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Net nitrogen uptake and DON release in surface
waters: importance of trophic interactions implied
from size fractionation experiments
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ABSTRACT: Factors that influence the release of DON by planktonic assemblages were investigated
using size fractionation experiments in the Southern California Bight and in Monterey Bay, California, USA. Incubation experiments, with either 15NH4+ or 15NO3– as a tracer, were used to measure
rates of net uptake (incorporation of DIN into particulate nitrogen [PN]) and DON release (production
of DON during the incubation, through both active and passive mechanisms). DON release varied
greatly among experiments and was higher when 15NO3– was the substrate; it accounted for 3 to
nearly 100% of the gross uptake (net uptake plus DON release). Compared with incubations with the
<10 µm fraction alone, addition of the < 210 µm fraction resulted in distinct patterns of change in net
uptake and DON release. Whether the large fraction caused an increase or a decrease in net uptake
or DON release rates probably depended on species composition as well as size distribution of trophic
groups. DON release rates were positively correlated with NH4+ regeneration rates (p < 0.00001) and
the magnitude of DON release was about 40% that of NH4+ regeneration. The results imply that zooplankton and protozoan grazing — on primary producers, small heterotrophic plankton, and possibly
bacteria — is a major mechanism of DON release. DON release was observed in every experiment
and is clearly an important nitrogen flux in planktonic communities. If grazing is responsible for DON
release, then standard incubation experiments probably underestimate the growth of phytoplankton
by not accounting for grazing during incubations. The observed rates of DON release imply a rapid
turnover of at least a portion of the total DON pool.
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INTRODUCTION
Nitrogen availability is considered to be one of the
main factors that limit phytoplankton production in the
ocean, and therefore the patterns and magnitude of
nitrogen assimilation rates by phytoplankton assemblages have been widely studied. The framework
within which much of this work has been done is referred to as the new production paradigm (Dugdale &
Goering 1967, Eppley & Peterson 1979). The role of
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grazing in this paradigm is to link primary production to
the regenerated nitrogen that sustains production. Ammonium regeneration has been measured in primary
production experiments and is often found to occur at a
rate comparable with that of NH4+ assimilation (Glibert
et al. 1991, Dickson & Wheeler 1995). Although fewer
data are available, production of DON is also now recognized as an important nitrogen flux, which may be
linked to primary production and grazing (Bronk &
Glibert 1993a, Pujo-Pay et al. 1997, Hu & Smith 1998,
Bronk & Ward 1999, Raimbault et al. 1999). The mechanisms of DON release and the magnitude of the release
compared with nitrogen assimilation and NH4+ regeneration are not well understood. If DON release is of the
same magnitude as net uptake (production of particulate nitrogen [PN]) and NH4+ regeneration, then it is a
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significant flux of DIN that is not adequately represented in current models and conceptualizations of the
nitrogen cycle in surface waters. Significant DON release rates would also imply a more active DON pool,
and these rates would verify the presence or increased
importance of previously unappreciated mechanisms
and pathways for DON production and consumption.
The stable isotope 15N has been used extensively to
measure new and regenerated production. One common
phenomenon in 15N tracer studies is referred to as the
missing 15N (Glibert et al. 1982, Ward et al. 1989, Bronk
& Glibert 1994). Even when 15N in all the major soluble
inorganic pools and in PN was measured, a variable and
sometimes large proportion of the total label added at
the beginning of the experiment could not be accounted
for at the end. Ward et al. (1989) suggested on the basis
of this discrepancy that some of the label might be found
in DON. In studies conducted in estuarine and coastal
waters, Bronk & Glibert showed that DON was both released (1991, 1993a) and assimilated by the planktonic
community (1993a). In a size fractionation study conducted in a subestuary of Chesapeake Bay, Bronk &
Glibert (1993a) measured total and low molecular
weight DON release in the <1.2 and < 210 µm size fractions over a 24 to 36 h period. In the <1.2 µm fraction,
DON release was virtually all low molecular weight in
composition and was attributed to direct release by the
microorganisms. Release of low molecular weight DON
was similar in both the <1.2 and < 210 µm fractions. Total
DON release (including high molecular weight components) was much higher in the < 210 µm fraction, and
this release was attributed to grazing.
The experiments described here were designed to
investigate the production of DON during conventional 15N tracer experiments in oceanic and coastal
waters and to investigate the impact of the inclusion of
large grazers (i.e., the >10 µm fraction) on the amount
of 15N transferred to the DON pool. Size fractionation
experiments were used to identify the trophic interactions that might be important in causing DON production. A protocol in which most of the DIN, DON, and
PN fractions were analyzed for nitrogen concentration
and 15N content was used in order to obtain mass balance. These results show that DON is an important fate
of DIN, in addition to PN, and its release during grazing can partially account for the discrepancy between
nitrogen assimilation and particulate production.

MATERIALS AND METHODS
Experimental sites. Experiments were performed in
the Southern California Bight (SCB) at stations in
Santa Monica and San Pedro basins (see exact locations in results of each experiment, below) in October

