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Contribution of dissolved organic nitrogen from 
rivers to estuarine eutrophication 

S. P. Seitzinger*, R. W. Sanders*' 

Academy of Natural Sciences, Division of Environmental Research. 1900 Benjamin Franklin Parkway, Philadelphia, 
Pennsylvania 19103, USA 

ABSTRACT: The bioavailibility of dissolved organic nitrogen (DON) in river water entering estuaries 
was examined for the Delaware and Hudson Rivers, USA. Water collected from above the salinity intru- 
sion zone of each river was filtered, brought to a salinity of 15 ppt, and inoculated with estuarine bac- 
teria. Bacterial production rates (8 to 26 X 105 cells ml-' d-') during the initial 2 d in these experiments 
were within the range measured in these and other estuaries, indicating that riverine dissolved organic 
matter can contribute to production of estuarine bacteria. Average DON concentrations decreased by 
40 to 72 % within the 10 to 15 d time course of the experiments; the decreases in DON were accounted 
for by increases in microbial biomass plus remineral~zation to inorganic nitrogen. The time scale over 
which DON was utilized suggests that in estuaries with residence times on the order of weeks to 
months, such as Delaware Bay, river inputs of the biologically available portion of DON are first utilized 
within the estuary. In contrast, in estuaries with residences times of less than a week, such as New York 
Bay, a portion of the biologically available DON may be utilized first within the estuary, with the 
rema~nder exported and utilized In continental shelf waters The large proportion of the DON that was 
biolog~cally available in these experiments, coupled with the knowledge that inputs of organic nitrogen 
can account for 20 to 90% of the total nitrogen loading to estuaries, suggests that organic nitrogen 
inputs may contribute more to estuarine and shelf eutrophication than was previously suspected. These 
experiments demonstrate that dissolved inorganic nitrogen (DIN) inputs underestimate, and total nitro- 
gen lnputs likely overestimate, the inputs of biologically available N to estuaries. In order to develop a 
'biolog~cally available nitrogen budget' for an ecosystem, DIN inputs, plus that portion of the organlc N 
that is biologically available must be quantified. 
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INTRODUCTION 

If the current and future eutrophication of estuaries 
and near shore marine waters is to be ameliorated, a 
clear understanding of the external sources of nutri- 
ents, their effect on the ecosystem, and their removal 
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from the ecosystem is essential. Decreasing nitrogen 
(N) inputs is especially important because N is the 
nutrient that is most limiting to primary production in 
many estuarine and coastal waters (Ryther & Dunstan 
1971, Oviatt, et al. 1995). Most studies of nutrient 
inputs to estuaries have examined the response to dis- 
solved inorganic N (DIN = ammonia, nitrate, nitrite), 
because these forms of nitrogen are known to be incor- 
porated rapidly by phytoplankton and to contribute to 
eutrophication (Ryther & Dunstan 1971, Boynton et al. 
1982, D'Elia et al. 1986, Howarth 1988). However, DIN 
accounts for only a portion of the nitrogen inputs. The 
effect of organic N, which comprises the remainder of 
the loading, has been largely ignored. 
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Both particulate and dissolved forms of organic 
nitrogen contribute to estuarine N loading, but the dis- 
solved forms are most likely to be immediately avail- 
able to planktonic microorganisms. Bacteria and some 
phytoplankton rapidly assimilate very low molecular 
weight compounds, such as amino acids and urea (e.g. 
Wheeler & Kirchman 1986, Fuhrman 1990, Antia et al. 
1991, Glibert et al. 1991, Keil & Kirchman 1991, Cotner 
& Gardner 1993, Jorgensen et al. 1993, Tranvik 1993). 
These low molecular weight compounds are generally 
considered to comprise 20% or less of the dissolved 
organic nitrogen (DON) transported by rivers to estu- 
aries, with the bulk of the DON consisting primarily 
of uncharacterized, complex, high molecular weight 
(HMW, > l  kDa) compounds (Thurmann 1985). 

