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Abstract: We propose a new approach which combines "N tracer experiments with the dilution
method to evaluate the role of micrograzers on dissolved organic nitrogen (DON} release in coastal
planktonic assemblages. To observe possible DO'N release by micrograzers, planktonic assem-
blages (<94 um) were incubated with *NH," for 2 or 3d, before short time (6 or 12 h) dilution experi-
ments. In all dilution experiments from March to November, concentrations of DO"™N increased in
undiluted seawater, while concentrations decreased gradually with dilution. Based on a simple model
calculation, the importance of micrograzers in DO™N release was confirmed statistically in all cases.
Release and consumption of DO™N were well coupled, i.e., 58 to 103% of released DO'N were con-
sumed by bacteria. On the average, release rates of DO'N were comparable to 59% of the NH," re-
generation rates obtained in same period, suggesting that DON release by micrograzers is important

in the nitrogen cycle in coastal ecosystems.
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Dissolved organic nitrogen (DON) is the largest pool of
organic nitrogen in seawater (Sharp 1983) and some obser-
vations suggest that DON is potentially an important nitro-
gen source for bacteria and phytoplankton (Jackson &
Williams 1985; Tupas & Koike 1991; Bronk & Glibert
1993a). However, in natural waters due to a high back-
ground concentration of DON and to the existence of con-
sumption processes, it is difficult to evaluate DON release
by changes in DON concentration. Recently, reliable meth-
ods enabling the determination of the °N content of DON
have been developed and because of their high sensitivity,
they have revealed information on DON release and/or up-
take in natural planktonic communities (Axler & Reuter
1986; Bronk & Gilbert 1991, 1993a, b; Slawyk & Raim-
bault 1995).

Micrograzers are ubiquitous in marine environments and
their importance in marine food webs has been well recog-
nized (Azam et al. 1983). Laboratory studies have indicated
that micrograzers release the organic nitrogen of their prey

Corresponding author: Toru Hasegawa; c-mail, thasegaw@ori.u-tokyo.
ac.jp

as DON during egestion and excretion (Andersson et al.
1985; Nagata & Kirchman 1991) and their importance in
dissolved organic matter (DOM) fluxes in marine environ-
ments has been discussed theoretically (Jumars et al. 1989).
However, the contribution of micrograzers to total DON re-
lease in a natural planktonic community has never been
evaluated, because the organisms they prey upon (i.e. phy-
toplankton) are also known to release DON (Myklestad et
al. 1989; Biddanda & Benner 1997).

In this paper, in order to estimate DON release by micro-
grazers, we applied the "N tracer technique with the dilu-
tion method (Landry & Hassett 1982) for coastal plank-
tonic assemblages. From the observed patterns of changing
DO"N concentrations in a series of dilution experiments,
we have endeavored to identify and evaluate the role of or-
ganisms which contribute to DO'’N release. Based on a
simple model calculation, we were able to prove the impor-
tant role of micrograzers in DO'°N release and the rapid
consumption of that DO'’N by the bacterial population.
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Materials and Methods
Dilution experiments

Surface seawater was sampled in a 20-liter carboys at a
station (water depth, 13 meters; 43°01'N, 144°52’E) in
Akkeshi Bay, eastern coast of Hokkaido, Japan. Seawater
was filtered with a 94-um-mesh net and poured into a 20-
liter carboy. After the addition of '*NH,* (99.0 atom % 'N)
to a concentration of about 0.5 uM, seawater was pre-incu-
bated for 2 or 3d on a 15:9 L/D cycle starting at the mid-
dle of the light period in order to label particulate organic
matter (POM) with '*N. All incubation temperatures were
maintained by running seawater which was 2 to 3°C higher
than the ambient temperature.