1992 and April 1994, and in Monterey Bay, California
(MB), USA in March and September 1993; all MB
experiments were performed at the central station H3,
36° 46.7 N, 122° 01.0 W, in approximately 900 m of
water over the submarine canyon.
Size fractionation experiments. Water was collected
in 30 l Go-Flow bottles (General Oceanics, Miami, FL)
and filtered by gravity through either 10 or 210 µm
mesh Nitex (Sefar Filtration, Lancaster, NY) directly
into acid cleaned 4 l polycarbonate bottles, being careful to keep the Nitex submerged during filtration. A 15N
tracer (either NH4+ or NO3– at approximately 10% of
ambient concentration or 100 nM final concentration, if
the ambient concentration was below 1 µM) was added
and the bottles were incubated for 3 h in simulated
in situ light conditions in flowing seawater incubators
on deck. In October 1992, deck incubators were constructed of clear plexiglass and layers of neutral-density
nickel-plated screens accomplished light attenuation.
For the other 3 cruises, deck incubators were constructed of clear plexiglass and light attenuation was
obtained by adding variable numbers of blue plexiglass
shields to the sides and top of the incubator. Three
hour incubations were chosen on the basis of previous
oceanic experiments that showed rapid depletion of
substrate over short time scales (Ward et al. 1989); 3 h
was also the shortest practical incubation period. Incubations were initiated at either 09:00 h or 21:00 h to
measure day or night rates, respectively. After 3 h, the
contents of each bottle were filtered onto combusted
47mm diameter GF/F filters using gentle vacuum
(< 6.6 kPa), and care was taken to ensure that the filters
were not allowed to dry or to be exposed to bright light.
The filter and aliquots of the filtrates were frozen immediately and returned to the laboratory for analysis.
Nitrogen isotopic analyses. The filters were dried
and portions of them were used for determination of
total carbon and nitrogen by CHN analysis (Control
Equipment CHN Analyzer, Exeter Analytical, North
Chelmsford, MA). Replicate filters or portions of them
were then used for determination of the atom% enrichment using emission spectrometry (JASCO model
N-150, Jasco Ltd, Tokyo; Fiedler & Proksch 1975) or
mass spectrometry (Europa 20/20 isotope ratio mass
spectrometer PDZ Europa, Cheshire, UK). The filtrates
were divided into aliquots and used for the determination of nitrogen concentrations and atom% enrichment
of the various soluble pools. The details of these methods are described by Bronk & Ward (1999) and are only
briefly described here. Ammonia was collected by distillation (Glibert et al. 1982) of a 200 ml aliquot; the
distillate was evaporated to reduce its volume, spotted
onto combusted glass fiber filters and subsequently
analyzed for isotopic ratio by emission spectrometry.
To isolate DON, NO3– was removed from the same
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sample by reduction to NH4+ using Devarda’s alloy
during boiling to remove both NO3– and NH4+
(described in detail in Bronk & Ward 1999). The
remaining aliquot was UV oxidized (Armstrong & Tibbits 1968) using H2O2 as a catalyst, resulting in the stoichiometric conversion of DON to nitrate. The resulting
NO3– was reduced to NO2– using spongy cadmium
(Jones 1984) and the resulting NO2– was extracted
using the organic extraction method previously described (Olson 1981, Ward et al. 1984). At sea, filtrate
aliquots (up to 2 l) were extracted directly for NO2–.
The organic nitrogen dye containing the nitrogen from
NO2–, NO2– plus NO3–, or DON, was spotted onto combusted glass fiber filters and used for isotopic determination by emission spectrometry. Isotopic ratio measurements were made for NH4+, NO3–, PN, and DON
fractions in all experiments at the end of the incubation. DON atom% enrichments were corrected for possible residual NH4+ or NO3– present in the final isolated
DON fraction. The efficiency of removal of NH4+ and
NO3– was determined empirically to be 100%. This determination depended, however, on wet chemical analyses of NH4+ and NO3–, which have limits of detection
of ~0.03 to 0.05 µM. Accordingly, we applied a correction similar to that used by Bronk & Glibert (1991) to
correct for possible residual NH4+ or NO3–. The 15N
atom% enrichment of the residual NH4+ or NO3– was
taken to be the same as that measured at the end of the
incubation.
DIN, DON, and chlorophyll a concentration measurements. Ammonia was measured manually by the
method of Grasshoff et al. (1983), and NO3– (Technicon
autoanalyzer II, Pulse Instrumentation Ltd, Saskatoon,
SK, Canada) and NO2– (manually) by the methods of
Strickland & Parsons (1972). DON concentrations were
obtained by NO3– analysis of UV-oxidized seawater
(Armstrong & Tibbits 1968) using a 1200 W mercury
vapor lamp and irradiation for 18 h. Though the UV
method can be unreliable, likely because of variations
in UV lamps, the lamp used in this study yielded recoveries of standard NH4+ and cAMP standards of ≥ 94%
(Bronk et al. 2000). Samples for determination of ambient nutrient concentrations were collected from the
sampling bottle at the time of sample collection and
samples were then collected from each of the incubation bottles at the end of the incubation. Chlorophyll a
(chl a), corrected for phaeopigments, was measured
using the fluorometric techniques of Parsons et al.
(1984) on filtered samples collected after the tracer
incubations.
Rate calculations. Nitrogen transformation rates
were calculated using equations modeled after those of
Glibert et al. (1982), i.e., taking into account the decrease in isotopic enrichment in the substrate pool over
time. Rates of net uptake (uptake of the labeled sub-
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strate into PN) and DON release were calculated as
described by Bronk et al. (1994, 1998). Gross uptake
refers to the sum of net uptake and DON release. Net
uptake is the term usually equated with uptake and
assimilation in conventional 15N experiments in which
DON release is not measured.
The difference in rates of net uptake, DON release
and ammonia regeneration between the 2 fractions
represents the portion of each process that was attributable to the presence of organisms between 10 and
210 µm in size or to some interaction between the size
fractions. Lower DON release rates in the < 210 µm
incubation than in the <10 µm incubation imply either
consumption of DON or prevention of its release
because of some interaction between organisms in the
different size classes. Conversely, higher DON release
in the < 210 µm than in the <10 µm incubations implicates larger organisms in the release of DON.
Treatments within individual experiments were not
replicated because of the labor-intensive nature of the
measurements. Instead, the same kinds of experiments
were repeated several times on 4 cruises (see above).
A total of 38 incubations resulted from 4 cruises, measuring 2 substrates at 2 to 3 depths, both day and night,
at both coastal and oceanic sites. Experiments have not
been grouped for statistical analysis because the
repeated experiments do not constitute true replicates.
Where possible, isotopic analyses were repeated on up
to 3 subsamples of each incubation. Where error bars
appear on the plots, they represent the standard deviation associated with replicate assay results from the
same experiment. Errors associated with the calculated rates were propagated as described in Bevington
(1969); the error associated with a calculated rate
includes errors accumulated in replicate measurements of N concentration (substrate and product) and
isotopic content (substrate and product). Where no
error bars are evident, the standard deviation was zero
(this happened only with the PN measurements) or too
small to visualize on the plot. Missing bars represent
lost samples. Rates were taken to be different from
each other if their standard deviations did not overlap.