Traditionally, most dissolved organic matter (DOM) 
inputs to estuaries have been considered refractory 
and of limited biological availability based on the pre- 
dominance of HMW compounds, and on findings that 
DOM mixing curves in some estuaries showed conser- 
vative behavior with respect to salinity (e.g. Mantoura 
& Woodward 1983). However, the utilization of nitro- 
gen contained in the HMW compounds that make up 
the bulk of DON has not been substantially addressed 
by experimental measurements; studies have primarily 
focussed on the fate of C in DOM. Recent studies in the 
Amazon River and in a river entering the Gulf of Mex- 
ico support previous conclusions that 70% or more of 
the dissolved organic carbon (DOC) in rivers is con- 
tained in HMW compounds (Arnon & Benner 1994, 
Santschi et  al. 1995). In contrast to previous conclu- 
sions about the bioavailability of HMW DOC, recent 
studies demonstrate that a considerable portion of 
HMW DOC in rivers is readily used by bacteria (Meyer 
et al. 1987, Amon & Benner 1994). While studies such 
as these are changing our concepts about the fate of C 
in DOM, little is known about utilization of N in river 
inputs of DOM to estuaries. The fate of N in DOM can 
differ considerably from that of C depending on a num- 
ber of factors, including the C:N ratio of the com- 
pounds utilized relative to the C:N ratio of bacterial 
consumers of DOM (Goldman et al. 1987, Gardner et 
al. 1996). 

In order to fully understand the contribution of rivers 
to estuarine eutrophication, we need to know whether 
the influx of river transported organic N is biologically 
available. Organic N can be incorporated into the bio- 
logical cycle in estuaries when microbial populations 
assimilate the N into bacterial biomass and/or regener- 
ate the organic N as ammonia (Goldman et al. 1987, 
Caron & Goldman 1990). DON may also become bio- 
logically available due to the release of ammonia fol- 
lowing photochemical oxidation of DON (Bushaw et al. 
1996), degradation of DON by phytoplankton exoen- 
zymes (Palenik & More1 1990, Pantoja & Lee 1994) and 

Fig. 1 Location of the Delaware and Hudson h v e r  sampling 
sites and the Barnegat Bay estuary in the northeastern U.S. 
All experiments used bacterial innocula from the Barnegat 
Bay estuary. Samples of river water for dissolved organic 
nitrogen (DON) experiments were collected just above the 
salinity intrusion zones of each estuary (Philadelphia, Penn- 

sylvania, and Newburgh, New York) 

by direct phytoplankton uptake (Antia et al. 1991, 
Paerl 1991). The present study examined how much of 
the DON in 2 rivers was readily utilized by natural 
assemblages of heterotrophic estuarine microbes, and 
the degree to which the DON was incorporated into 
cell biomass or regenerated as ammonia. 

METHODS 

Study sites. Utilization of riverine DON by estuarine 
microorganisms was studied using water from the 
Delaware and Hudson Rivers, USA. River water was 
collected just above the salinity intrusion zone of each 
estuary to represent DON actually reaching the estu- 
ary (Fig. 1). The Delaware was chosen because there 
are numerous point sources of organic matter (e.g. 
sewage treatment plants in the metropolitan Philadel- 
phia area) that discharge just upstream of the salinity 
intrusion zone. This contrasts with the Hudson River 
where there are not major point sources in the region 
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near the salinity intrusion area (the New York City 
inputs enter within the saline portion of the estuary), 
but significant runoff from agricultural and forested 
areas along the length of the Hudson (Howarth et al. 
1991, Clark et  al. 1992). 

Experimental setup. Two experiments were con- 
ducted to examine utilization of riverine DON by estu- 
arine bacteria: an  initial experiment in April 1992 with 
Delaware River water, and a second experiment in 
June 1992 with Delaware and Hudson River water to 
compare utilization of DON from the 2 rivers. Here- 
after, the April and June experiments will be referred 
to as Expts I and 11, respectively. The overall design of 
the experiments was to add concentrated natural 
assemblages of estuarine bacteria to sterile-filtered 
river water (after increasing the salinity to 15 ppt). This 
left DOM from the rivers as the primary organic com- 
pounds available for growth. Changes in microbial 
abundances and inorganic and organic N concentra- 
tions were then measured over time. 