A portion of this pre-incubated seawater was filtered
through a GF/F filter and this filtered seawater was referred
as 0% seawater. "*NH,~ (final conc. ca. 8 ymoll™'") and
PO,*" (final conc. ca. | umol I™') were added to the remain-
ing aliquot of pre-incubated unfiltered seawater, and also to
0% seawater. This unfiltered seawater was mixed with 0%
seawater in the ratios 1.0 (100% unfiltered seawater), 0.75
(75%), 0.5 (50%), and 0.25 (25%). Diluted seawater at each
dilution ratio (0.25 to 1) was poured into 1-liter polycarbon-
ate bottles. Duplicate bottles were used for each dilution.
Samples were incubated in the dark for 12 h (except for Au-
gust, 6 h), with gentle mixing (0.5- to 2-h interval) to mini-
mize the sedimentation of particles.

At time zero of the dilution experiment, unfiltered seawa-
ter (100%) was filtered through a GF/F filter (47 mm). A
portion of this filtrate and 0% seawater were further filtered
through a 0.2-um Nuclepore filter (47 mm). These filtrates
were frozen for later analysis of nutrients, DON concentra-
tion, and the nitrogen isotopic ratios of NH,” and DON.
The GF/F filter with POM was frozen until analysis of its
carbon and nitrogen contents and nitrogen isotopic ratio.
For chlorophyll-a (Chl-a) analysis, a subsample was filtered
through a GF/F filter (25mm) and the filter was stored
frozen. For a bacterial count, a subsample (10 ml) was fixed
with buffered formalin (final conc. 1%) and stored at 4°C.
Values for POM at time zero for each dilution (0.75, 0.5
and 0.25) were calculated from the analyzed value for
100% seawater. The concentrations of, and '*N atom% for
DON at time zero for each dilution were also calculated
from the values for 100% and 0% seawater.

At the end of the experiment, identical sampling proce-
dures as were carried out for 100% seawater at time zero
were followed for each incubation bottle. All GF/F filters
were pre-combusted at 450°C for 3h and all bottles were
acid washed and rinsed thoroughly with distilled water
prior to use. When GF/F filters were used, filtration was
done at <50 mm Hg to minimize the disruption of cells.

Chemical, isotopic, Chl-a and bacterial analyses

NH,* and PO,’" concentrations were determined with a
Technicon autoanalyzer (Strickland & Parsons 1972). DON

concentrations were measured by the wet oxidation method
of Soldrzano & Sharp (1980).

To prepare the sample for nitrogen isotopic measure-
ments of NH,', we applied the conventional steam distilla-
tion method of Bremner & Keeney (1965). NH,” from a
15-ml sample with a 1.5-umol NH,* spike as the carrier,
was distilled and recovered in 5 ml of 0.01 N H,SO,. The
recovered NH,* was concentrated to a final volume of
<1 ml by a rotary evaporater and the concentrate was ab-
sorbed to a GF/F filter (25 mm) and dried at 100°C for N
analysis.

Samples to be used for the determination of the nitrogen
isotopic ratio of DON were prepared by the method de-
scribed by Slawyk & Raimbault (1995) with modifications
after Hasegawa et al. (2000). In short, the dissolved inor-
ganic nitrogen in each seawater sample was reduced to
NH,' and removed under alkaline conditions (pH 9.5) using
vacuum evaporation (50°C). After removal, DON was di-
gested to NO;™ and then was reduced to NH,*. This NH,*
was recovered into H,SO, soaked in GF/F filter (25 mm).

The nitrogen isotopic ratio of DON, particulate organic
nitrogen (PON), and NH,*, and the organic carbon and ni-
trogen contents of POM were analyzed using a continuous
flow mass spectrometer (Tracermass, Europa Scientific)
equipped with a CN analyzer (Roboprep—CN, Europa Sci-
entific) (Kanda et al.1998). POM on the GF/F filter was
acidified with HCI vapor to remove carbonate before analy-
sis. Sodium L-glutamate monohydrate (0.366 atom% '*N)
and glycine (1.66 to 4.51 atom% '>N) were used as the stan-
dard samples. Standard deviation for atom% of L-glutamate
monohydrate (1 gmol N) is smaller than 0.0012 (n=6).
Chlorophyll-a was determined by the fluorometric method
of Strickland & Parsons (1972) as modified by Suzuki &
Ishimaru (1990), using a Turner Designs fluorometer. Bac-
teria were counted by epifluorescence microscopy after
DAPI staining (Porter & Feig 1980).