RESULTS
Net uptake and DON release rates in the <10 and
< 210 µm fractions are shown for all experiments in
Figs 1 to 4. Results for daytime experiments in MB during March 1993 and in the SCB in October 1992 are
found in Figs 1 & 2. Next, the results of night versus
day experiments for 2 stations in the SCB in April 1994
and in MB in September 1993 are presented (Figs 3 & 4).
Nutrient concentrations for each incubation experiment are reported in Table 1. Chlorophyll and PN con-
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Fig. 1. NH4+ and NO3– uptake (j), DON release (h), and NH4+
regeneration ( ) rates (ng l–1 h–1) in size fraction experiments
from March 1993, Monterey Bay. NH4+ regeneration was not
measured in the NO3– incubations. BD: below detection; ND:
no data

Fig. 2. Size fraction experiments from October 1992, Southern
California Bight. See Fig. 1 for abbreviations and symbol
definitions

Table 1. Nutrient concentrations measured in size fractionation experiments. Except for the September experiments, for which
some nutrient samples were lost, measurements were made before incubations on water collected from the same cast and the
same Niskin samplers that were used in the experiment. In September, nutrient data from the closest cast (12 h lag) are presented. For the October coastal experiments, nutrient samples were collected before fractionation; for March and April, nutrient
samples were collected from the size fractionated samples before incubation
Experiment

Depth (m)

NO3

(SD)

NO2

(SD)

NH4

(SD)

DON

(SD)

March day

4.0
16.0
19.0

0.22
1.42
0.89

(0.01)
(0.11)
(0.09)

0.01
0.23
0.23

(0.009)
(0.004)
(0.055)

0.43
0.24
0.03

(0.05)
(0.05)
(0.01)

5.36
5.80
4.47

(0.08)
(0.13)
(0.05)

October coastal

11.5
35.5
49.0

0.17
0.73
2.58

(0.00)
(0.02)
(0.10)

0.03
0.14
0.39

(0.000)
(0.021)
(0.094)

0.17
2.33
1.02

(0.00)
(0.13)
(0.16)

6.74
9.41
7.00

(0.07)
(0.19)
(0.17)

October oceanic

12.5
40.0
55.0

0.06
1.23
4.39

(0.01)
(0.23)
(0.09)

0.03
0.11
0.89

(0.005)
(0.011)
(0.092)

0.15
0.29
0.25

(0.00)
(0.00)
(0.11)

6.52
6.58
6.97

(0.01)
(0.25)
(0.12)

April day

3.5.
43.0

0.12
11.7

(0.00)
(0.35)

0.01
0.36

(0.00)0
(0.043)

0.01
0.16

(0.02)
(0.03)

5.31
6.11

(0.31)
(1.24)

April night

3.5
43.0

0.01
12.640

(0.15)
(0.34)

0.01
0.26

(0.002)
(0.004)

0.01
0.03

(0.01)
(0.01)

5.11
3.27

(0.51)
(1.10)

September day

0.0
20.0
30.0

0.47
1.30
1.20

(0.02)
(0.01)
(0.03)

0.16
0.11
0.21

(0.008)
(0.015)
(0.009)

0.00
0.01
0.71

(0.00)
(0.01)
(0.02)

5.18
7.62
7.67

(0.42)
(0.20)
(0.24)

September night

0.0
20.0
30.0

0.52
1.30
0.92

(0.02)
(0.02)
(0.01)

0.002
0.04
0.21

(0.002)
(0.018)
(0.004)

0.00
0.06
0.46

(0.00)
(0.01)
(0.01)

4.25
5.77
6.15

(0.17)
(0.24)
(0.24)
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Fig. 3. Size fraction experiments from April 1994, Southern
California Bight. See Fig. 1 for abbreviations and symbol
definitions

centrations, and useful ratios for consideration of community composition are reported in Table 2.

Daytime experiments
March 1993
The 3 depths in this experiment spanned the photic
zone from 40 (4 m) to 1.5% light (19 m). Nitrate concentrations were less than 1 µM at 4 m and increased
to 1.5 to 2 µM at 19 m , while NH4+ was present at less
than 0.5 µM at all depths (Table 1). Most of the PN was
in the small size fraction (Table 2). Essentially all of the
chl a was <10 µm at 4 m, but less than half of the chl a
was in the small fraction at 16 and 19 m.
At 4 and 16 m, NH4+ assimilation rates greatly
exceeded NO3– assimilation rates in both size fractions
(Fig. 1). Only at 19 m did the rate of NO3– uptake
approach or exceed the rate of NH4+ uptake (Fig. 1). In
the 15NH4 incubations, net uptake predominated over
DON release at 4 m, while at 16 and 19 m, the rates of
net uptake and DON release were about the same. In
the 15NO3 incubations, net uptake exceeded DON
release in the larger size fraction. NH4+ regeneration
exceeded the release of DON at all depths.
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118.31° W), so that deeper depths were sampled at the
oceanic, versus coastal, station. Incubations were performed at 35, 3.5 and 1% light (11.5, 35.5, and 49 m at
the coastal station and 12.5, 40, and 55 m at the
oceanic station, respectively). At the oceanic station,
NH4+ was present at all depths at around 0.1 to
0.3 µM, while NO3– was near the limit of detection at
the surface and increased with depth (Table 1). At the
coastal station, NH4+ and NO3– concentrations were
low in surface waters and both increased with depth
(Table 1). Most of the PN was small and, for all but 2
of the October experiments, most of the chl a was in
the smaller size fraction.
DON release from NH4+ generally exceeded net uptake (Fig. 2) except at 3.5% light. In all experiments in
which DON release data were obtained from both size
fractions, it was not possible to detect any contribution
to DON release by the larger fraction (over that produced by the small fraction alone). Ammonium regeneration rates generally exceeded both net uptake and
DON release rates (Fig. 2).
Net uptake rates from NO3– were uniformly low and
usually greatly exceeded by DON release. At the shallowest depth in the oceanic experiment, most of the
DON release was associated with the small fraction,
and DON release was greatly reduced in the presence
of the larger fraction. DON release rates from 15NO3–
increased with depth, and at 1% light, DON release
was apparently not affected by the presence of the
larger size fraction. Rates of DON release from NO3–

October 1992
In October 1992, 2 size fraction experiments were
conducted in SCB, both during daylight. Both sampled the water column at the same relative light
intensities, but one experiment was offshore (referred
to as oceanic, station 305, 33.45° N, 118.47° W) and one
inshore (referred to as coastal, station 303, 33.53° N,

Fig. 4. Size fraction experiments from September 1993, Monterey Bay. See Fig. 1 for abbreviations and symbol definitions
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were highest at 1% light for both the coastal
and the oceanic experiments.

