nitrate, which accounted for 74% of
the total bacterial DIN consumption on day 143. Therefore,
on day 143, when ambient nitrate was already low, bacterial
nitrate consumption peaked at a time when the algal uptake
of this nutrient was in serious decline.

In June, it appears that bacteria were able to exploit the
low concentrations of both nitrate and ammonium better than
the phytoplankton because the contribution of heterotrophs
to total DIN uptake increased substantially (to approximately
68%) compared to a month earlier (4—38%). This is in ac-
cordance with studies showing that, by comparison with
phytoplankton, bacteria appear to be more effective at taking
up nutrients at low concentrations but not at high (Suttle et
al. 1990), having lower half-saturation constants (K,) than
the algae (Cotner and Wetzel 1992). Bacteria have been
shown to outcompete algae for nutrients in certain situations
(Rhee 1972; Parker et al. 1975; Currie and Kalff 1984).
However, any negative effect on the primary producers by
the heterotrophs can only be transient because bacteria ul-
timately depend on phytoplankton as a source of carbon and
energy substrates (Kirchman et al. 1994).

It is then possible that the demise of the phytoplankton
bloom, initially caused by nitrate depletion, was accelerated
by the competition with bacteria for nutrients. By competing
for a progressively depleted pool of DIN with the hetero-
trophs, the autotrophs were unable to sustain their growth.
The consequence was that by the beginning of July (day
188), chlorophyll concentrations had fallen 7.6 times in re-
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lation to its maximum in May, whereas at the same time,
bacterial abundance had risen 13.5 times.

Other factors, such as grazing by the zooplankton, could
be involved in this decrease of the autotrophic biomass, but
it would be unwise to dismiss the bacteria effect on the
decline of the algal spring bloom in these circumstances.

On the basis of fractionated nitrogen and oxygen metab-
olism, we have anayzed the dynamics of ammonium and
nitrate assimilation of the autotrophs and microheterotrophs
and drawn the following conclusions. The seasonal cycle of
primary production in the Menai Strait can be divided into
five distinct phases: the year starting with a prebloom phase,
followed by a swing from net autotrophy to heterotrophy
and back, finally leading to a protracted regenerative stage.
There was a progression from nitrate- to ammonium-domi-
nated production from March to November, with an inter-
mediate stage in June when uptake of these nutrients was
equal. This trend was also presented by the picoplankton.
The balance between the assimilation of NO; and NH; was
interpreted as being the result of the interplay between the
ambient availability of the nutrients, the predominant algal
assemblage, and its inorganic N preference. The picoplank-
ton contributed to a significant proportion of the total NO;
and NH; uptake, with percent uptake highest during the net
heterotrophic phase and lowest during both net autotrophic
phases. Inferred bacterial uptake constituted up to 68% of
the total DIN assimilated during the net heterotrophic phase,
but only 21-28% during the net autotrophic phases, with a
higher contribution to ammonium than nitrate uptake. Anal-
yses of algal and estimated bacterial DIN uptake, algal and
bacterial biomass, and oxygen dynamics in the spring sug-
gest that bacteria could have had arole in the demise of the
main phytoplankton bloom. By commanding the depleted
pool of inorganic N, they might have given the final coup
de grace to the aready stressed spring phytoplankton bloom
by outcompeting the algae for nitrogen.
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