The dilution method and evaluation of contribution to
DO"N release

In the dilution method, we assume that the growth of
phytoplankton is constant with enough nutrients (N and P)
available and that ingestion by micrograzers is proportional
to the frequency of encounter between micrograzers and
phytoplankton. The biomass of phytoplankton at time 7 (h)
is expressed as follows,

P=PRyelt= %, (1)

where P, and P, are the biomass of phytoplankton at times ¢
and 0, respectively. X is the dilution factor. The growth rate
of phytoplankton (1) and the grazing coefficient: (g) were
estimated by dilution theory (Landry & Hassett 1982).

In this study, we pre-labeled phytoplankton with 'SNH,*
for 2 to 3d. If micrograzers release a part of their prey-ni-
trogen as DO"N, adequate "*N labeling of the phytoplank-
ton will increase the sensitivity of the detection of this ef-
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Fig. 1. Schematic representation of the organic nitrogen flux in
the upper water column.
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fect. On the other hand, if DO'°N is directly released by
phytoplankton, the source can be considered to be low mol-
ecular weight organic compounds in the cells (Bronk &
Gilbert 1991). Kanda & Hattori (1988) showed that NH,*
that is taken up by phytoplankton starts to be incorporated
into higher molecular weight compounds within 30 min
over a wide range of species and growth phases. This sug-
gests that during our pre-incubation period (2 or 3 d), most
of the "N would be incorporated into high molecular
weight compounds. Furthermore, due to the addition of ex-
cess ""NH," at the beginning of the experiment, most of the
low molecular weight compounds within phytoplankton
cells probably consists of cold nitrogen. Thus, the effect of
direct DO'N release by phytoplankton is minimized in our
experiment.

Although our experiment was designed to minimize the
effect of DO'N release by phytoplankton, the relative con-
tributions to DO'’N release by the micrograzers and phyto-
plankton were tested statistically. Statistical protocols basi-
cally followed those described by Andersen et al. (1991) for
the estimation of N and P sources contributing to phyto-
plankton growth.

The flow of organic nitrogen is schematically shown in
Fig. 1. We identify phytoplankton as the main source of re-
leased DO'N because most of "NH,* were taken up by
phytoplankton (Hasegawa, unpublished data). We assume
two main pathways which contribute to DO'*N release in a
community of small organisms (<94 pm). One is the direct
DO'*N release by phytoplankton (Myklestad et al. 1989;
Biddanda & Benner 1997) and the other is the DO"N re-
lease that is mediated by micrograzers (Andersson et al.
1985; Nagata & Kirchman 1991).

Another assumption we made is that the released DO'’N
was consumed only by bacteria. Some studies report that
phytoplankton use DON but other than for urea, DON uti-
lization by phytoplankton is generally considered to be neg-
ligible (Antia et al. 1991). Furthermore, we added an excess
of NH,~ at the beginning of the dilution experiment. From
these facts, DO'*N consumption by phytoplankton will be
of only minor importance in our experiment.

The rate of DO"N concentration change, ADO"N, can
be described as follows,

ADOYN=ADO'N ,  +ADO"N

where ADO"N, . and ADO"N,, .. are the release rates of
DO'*N by micrograzers and phytoplankton, respectively,
and ADO'"*N,,, is the consumption rate of DO'*N by bacte-
ria.

Possible mechanisms for DO'*N release mediated by mi-
crograzers (e.g. protozoa, copepod nauplii) include sloppy
feeding, egestion, excretion and diffusion from feces. Al-
though quantitative evaluations of each process have not
been possible, we assume that DO'’N release by micrograz-
ers is approximately proportional to their ingestion rate, be-
cause all mechanisms mentioned above are functions of in-
gestion rate.

In the dilution method, the biomass of micrograzers and
phytoplankton changes proportionally to X. Thus the fre-
quency of encounters between micrograzers and phyto-
plankton, that is, the ingestion rate of the micrograzer pop-
ulation, is proportional to X2. ADO'*N,__, can be described
as follows,

phylo—ADOISN bacf (2)

micro

ADO"N,.o=axX? 3)

micro

where a is the DO'N release rate (N nmol 17" h™") medi-
ated by the micrograzer population in undiluted seawater.