Table 2. Particulate nitrogen (PN) and cholorophyll a (Chl a) data for
each size fraction in each experiment
Depth Size fraction
(m)
(µm)

Night versus day experiments
April 1994
Two size fraction experiments, one during
the day and one at night, were conducted at
2 depths (3.5 and 43 m) corresponding to 95
and 1% light at an offshore station (Stn 205;
33.17° N, 118.09° W) in the SCB. The 2 experiments were performed within 48 h of each
other at the same station; nutrient, chl a, and
PN distributions were not discernibly different between the 2 experiments. Ammonium
concentrations were low, less than 0.2 µM
and often undetectable, at both depths for
both day and night experiments (Table 1).
Nitrate was < 0.5 µM at 3.5 m and increased
to ~12 µM at 43 m; the experiment at the 43 m
depth was the only 1 reported here in which
relatively high NO3– levels were present.
Upwards of 80% of the PN, and on average
94% of the chl a, was present in the small size
fraction at all depths in both day and night
experiments (Table 2).
At 3.5 m, net uptake rates from NH4+ were
lower in the small size fraction at night than
in the day, but the opposite was true for the
whole sample (< 210 µm) (Fig. 3). In contrast,
net uptake was greater in the small fraction
at night and in the large fraction during the
day, while DON release varied in the opposite manner. NH4+ regeneration rates were
greater in the < 210 µm fraction at night and
in the <10 µm fraction during the day.
DON release rates usually exceeded net
uptake from NO3– for both day and night (in
4 of the 6 experiments in which both rates
were measured). These DON release rates
exceeded net uptake and DON release rates
in all other April experiments and were on
the same order as the highest NH4+ regeneration rates. Ammonium regeneration rates
exceeded both net uptake and DON release
from NH4+ at night for both depths and in the
day at 43 m.

March day
NH4

March day
NO3

October coastal
NH4

October coastal
NO3

October oceanic
NH4

October oceanic
NO3

April day
NH4

April day
NO3

April night
NH4

April night
NO3

September day
NH4

September 1993
One experiment during the day and one at
night, both including 3 depths, were con-

4
4
16
16
19
19
4
4
16
16
19
19
11.5
11.5
35.5
35.5
49
49
11.5
11.5
35.5
35.5
49
49
12.5
12.5
40
40
55
55
12.5
12.5
40
40
55
55
3.5
3.5
43
43
3.5
3.5
43
43
3.5
3.5
43
43
3.5
3.5
43
43
0
0
20
20
30
30

10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
210
10
202
10
202
10
202
10
202
10
202
10
202
10
202
10
202
10
202
10
202
10
202

Chl a
(µg)

PN
(µM)

Chl a:PN

0.28

1.36
1.96
1.48
1.99
1.34
1.78
1.49
2.16
1.42
1.87
1.40
1.81
0.50
0.69
0.64
0.99
0.86
0.61
0.67
0.71
0.89
0.90
0.70
1.19
0.92
1.10
0.60
0.95
0.29
0.47
0.87
1.21
0.61
1.25
2.97
0.76
0.86
1.00
0.34
0.25
0.80
1.00
0.30
0.26
0.76
0.88
0.41
0.49
0.67
0.87
0.41
0.47
0.89
1.49
0.56
0.85
0.36
0.71

0.21
nd
0.34
0.62
0.45
0.58
0.40
0.24
0.19
0.41
nd
0.61
0.33
0.28
0.49
0.40
0.31
0.35
0.29
0.31
0.42
0.56
0.34
0.27
0.29
0.42
0.51
0.84
0.67
2.01
0.37
0.52
0.67
0.41
0.44
0.14

0.50
1.24
0.60
1.03
0.60
0.51
0.27
0.77
1.10
0.16
0.19
0.31
0.40
0.27
0.21
0.19
0.22
0.38
0.51
0.24
0.32
0.27
0.45
0.30
0.79
0.19
0.95
0.32
0.63
0.41
0.51
0.33
0.42