River water was collected in acid-cleaned and 
propanol-rinsed carboys. Carboys were rinsed with 
river water from the respective sites at  the time of sam- 
ple collection. During transport and processing the 
water was kept at 4°C. In the laboratory, river water 
was immediately filtered, first through 24 pm and then 
through 0.2 pm spiral-wound glass fiber filters to 
remove microorganisms and other particles. Based on 
repeated checks, there were no measureable changes 
in DOC or DON concentrations in river water as a 
result of this filtering procedure. A combination of pre- 
combusted salts (Kester et  al. 1967) was added to 
establish an  estuarine salinity of 15 ppt (MgCl? was not 
precombusted). Control water (Barnstead Nanopure 
water) was filtered and salts were added, using the 
same procedures employed for the river water. 

Concentrates of estuarine bacteria were obtained 
using water (15 ppt) from a small estuary, Barnegat 
Bay, New Jersey, which is equidistant from the mouths 
of the 2 rivers (Fig. 1). We chose to use bacteria from 
Barnegat Bay, in contrast to bacteria from each river's 
estuary, so that differences in DOM utilization would 
reflect differences in organic matter among the sites, 
and not differences in bacterial populations. Barnegat 
Bay water was filtered through a 35 pm mesh plankton 
net and a 1 pm Nuclepore polycarbonate filter to 
remove larger organisms and particulates. Bacteria in 
the filtrate were then concentrated using either a 
0.2 pm Nuclepore membrane filter (Expt I) or a 1 MDa 
polysulphone filter (tangential flow ultrafiltration; Fil- 
tron Technologies) (Expt 11). 

In Expt I1 a sonication step was introduced which 
eliminated remaining protists without significantly 
affecting bacterial growth (data not shown). The bacte- 
rial concentrate was prepared as above (including pre- 

filtration) and then pulse sonicated using a Branson 
Cell Disruptor I1 with a microtip probe. Three batches 
of 33 m1 each were sonicated over ice at  the microtip 
power limit and a 50 % duty cycle for 2 5 min. Prelimi- 
nary experiments indicated that this step eliminated 
protists without significantly affecting bacterial growth 
at 24 and 48 h.  Protists were observed after 24 h when 
shorter sonication steps were used, while longer steps 
appeared to inhibit bacterial growth. 

Incubations. Bacterial concentrates (-18 ml) from 
Barnegat Bay were added to 10 1 of river and control 
water to give an initial abundance in the treatment 
water of 8 to l 1  X 105 cells ml-' (Expt I )  and 2 to 4 X 105 
cells n~ l - '  (Expt 11). Initial samples for nutrients and 
bacteria were taken from the river and control waters 
and then 4 1 of each treatment water were poured into 
duplicate 4 1 Erlenmeyer flasks (i.e. 2 control flasks and 
2 flasks for each river with 4 1 per flask). The flasks 
were capped with aluminum foil and incubated in the 
dark at 2OoC; the water was stirred gently with Teflon 
coated stir bars. 

Measurements. Time series samples of water were 
taken over a 23 d period during Expt I and over a 10 d 
period during Expt I1 (see results for exact sampling 
frequency). Water samples for DIN (NH,', NO2-+NO3-) 
(Parsons et  al. 1984, Alpkem 1991), dissolved reactive 
phosphate (DIP; Parsons et  al. 1984), total dissolved N 
(TDN; Walsh 1989), and particulate N (PN; Expt I1 
only) (Carlo Erba Elemental Analyzer) analysis were 
filtered through (dissolved) or collected on (particu- 
late) pre-combusted (500°C) glass fiber filters (What- 
man GF/F). DON was determined by the difference 
between TDN and DIN. TDN samples were analyzed 
by high temperature combustion followed by chemilu- 
minescent detection of nitric oxide (Walsh 1989) using 
an  Antek Model 7000 Total N Analyzer (Antek, Inc.) 
equipped with a quartz combustion tube (1000 -t 10°C) 
and  a ceramic insert. TDN samples were preserved in 
capped autosampler vials with 3 N HCl (7.5 p1 acid per 
1.5 m1 sample). Blanks consisted of deionized distilled 
water. Both inorganic (ammonia and nitrate plus 
nitrite) and organic (urea) standards for TDN analysis 
were prepared in deionized distilled water. 