If phytoplankton release DO'N directly, the release rate
will be proportional to the amount of source DO'*N within
the phytoplankton community. Thus, ADO'"N_, .. can be
described as follows,

ADOYN

phyto

phyto =X X (4)

where b is the DO'N release rate (N nmol 17! h™') by phy-
toplankton in undiluted seawater.

DO'*N consumption by bacteria is probably related to
their cell numbers. In our experiments, a significant propor-
tion of the bacteria passed through the GF/F filter and en-
tered into 0% seawater, These bacteria accounted for from
6.3 to 36% of the total cell number and these values dif-
fered in each experiment. Thus we used the average cell
number of bacteria for the incubation period substituted for
X. Average cell number was estimated from cell numbers at
the beginning and end of incubation and from the assump-
tion that bacteria grew exponentially.

ADOISme:CXB, (5)

where ¢ is the DO'*N consumption rate (N nmol 17" h™") by
bacteria in undiluted seawater. B is the average bacterial
cell number for the incubation period expressed as a ratio
against the maximal average bacterial cell number (i.e. cell
numbers in 100% seawater) for the same experimental se-
ries.

Substituting Eqs 3, 4, 5 into Eq. 2, we can relate ADO"N
to X and B with the coefficients «, b, and ¢ which reflect the
contribution to DO'*N flux by micrograzers, phytoplankton
and bacteria, respectively.

ADO“N=aX?2+bX—cB. (6)
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Table 1. Duration of pre-incubation (days), concentrations of chlorophyll a (Chl a: ug 17"), particulate organic nitrogen (PON: ymol 1),
and particulate organic carbon (POC: mol 17"), and the C/N ratio (#mol/gimol) and PON/Chl g ratio (mol/ug) of particulate organic mat-

ter before and afier the pre-incubation.

Date Duration Chla PON POC C/N PON/Chl a
12 March 3 before 12 4.8 49 10 0.40
after 13 5.7 63 11 0.44
28 May 3 before 2.1 3.0 23 7.8 1.5
after 3.9 3.3 3l 9.2 0.85
2 July 3 before 38 4.2 31 7.4 1.1
after 55 4.1 38 94 0.72
27 Aug. 3 before 3.6 3.0 67 22 0.85
after 3.5 3.8 75 20 1.1
12 Now. 2 before 2.6 2.6 31 12 1.0
after 39 3.1 36 12 0.78
Based on the above rationalization, we estimated the co- 0.0 o oy
efficients, a, b and ¢ with a multiple linear regression (An- 004 i
dersen et al. 1991). To avoid collinearity between X Tand X, ' y= 0001 +0.013x
both sides of Eq. 6 were divided by X. 002 - v 2=—o.:;2 -0.0088 x 1 R*=059
ADOYN/X=aX+b—cBIX. (M ol T Tev—e_—g |
The regression analysis used X and 1/X as the indepen- J
dent variables and ADO'"’N/X as the dependent variable. 002 T T — T T 1
- oo July Aug.
Results g 0.04 - -
. . . " . s
Change in particulate matter during pre-incubation E 021 . comsocorts i
Seasonal changes in Chl-a concentrations (values before g R* =002
pre-incubation) varied by a factor of six, but those for PON % 0.00 “—1——:—.—T 1 Eom oo
and particulate organic carbon (POC) were about two- and 002 . . l ! ' ’ ' :
threefold, respectively (Table 1). Concentrations of Chi-a, 005 000 025 050 075 100
PON and POC increased during the pre-incubation period ’ Nov.
with few exceptions (Table 1). C/N ratios of particulate 0.04
matter after pre-incubation varied from 9.2 to 20, and only
in the August experiment, did they decrease. Low values 0.02 ~
(0.44 to 1.1) for PON/Chl-a (umol/ug) at the end of the
pre-incubation period indicated that PON consisted mainly 000+
of phytoplankton (McCarthy & Nevins 1986). 002 :’z*—: 3ﬁ°'°’°1°’
- T T T