0.58
0.88
0.58
0.88
0.43
0.61

PN

0.65
0.59
1.03
1.04
1.18
0.86
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up to 99% of gross uptake of NH4+. Most of
the net uptake and DON release were associDepth Size fraction Chl a
PN Chl a:PN
ated with the larger size fraction (Fig. 4).
(m)
(µm)
(µg)
(µM)
Ammonium regeneration rates ranged from
comparable to much greater than net uptake
September day
0
10
0.58
1.09
0.54
from NH4+ and usually exceeded DON reNO3
0
202
0.84
1.34
0.63
20
10
0.41
0.70
0.59
lease from NH4+ (8 of 9 cases where both
20
202
0.86
1.12
0.76
rates were detected). In 2 of 3 night experi30
10
0.41
0.55
0.75
ments and both day experiments where the
30
202
0.61
0.64
0.95
comparison is possible, NH4+ regeneration
September night
0
10
0.70
1.08
0., 65
and DON release exhibited the same pattern
NH4
0
202
2.35
2.86
0.82
20
10
0.95
1.40
0.68
of relative magnitude between size fractions.
20
202
4.07
2.95
1.38
That is, both rates were higher in the large
30
10
0.61
0.76
0.81
fraction than in the small fraction at 20 m at
30
202
1.20
1.19
1.01
night, and both were smaller in the large
September night
0
10
0, 75
1,15
0, 65
fraction at 1 m at night. These patterns may
NO3
0
202
2, 08
2, 82
0, 74
aid in deducing the mechanisms of DON pro20
10
0, 88
1, 42
0, 62
20
202
3, 73
2, 94
1, 27
duction (see below).
30
10
0, 60
0, 68
0, 89
The rates of net NO3– uptake were lower
30
202
1, 33
1, 05
1, 27
than uptake rates for NH4+. DON release predominated over net NO3– uptake at all depths
both day and night, with the single exception of the
ducted in MB in September 1993. Nitrate was present
larger size fraction at 1 m at night (Fig. 4). Except for
at ~0.5 µM at 1 m, increasing to 1.25 µM at the 2
deeper depths. Ammonium concentrations also inthis one sample, DON release accounted for more than
67% of gross uptake from NO3–, often as much as 98%.
creased with depth, from about 0.1 µM at 1 m to 0.7 µM
Most of the net uptake occurred in the larger size fracat 30 m (Table 1). During the day, greater than half of
tion but, except at 1 m, it appeared that inclusion of the
the PN and chl a was present in the smaller size fraction at all depths (Table 2). At night, the fraction of
larger size fraction had no effect on the rate of DON
chl a in the smaller size fraction dropped at all depths,
release from NO3–, relative to its release by the small
fraction alone.
except at 30 m, where it increased slightly. These
changes were caused mainly by a large increase in the
chl a concentration of the larger size fraction; the chl a
and PN concentrations of the smaller size fraction also
DISCUSSION
increased between the day and night experiments, but
Relatively few previous studies have reported
to a lesser degree. These 2 experiments were performed within the same 24 h period at the same station.
directly upon the magnitude of DON release in marine
systems, but both direct and indirect evidence has sugSuch a dramatic shift in the population composition
and size may have been caused by advection of a
gested that the DON flux is significant (Laws 1984,
bloom of larger phytoplankton. It seems unlikely that
Ward et al. 1989, Bronk & Glibert 1991, 1993a,b, Bronk
growth of the in situ population could produce a
et al. 1994, 1998, Slawyk & Raimbault 1995, Pujo-Pay
et al. 1997, Hu & Smith 1998, Slawyk et al. 1998). The
tripling or quadrupling of the chl a content over a period of 12 h. Ambient nutrient concentrations were not
magnitude of DON release rates reported here varied
from below detection to essentially 100% of gross provery different between day and night experiments
(Table 1) and do not help to explain the apparent shift
duction (DON release plus net uptake).
between the 2 experiments.
To interpret the present results, we began by identiIn 15NH4+ incubations, rates of net uptake and DON
fying common patterns of DON release and net uptake
release showed the same clear trend with depth in
and then deduced mechanisms that would be consisboth day and night experiments (Fig. 4). Rates were
tent with those patterns. The results are first discussed
higher overall at night, consistent with the higher
in light of conventional understanding of nitrogen
phytoplankton biomass (implied from chl a concentraassimilation and regeneration processes and ecosystions). At the surface, PN was the major product of
tem functioning. Subsets of the results are then considuptake, accounting for 61 to 89% of the gross uptake.
ered in a series of comparisons, in a larger synthesis of
The relative importance, as well as the magnitude of
the overall findings. A schematic of the processes
the rate of DON release versus net uptake, increased
inferred to be responsible for the patterns is shown in
with depth so that at 30 m, DON release accounted for
Fig. 5, and the components are discussed in the followTable 2 (continued)
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Ward 1999), in which the March samples showed an
overwhelming reliance on NH4+, but a more equable
use of NH4+ and NO3– in September. The SCB results
do not illustrate a clear preference for NH4+ in terms of
net uptake, partly because of missing data in the October experiments and the presence of high NO3– in the
43 m experiment in April.

Implication of grazing in nitrogenous nutrient
regeneration

Fig. 5. Schematic of processes involved in DON production
and potential interactions between size fractions

ing sections. The calculations used to compute DON
release assume that the DON release detected in these
experiments is derived from DIN that was taken up
from the seawater during the incubation. DON release
does not represent the mineralization of PN that was
present at the beginning of the incubation. Rather, the
release represents a rapid flux from the DIN pool,
through the PN pool in a transient stage (mechanisms
will be discussed below), and then into the DON pool.
Breakdown of existing PN would not be detected in
the DON pool by the 15N tracer methods used here. It
would, however, contribute to NH4+ regeneration
detected by isotope dilution of the added 15NH4+ substrate.

Functional interpretation of experimental results
Preference for NH4+ versus NO3–
An apparent preference for uptake of NH4+ over
NO3– is commonly observed, even at low nutrient concentrations (Harrison et al. 1996) and was frequently
observed in the experiments reported here. For example, the difference in net uptake (into PN) between
NH4+ and NO3– at all depths in March is consistent
with the preference for NH4+ by phytoplankton in the
absence of high NO3– concentrations. Relatively high
net uptake from NO3– was observed only at 19 m
where NO3– concentrations were relatively higher. The
preference for NH4+ was also observed in the September MB experiments, but the disparity between NH4+
and NO3– uptake into PN was less pronounced in
September. This trend is consistent with the results of
single endpoint incubations throughout the surface
layer from these cruises reported previously (Bronk &

Ammonium regeneration is associated with grazing,
based on the assumption that breakage of cells during
ingestion and rapid incomplete digestion by grazers
should release labile internal pools and excretory
products. While microzooplankton (cilliate, flagellate
and even protozoan) grazers may be of the same size
as their prey, many zooplankton grazers prey on
phytoplankton smaller than themselves and can sometimes be separated from their prey by size fractionation. In the experiments reported here, NH4+ regeneration rates often were higher in the incubations that
contained the larger size fraction than in those containing only the <10 µm fraction (3 of 3 experiment for
March MB, 2 of 5 of the September MB experiments,
4 of 6 experiments for which the comparison is possible
in the SCB). The increase in NH4+ regeneration in
March associated with the large size fraction is consistent with the observation that the chl/PN ratio was
greater in the small fraction, implying a disproportionate representation of phytoplankton in the small fraction and of heterotrophs in the large fraction. In September, chl:PN ratios (Table 2) were higher in the large
fraction than in the small except in the daytime 15NH4+
experiment, implying a more equitable distribution of
phytoplankton and heterotrophs in both size fractions.
(Most of the chl a was in the small fraction in the September experiments, but the chl:PN ratios indicate that
an even greater proportion of the heterotrophs —
including potential grazers — were in the small fraction
as well.)
Grazing is one process that may be responsible for
part of the DON release, by analogy with NH4+ regeneration. In Fig. 5, the arrow leading from zooplankton
to NH4+ represents both excretion and release during
grazing (NO3– is not produced in this manner but is
listed next to NH4+ as one of the inorganic substrates
taken up by phytoplankton). Grazing might break open
cells and release low molecular weight N-rich DON
components that have not yet been assimilated into
macromolecular or structural components (Bronk &
Glibert 1993a). Labile DON might also be released by
excretion during grazing (Jumars et al. 1989). If grazing
were responsible for both NH4+ regeneration and DON
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release, we would expect a correlation between the
magnitudes of the 2 rates. Such a comparison is of
course possible only for the 15NH4+ incubations (because we do not have NH4+ regeneration measurements in the 15NO3– bottles) and is shown in Fig. 6. The
correlation coefficient (R2) of 0.804 (with N = 29; both
DON release and NH4+ regeneration data were obtained from 30 of 38 experiments but 1 outlier, shown,
was omitted from the regression) is significant at the
p < 0.00001 level (Table 3). The regression coefficient
(slope of the model II regression) implies that the rate of
N release as DON is about half the rate of NH4+ regeneration. The correlation suggests that on the order of
80% of the variability in the DON release rates can be
accounted for by covariance with NH4+ regeneration,
which is consistent with both rates being at least partially controlled by the same process, i.e., grazing. If the
2 size fractions are treated separately, the slopes and
regression coefficients are significant for both data sets,
but the correlation is stronger for the larger fraction
(Table 3). These correlations are compelling evidence
that DON release results from trophic dynamic interactions such as grazing and excretion, rather than from
an experimental artifact.
Glibert et al. (1992) used size fractionation experiments to investigate the dependence of NH4+ regeneration on grazing. They reported that NH4+ regeneration rates in small fractions sometimes greatly
exceeded the rates when the larger fraction, presumably containing the grazers, was present. They concluded that the rate of regeneration is a nonlinear
function of the grazer abundance or multiple trophic
interactions. The same caveats apply to the inference
of grazing in the DON release data reported here. If
small protozoan, ciliate or flagellate grazers were included in the small fraction, then size fractionation