The growth rates of phytoplankton and grazing coeffi-
cients

At the end of incubation, concentrations of NH," and
PO,’~ were comparable to 77 and 95% of initial values, re-
spectively, even in the August experiment, indicating that
growth of phytoplankton was not limited by these nutrients.
Except for May and July, apparent growth rates, determined
by the change in Chl-a concentration, increased linearly
with decreases in the dilution factor (Fig 2). For these
cases, estimated grazing coefficients ranged from 0.009 to
0.052h™'. When we use changes in PON concentrations in-
stead of Chl-a for the calculation, the apparent growth rates
increased linearly with decreases in the dilution factor for
all experiments except March and August (Fig 3). Calcu-

000 025 050 075 1.00
Fraction unfiltered seawater

Fig. 2. Apparent growth rates determined by the change in Chl-
a concentrations as a function of the dilution factor in the experi-
ments. The straight lines are estimated by least squares fits after
Landry & Hassett (1982).

lated grazing coefficients varied over the range of 0.021 to
0.037 h™'. A significant grazing coefficient was obtained in
all dilution experiments for at least one of the methods of
estimation (Chl-g and PON).

Contribution to DO'*N metabolism

Changing rates of DO'’N concentration for each dilution
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0.04 + -

y = 0.0035 + 0.6020 x
R?=0.04

——:——.—‘—.—“
0.00 : —

-0.02 T T T T T T
0.06

0.02 +
[ ]

y = 0.036 -0.037 x
R*=091

July

0.04 —

y=0.022-0.034 x
0.02 = R?=0.97 ]

y = 0.040 - 0.0058 x
R?=0.09

0.00 .

Apparent growth rate (h")

-0.02 T T T 1 T T T i
0.08 000 025 050 075 100

0.04

y=0.017 - 0.021 x
0.02 R®=0.88

0.00 4

-0.02 T T T 1
000 025 050 075 1.00

Fraction unfiltered seawater

Fig. 3. Apparent growth rates determined by the change in PON
concentrations as a function of the dilution factor in the experi-
ments. The straight lines are estimated by least squares fits after
Landry & Hassett (1982).

experiment are shown in Fig. 4. In undiluted seawater, the
DO"N concentration always increased and changing rates
were in the range of 0.005 to 0.22nmoll™'h™' (Fig. 4).
These positive values indicate that the release of DO'°N
generally exceeded the consumption of DO'°N in the undi-
luted seawater, irrespective of the season. With increasing
dilution, consumption of DO'*N gradually began to exceed
release and net changes in DO'°N concentration reached
minimum values of —0.10 to —0.2I nmol I"'h~" at a dilu-
tion factor of 0.25 (Fig. 4). This suggests that dilution led to
decreases in the release rate of DO'N rather than in the
consumption rate of DO'N.

Contribution to DO'*N metabolism by each biological

0.4

Mar. May
0.2 ~ -

0.0 ° 3 = . j

0.2 - -

0.4 ®
July Aug. T

0.2 - -

0.0 - ° f -

o
oo
—0

02 - | i .

o |
0.4 T T T T T T

04 000 025 050 075 1.00

Change in DO"N concentration (nmo! ' h™*)

0.2

0.0 3

-0.2

04 = T T T
000 025 050 075 1.00
Fraction unfiitered seawater

Fig. 4. Changing rates of DO'"’N concentration in the dilution
experiments. Open symbols on July and August were not included
in the calculation (see text).

component was estimated with Eq. 7 by a forward stepwise
multiple regression (F=3.6 to enter the regression). Coeffi-
cients entered into the final regression are listed in Table 2.
In all cases, the coefficient for release that was retained was
the coefficient for micrograzers {«a), suggesting an impor-
tant role for micrograzers in DO'N release. Percentage
ratio of bacterial DO'*N consumption to rate of release by
micrograzers ranged from 58 to 103%. These values imply
close coupling between DON release and consumption in
the planktonic assemblages observed.