Fig. 6. Scatter plot of DON and PN production rates. Line represents regression for all experiments combined. Symbols:
(s) <10 µm; (d) < 210 µm. See Table 3 for model II regression
coefficients
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would be inadequate to separate the trophic levels and
some amount of grazing, and associated DON release
and NH4+ regeneration, can be expected to occur in the
small fraction most of the time.

Regional productivity variation
The SCB, inside the zone of coastal upwelling, is a
generally more oligotrophic, lower primary production
area than is upwelling-dominated MB. Lower productivity rates and smaller cell sizes were thus expected for
the SCB relative to MB. This generalization was substantiated by the depth profiles of primary production
measured on these cruises (not shown, Bronk & Ward
1999, unpubl. data) in which production on a volume
basis in MB exceeded that in SCB by more than a factor
of 10 for many samples in the euphotic zone. The size
distribution of chl a is also basically consistent with this
generalization: most of the chl a was in the large size
fraction in the March experiments except in the surface
samples, and in September MB, only 1 incubation (day
15
NH4+ 30 m) was dominated by small phytoplankton.
The dominance of small phytoplankton was noted in
about 5 of the 12 SCB incubations from October (chl a
data are not available for April SCB experiments). The
10 µm cutoff we used may not be optimal for functional
separation but it did allow us to detect distinct trends in
phytoplankton size in the 2 environments.

Depth distribution of rates
These experiments were not designed to investigate
the many factors, such as light intensity, nutrient and
light history, ambient nutrient concentrations, etc., that
are well known to influence the observed depth distribution of NO3– and NH4+ assimilation. We can, however, address briefly the relations between DON
release, DIN incorporation, and depth. For example, in
April (SCB), higher uptake rates for NO3– would be
expected at the deeper depth, where NO3– concentrations were relatively higher. Ammonium concentrations, by contrast, were low and nearly undetectable at
both depths sampled for these experiments. Low NO3–
assimilation rates into PN are consistent with the
observations of others and with the prevailing view
that the energy requirement for NO3– assimilation by
phytoplankton reduces the capability for NO3– uptake
at night. However, the observation of large DON
release rates in the deep April samples suggests that
actual uptake of NO3– is not limited at night. Rather, its
incorporation into particulate material is reduced,
either because of grazing or of energy limitation for
macromolecule synthesis, resulting in large DON
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Table 3. Correlation coefficients for model II regressions
between DON release rates and NH4 regeneration rates in
size fraction experiments (DON release = [NH4 regeneration × m] – intercept)

All experiments
< 210 µm only
<10 µm only

N

R2

m

Intercept

p

29
14
15

0.804
0.875
0.757

0.489
0.533
0.457

44.1
40.1
47.0

< 0.00001
< 0.00002
< 0.00001

fluxes rather than net uptake (see below for discussion
of mechanisms of DON release). In the parallel 15NH4+
incubations in April, net uptake and DON release rates
were lower at 43 m than at 3.5 m, while regeneration
was relatively more important at depth. Clearly, the
type of DIN substrate is also important in determining
the fate of nitrogen as a function of depth.

Synthesis and inferences
Meaning of DON release from large versus small
fraction; the importance of grazing
The major finding of this report is that DON release
occurs over short time scales in simulated in situ incubations sampled from depths throughout the photic
zone, in coastal, upwelling, and oceanic environments,
when either NH4+ or NO3– is utilized as a substrate.
The mechanism of DON release remains obscure, but
it has been cogently argued that passive or active
release by healthy phytoplankton in the absence of
stress or grazing is unlikely (Sharp 1977) because of
energetic and nutrient limitation considerations. Bronk
(1999) found that in cultures of the marine cyanobacterium Synechococcus, the cells did not release substantial amounts of DON even under conditions of
nitrogen starvation, although nitrogen starvation conditions are often associated with high rates of DOC
release. It seems most likely, therefore, that interactions among members of the community, probably
grazing and predation or parasitism, as well as potentially nutrient (see above) and light stress (Lomas &
Glibert 1999) or limitation, are important in controlling
DON release. Some of these potential interactions are
visualized in Fig. 5 as depending upon the structure of
the community as well as the ambient nutrient conditions. It is recognized that both heterotrophic bacteria
and phytoplankton are involved in assimilation of
DON but these fluxes would not be distinguished by
the experimental design used here.
As described above, these experiments were aimed
primarily at discerning the effect of grazing on DON
release, by analogy with NH4+ regeneration. It was

expected that the presence of grazers would enhance
DON release. There are many possible outcomes
resulting from the inclusion of the large fraction compared with the small fraction alone: increase or decrease in DON release or net uptake, no change in
either or any combination of these outcomes. The
change of greatest interest is an increase in DON
release, which implies that some interaction between
trophic levels is important in causing DON release. In
12 of the 38 experiments, DON release was greater in
the < 210 µm fraction than in the small fraction alone.
The simplest explanation would be that the primary
producers are predominantly in the small fraction and
the grazers are all in the large fraction.
Recognizing that size fractionation rarely provides
an unequivocal separation of trophic groups, it is nevertheless possible to use chl a and PN data to infer the
size distribution of the 2 trophic classes: phytoplankton
and grazers that feed on phytoplankton or other zooplankton (grazers include protozoans that may feed
primarily on bacteria). Chl a is used as a proxy for the
presence of live primary producers and PN as a proxy
for total biomass. Of course chl a is inadequate to represent the diversity of primary producers (which have
variable ratios of chl a and other pigments to PN) and
PN may be associated with non-living material, but
these widely measured parameters may still provide
insight in the absence of detailed microscopic observation of community composition.
In some of the experiments in which DON release
increased upon addition of the large fraction, chl a and
PN distributions indicate that large grazers preyed on
small phytoplankton. That is, the chl:PN ratios indicate
that most of the chl a was in the small fracation and disproportionately more PN (e.g., grazers without chlorophyll) were in the large fraction (e.g., September day
NH4+ 30 m, October coastal NH4+ 3.5% light, October
oceanic NO3– 1% light). In other experiments (e.g.,
experiments March day NH4+ 4 m and 19 m, September day NO3– 0 m), both chl a and PN were predominantly in the large fraction, so grazing and DON
release increased when that fraction was added, with
little interaction from the small fraction.
It is likely that grazing is involved in DON release
even in experiments in which DON release was unchanged by the addition of the large fraction (e.g.,
experiments March day NH4+ 16 m, March day NO3–
16 and 19 m, September day NO3– 20 m, September
night NO3– 30 m). If both the grazers and the chl a are
mainly in the small fraction, then addition of the large
fraction might have no effect, and trophic interactions
within the small fraction alone would result in DON
release. These cases are important to consider because
they indicate that DON release occurs even in standard incubations. The strong correlation between
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NH4+ regeneration and DON release implies that grazing has the potential to influence the fate of DIN in any
incubated sample.
In some experiments, inclusion of the larger fraction
may have reduced grazing pressure on phytoplankton
in the small fraction if grazers in the large fraction prey
on protozoans or small copepods, which preyed on the
small phytoplankton. In this case, the effect of including the large fraction would be to reduce DON release
(e.g., March day NO3– 4 m, October coastal NO3– 1%
light, October oceanic NO3– 3.5% light).

Significance of DON release from NH4+ versus NO3–
Another factor that may influence the pattern of
DON release rates arises from the potential for NH4+
and NO3– to be taken up by different functional
groups. Conventional wisdom suggests that larger
phytoplankton are more likely to dominate NO3–
assimilation, and smaller picoplankton and heterotrophic bacteria are more likely to be involved in NH4+
assimilation. This may be simply a correlate of the idea
that smaller primary producers are associated with the
microbial loop and regenerated production while
larger diatoms often dominate new production. The
primary producers were generally smaller in the SCB
than in MB (Table 2; see below), and DON production
was detected in the SCB from both NH4+ and NO3–. For
example, in October, high DON release rates from
NH4+ at 3.5% light and 1% light, caused mainly by the
small fraction, imply that if grazing is partly responsible for DON release, then most of the grazers in this
system were small enough to be included in the
<10 µm fraction. The October data differ from the April
results in showing high DON release rates from both
NH4+ and NO3–. No significant (p > 0.05) correlations
between net uptake or DON release rates and total
chl a or the fraction of chl a in the <10 µm fraction were
detected. There was also no apparent relation between
total chl a or the fraction of chl a in the <10 µm fraction
and the rates of net uptake or DON release from NH4+
or NO3– considered separately. Evidently, size alone, at
least at the resolution of these experiments, is not
sufficient to differentiate the relevant functional
groups.
Both heterotrophic bacteria (secondary producers)
and photosynthetic phytoplankton (primary producers)
assimilate NH4+, but the phytoplankton are assumed to
dominate NO3– assimilation (Kirchman & Wheeler
1998). Therefore, one might expect to see differences
in the rates of net uptake and DON release from the 2
substrates, depending on the relative importance of
small versus large phytoplankton. If most of the primary producers were in the large fraction, then most
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NO3– uptake would be associated with that fraction,
while NH4+ uptake would be preferentially associated
with the smaller fraction. The methods used here
undersampled PN in the bacterial fraction because
GF/F filters were used to capture the PN (Altabet
1990). We have no information on DON loss during
grazing on bacteria but would expect predation on
bacteria to result in DON release because of the relative enrichment of bacterial biomass in N compared
with most grazer biomass. Excretion in this case is usually thought to be in the form of NH4+ (Caron 1991) but
some release of small DON compounds from fecal matter production (Jumars et al. 1989) might also be
expected. In this situation, some DON release would
result from NH4+ but there would be little DON release
or net uptake from NO3– in the small fraction. Inclusion
of the large fraction would increase net uptake and
DON release from both NH4+ and NO3–. The March
19 m experiment (Fig. 1) might be an example of this
scenario: DON release from NO3– was less than from
NH4+ in the small fraction, net uptake from NO3–
increased much more than net uptake from NH4+ when
the larger fraction was present, and DON release from
both NH4+ and NO3– increased in the presence of the
larger fraction. This is the only clear case of this kind,
however, implying that in most of the samples, primary
producers or bacteria that could assimilate NO3– were
present in both the small and large fractions; the
results do not include a single case in which NO3–
uptake did not result in some release of DON.
A similar situation may have prevailed in the September MB night experiments. At all 3 depths, most of
the phytoplankton were in the larger fraction at each
depth. Consider the September 1 m night experiments
(Fig. 4). Very little NO3– was assimilated into PN in
the small fraction (about 10% of the amount of net
uptake in the large fraction) but NH4+ assimilation by
the small fraction was 41% of the rate of assimilation
by the larger fraction. Inclusion of the large fraction
caused a decrease in DON release from both NH4+
and NO3–. This observation is consistent with the scenario in which large grazers prey on small grazers
and thus remove grazing pressure on the phytoplankton.
DON release from uptake of NO3– is perhaps more
intriguing than from NH4+ because it is predominantly
(although not exclusively) associated with N assimilation by phytoplankton, rather than bacteria, and
because the energy requirement for NO3– assimilation
and reduction is larger than for NH4+ assimilation.
It seems, therefore, counterintuitive that massive
amounts of DON would be lost soon after NO3– uptake.
However, if we consider that DON release probably
results from grazing or stress, rather than passively
accompanying assimilation, then greater loss of DON
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from NO3– than from NH4 might be expected. The
requirement for more energy, and perhaps more time,
to fully incorporate N from NO3– into macromolecules
might result in larger transient pools of low molecular
weight DON during NO3– versus NH4+ uptake and
assimilation. These pools would constitute the material
lost by cell breakage during grazing. They might also
contribute to DON released by excretion by grazers
during grazing; they would be more labile than the
macromolecules of particulate phytoplankton biomass.
While their lability would enhance their direct assimilation by grazers, it would also increase their loss
during rapid processing of high quality food (Jumars
et al. 1989).