Discussion

Laboratory experiments have demonstrated that micro-

Table 2. Coefficients of DO'"*N metabolism (= SD) for grazing (@), phytoplankton (#) and bacteria (c) obtained from Equation 7.

Date a(nmoll™'h™") b (nmoll™'h™") ¢ (nmoll™'h™") i (n)
12 March 0.46=0.074 0.41x0.049 0.88(8)
28 May 0.41x0.11 0.29+0.056 0.77(8)

2 July 0.83x0.068 0.48+0.027 0.98(7)
27 Aug. 0.77+0.099 0.48£0.047 0.95(6)
12 Nov. 0.50%0.093 0.52+0.056 0.93(8)

“Not entered into the final regression.
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grazers can release a significant amount of their prey’s or-
ganic matter as DOM (Nagata & Kirchman 1991; Strom et
al. 1997). Because grazers and prey organisms that were
used in these laboratory experiments are limited to a few
species, extrapolation of these data into field situations
must be done with caution. However, in natural communi-
ties, DOM release by micrograzers has never been evalu-
ated, since it is difficult to separate micrograzers from phy-
toplankton, which are the other potential organisms in-
volved in DON release. Even if separation could be
achieved, it would result in a break in the relationship be-
tween prey and predator, meaning that it would not reflect
natural conditions.

Bronk & Gilbert (1991, 1993b) used the molecular
weight of DON as an indicator for the release mecha-
nisms. High molecular weight compounds (>10* Daltons)
are mainly released by micrograzers and a dominance of
low molecular weight DO'*N means that direct release by
phytoplankton is the main source. However, as micrograz-
ers also release low molecular weight compounds (c.g. free
amino acids), evaluation of the contributions though each
mechanism is confused (Andersson et al. 1985; Nagata &
Kirchman 1991).

To evaluate DON release by micrograzers in natural
planktonic assemblages, we attempted a new approach. In
our method, to make DO"N release by micrograzers more
resolvable and to minimize the effect of direct DO"N re-
lease by phytoplankton, we combined pre-incubation with
'*N and excess cold NH,* addition before the dilution ex-
periments. As a result of these procedures, stepwise multi-
ple regression revealed the important role of micrograzers
on DON release in all cases (Table 2). Applying stepwise
multiple regression analysis to our data, entering b into the
final regression was rejected. However, this dose not mean
that phytoplankton have no contribution towards DO'N re-
lease.

The dilution method was originally developed to estimate
the grazing impact of micrograzers on the growth of phyto-
plankton under an excess of N and P nutrients (Landry &
Hassett 1982). In this method, whereas the biomass of each
organism is diluted in proportion to the dilution factor X,
ingestion by the micrograzer population decreases propor-
tionally to X*. Accordingly, the balance between the source
of DO"N (ingestion by micrograzers: X?) and the DO'*N
sink (bacteria: X) was lost with the dilution, as observed in
Fig. 4. Thus, we were able to evaluate release by micrograz-
ers and consumption by bacteria from the net change in
DO"N concentrations throughout the dilution gradient
(Table 2).

It is not clear why we failed to detect significant grazing
effects on the growth of phytoplankton through changes in
Chl-a concentrations (May and July) or in PON concentra-
tions (March and August). We added excess "“NH,* to min-
imize the effect of direct DO'N release by phytoplankton
(see above). However, due to '*NH,* uptake by phytoplank-
ton, longer incubation times should result in higher '°N iso-

tope dilution in phytoplanktonic nitrogen. This would re-
duce the sensitivity for evaluating DO'’N release due to
grazing. We therefore minimized the incubation time (6 to
12 h) and incubated under dark conditions when micrograz-
ers actively feed (Litaker et al. 1988; Wheeler et al. 1989).
In the previous application of the dilution method, the incu-
bation period was over 24h (Landry & Hassett 1982).
Paranjape (1987) reported that he failed to obtain signifi-
cant values for the grazing coefficient with a 24-h incuba-
tion, but succeeded after a further 24 h of incubation. This
result suggests that our 6- to 12-h incubation time might not
be long enough to estimate i and g from the change in Chl-
a and/or PON concentrations. Because we detected grazing
on phytoplankton with at least one of the two evaluative
methods (Chl-a and PON) that were consistent with the di-
lution theory, we judged that ingestion by grazers was pro-
portional to X2,