Other causes of DON release
It has been suggested that DON release, observed in
incubation experiments, results from sample handling
perturbations and is not a natural phenomenon. The
potential for filtration artifacts was recognized and
therefore all samples were filtered in reduced light and
at low pressure with special care not to allow the filters
to run dry. Nevertheless, a contribution from mechanical stress to the organisms cannot be ruled out. In favor
of the predominantly ‘natural’ nature of these results,
however, we suggest that the patterns observed, and
the consistency of the relation between NH4+ regeneration and DON release, would not be discernable if
simple mechanical stress were responsible for random
DON loss from cells. Mechanical stress would be
expected to result in essentially random distributions
of DON release — higher when the cells were accidentally but unknowingly stressed and lower when by
chance they were not disturbed.
Susceptibility to mechanical stress probably varies
with cell type, which cannot be assessed without direct
information on the taxonomic composition of the primary producers in the samples. A reasonable hypothesis might be, however, that larger cells are more susceptible than smaller ones to mechanical stress leading
to cell breakage and leaking. Some of the small photosynthetic cells are prokaryotes and thus have tough
cell walls and are difficult to break open, supporting
the idea that at least some of the primary producers in
the small fraction would be less susceptible to mechanical stress-induced DON release than cells in the larger
fraction. Therefore, inclusion of the large fraction in
the incubation would be expected to increase DON
release relative to the small fraction alone. However, 1
of the 2 most commonly observed results was that
inclusion of the larger fraction in the incubation resulted in an increase in net uptake rates but a decrease
in DON release rates. This pattern is attributed to a

predominance of grazers in the larger fraction and is
inconsistent with mechanical stress as the main cause
of DON release.
During the April and October SCB cruises and the
September MB cruise, rates of DON release, resulting
from NO3– uptake, often greatly exceeded net NO3–
uptake rates, and this trend increased with depth. This
observation is consistent with earlier work of Ward et
al. (1989) in the SCB, which found that during 15N experiments with NO3–, up to 93% of the total added 15N
label could not be recovered in the NO3–, NO2–, or PN
pools at the end of an incubation (shorter incubations
resulted in higher recoveries, part of the reason for the
experimental design used here). The Ward et al. (1989)
results are consistent with a large fraction of the missing 15N being sequestered in DON that was not analyzed at the time. In the experimental data presented
here, the amount of 15N label added as NO3– that was
recovered in the DON pool averaged 5.5 ± 3.5 and
17.2 ± 21.6% for all size fractionation experiments in
MB and the SCB, respectively. Though we did not observe the extremely high losses of 15N seen by Ward et
al. (1989), losses of 15NO3– to the DON pool did reach as
high as 59% in the SCB in October. Most importantly,
these data show that a total mass balance for added
tracer would not be obtained in a typical surface layer
15
N incubation experiment in which the label in DON
was not quantified. One possible explanation for these
observations relates to the NO3– reductase photoprotective futile cycle proposed by Lomas & Glibert (1999),
who found that diatoms release reduced nitrogen compounds, including DON, when they are exposed to high
light when growing in NO3– concentrations in excess of
their nutritional requirements at low light in cold waters. The mechanism of the release is the intracellular
reduction of NO3– via NO3– reductase as a means of
protecting the photosystems from high photon flux. The
exposure to high light in our samples could have
occurred when the sample was dispensed from the
Go-Flo to the incubation bottles. While this mechanism
may play a part in some of the results presented here, it
seems unlikely that it could suffice to explain the patterns reported here for a range of depths and sizes of
phytoplankton. (Diatoms were present mainly in the
larger size fraction. Therefore, the fact that DON release in the large fraction was not consistently more
than in the small fraction argues against this being a
general explanation.) The photoprotective futile cycle
does, however, describe a mechanism that may affect
samples differentially, and may be a factor in DON release in nature, especially during deep mixing events.
From this consideration of potential causes and
mechanisms of DON release, we conclude that grazing, both through the mechanism of cell breakage and
leakage, and through excretion accompanying growth
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of grazers, is the most likely cause of DON release in
these experiments. DON release should almost always
accompany net uptake, and it accompanies primary
production measured by other means such as 14CO2
incorporation because grazers cannot be completely
separated from their prey by size fractionation or dilution in the commonly used incubation experimental
strategies.

CONCLUSIONS
These experiments showed clearly that DON production can be an important nitrogen flux in planktonic
communities under many different conditions of nutrient availability, light, and community structure. Several
different scenarios of trophic and community structure
are compatible with the several patterns of results we
obtained, and are consistent with the suggestion that
grazing is responsible for a significant fraction of DON
release. We infer from these results and simple measurements of community structure on the basis of size
fractionation that the size and species composition of
the community are important variables in determining
the rate of DON release. Because of the lack of complete correlation between trophic structure and organism size (Glibert et al. 1992), it is not possible to interpret these results completely on the basis of the chl a
and PN information collected with these experiments.
In order to test some of the hypotheses described above
as explanations for the observed patterns of PN and
DON production, and of the effect of different size fractions in increasing or decreasing rates, it may be necessary to focus more specifically on the actual species
composition of the community. Nevertheless, DON release during incubation experiments is ubiquitous, and
this implies that the mechanism responsible for it is
ubiquitous in incubation experiments in general. This
suggests that even standard primary production measurements may underestimate the phytoplankton
growth if grazing occurs in the incubation bottle.
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