We assumed that ingestion by micrograzers is propor-
tional to the square of the dilution factor (X?) after Landry
& Hassett (1982). Gallegos (1989) showed a saturation ef-
fect for ingestion and recommended nonlinear regression to
estimate the grazing coefficient. If the above consideration
is true for our experiment, the contribution of micrograzers
to DO'N release would be indistinguishable from that due
to release by phytoplankton, because the specific grazing
rate would be almost constant toward the undiluted seawa-
ter and ingestion by micrograzers would start to be propor-
tional to X. Bacteria are also known to release DON
through the decomposition of PON and this is thought to be
due mostly to bacteria attached to particles (Smith et al.
1992). If this was the case, we may overestimate DO'’N re-
lease by phytoplankton because these attached bacteria
should be retained on the GF/F filter and their concentra-
tions would vary in direct proportion to the dilution factor
X (i.e. same as for phytoplankton). In spite of these biases,
which underestimate the contribution to DON release by
micrograzers or overestimate that by phytoplankton, the im-
portance of micrograzers to DON release was confirmed
statistically in all cases. This implies that nitrogen, incorpo-
rated into phytoplankton and synthesized into higher mole-
cular weight compounds, is not easily released without
grazing effects.

When ingestion by micrograzers decreases proportion-
ally to X?, one might expect that lower levels of ingestion
by grazers would reduce the amount of DON release
through improvements their assimilation efficiencies. If this
was the case, the pattern of DO'’N release by micrograzers
with the dilution gradient might approach the cubic or
higher powers of dilution factors. In such a situation, con-
siderations of the assimilation efficiency with lower and
higher levels of ingestion by micrograzers would be neces-
sary in order to better analyze DO'N release.

DO'"N concentration and composition might affect bac-
terial DO'N availability. DO'*N concentration at the end of
experiment was as much as 65% of that at the beginning
even in the most decreased case (November experiment at a
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Table 3. Average "*N atom% for PON during the incubation period and rates for the release and consumption of DON (nmol h™')in the

surface seawaters of Akkeshi Bay.

12 March 28 May 2 July 27 Aug. 12 Nov.
"*N atom% in PON* 5.99 6.88 5.66 6.52 3.47
release” 7.7 6.0 15 12 15
uptake® 6.9 43 8.5 7.4 15

*Calculated by the assumption that '*N atom% in PON changed exponentially.
®Calculated by the assumption that '*N atom% of released and consumed DON were the same as that of PON.

dilution factor of 0.25), and we considered the effect of
DO"N concentration on its availability to bacteria to be
minimal. The refractory nature of some of the components
of DO'*N might restrict DO'®N availability. However, as the
DO"N in our experiment was freshly released into seawater
(maximum 3-d old), we judged the major proportion of
DO'"N to be labile. Since DO'N concentration increased
in the undiluted seawater, DO'*N was obviously released
within the incubation period for all the experiments (Fig.
4). These facts allow us to discount possible problems asso-
ciated with DO'°N availability.

If we assume that the 'N atom% of DON released is the
same as that for PON (Table 3), we can calculate total DON
release rates due to micrograzers from the DO'"N release
rate (a: Table 2) and the '*N atom% for DON (Dugdale &
Goering 1967). These rates ranged from 6.0 to 15 nmol ™!
h™'. The total DON consumption rates by bacteria ranged
from 4.3 to 15nmol 17" h™' (Table 3). In the same period in
Akkeshi Bay, the ammonium regeneration rates estimated
by the "N isotope dilution method (Blackburn 1979; Cap-
eron et al. 1979) varied from 5.7 to 34nmoll™'h™'
(Hasegawa, unpublished data). On average, DON release
rates accounted for 59% of NH,* regeneration rates, imply-
ing that DON release by micrograzers is an important path-
way in the nitrogen cycle in coastal marine environments.
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