Samples were analyzed for bacterial abundance 
(Francisco et  al. 1973, Hobble et  al. 1977) and biovol- 
ume [Lee & Furhman 1987). Heterotrophic flagellate 
(HNAN) abundance and biovolume were determined 
using epifluorescent microscopy. The abundance and 
size of bactena on glass cover slips suspended in the 
incubation flasks were examined to estimate growth 
on the flask walls (Hagstrom et al. 1984). Specific 
growth rates and doubling tlmes of bacteria were cal- 
culated from changes in abundance during the first 2 d 
of the experiments. This was possible because preda- 
tlon-related mortality was eliminated in Expt 11, and 
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flagellates had not yet reached abundances that would 
significantly impact bacterial populations in Expt I. 
Bacterial biovolumes were converted to C and N bio- 
mass using a conversion factor of 220 fg C and a 
C:N ratio of 4.29:l by weight (Bratbak 1985, Goldman 
et al. 1987). Flagellate biovolume was converted to bio- 
mass assuming 350 fg C pm-3 and a C:N ratio of 5 .61  
by weight (Sanders et al. 1996). 

RESULTS 

Experiment I 

Average DON concentrations in the Delaware River 
water decreased rapidly in the first 3 d and then 
decreased more slowly through Day 15 (Fig 2A). By 
Day 4, initial concentrations (12.9 PM) had decreased 
by 63 % to 4.7 pM; by Day 15 they had further decreased 
to 3.6 PM, or by 72% of the initial concentration 
(Table 1) .  Rates of DON utilization increased from 
11.5 % d-' (1.5 pm01 DON-N d-') during the first 24 h, 
to 42 % d-' (3.6 pm01 DON-N d-l) between Days 3 and 
4 (Fig. 3). Rates then decreased to less than 5% d-' 
(0.1 pm01 DON-N d-l) for the remainder of the experi- 
ment. DON concentrations in control water remained 
below 3 yM throughout the experiment, demonstrat- 
ing that DON contained in the bacterial concentrate 
added at the beginning of the experiment was minimal 
and could not account for the pattern of DON decrease 
observed in the river water. DIP and DIN concentra- 
tions remained relatively constant throughout the 
experiment in both Delaware River water (DIP 2 pM; 
NH4+ 20 pM and NO3-+NO2- 80 PM) and controls 
(NH4+ 0.2 pM and NO3-+NO2- 0.2 PM). 

Bacterial abundances in the Delaware River water 
increased rapidly during the first 2 d and then 
decreased to near initial levels on Day 4 (Fig. 2B). Pro- 
duction of bacteria during the first 2 d was estimated at  
21 X 105 cells ml-' d-' based on changes in abundance 
(Table 2). Although HNAN initially were not observed, 
a few apparently were introduced in the inocula. The 
decrease in bacterial abundance in the Delaware River 
water on Day 4 coincided with an increase in the abun- 
dance of bacterivorous flagellates (Fig. 2C). Bacterial 
abundance rebounded by Day 7, after which both bac- 
terial and flagellate abundances decreased to control 
levels and remained relatively stable until the end 
of the experiment. Bacterial community biovolume 
showed a similar pattern to the abundance because 
average individual biovolume of bacterial cells 
increased after Day 1 and remained similar for the rest 
of the experiment. Abundances and individual biovol- 
umes of HNAN peaked on Day 7. By Day 7, the sum of 
the calculated bacterial and HNAN carbon in biomass 

il Delaware 

0 5 10 15 20 25 
DAY 

Fig. 2. Expt I. Time course of changes in (A) concentration of 
dissolved organic nitrogen, (B) bacterial abundance, and 
(C) heterotrophic flagellate abundance in Delaware River 
water (A) and controls (0 ) .  Data represent the means of 2 re- 

plicate experimental chambers * 1 SD 

averaged 45.6 pM and the sum of N in biomass aver- 
aged 8 pM. Microbial abundances in controls did not 
show the marked increases or oscillations observed in 
the Delaware River water. 

Experiment I1 

Initial DON concentrations were 46.5 and 33.5 pM in 
the Delaware and Hudson River water, respectively 
(Table 1). Average DON concentrations decreased by 
32 and 17% by Day 4 in the Delaware and Hudson 



Seitzlnger & Sanders: Contribution of DON to eutrophicatlon 5 

Table 1. Rates of degradation of Delaware and Hudson River DON by e s tua r~ne  Hudson treatments (Table 3).  PN con- 
microorganisms centrations increased by 11.1 pM, 

from 0.5 to 11.6 pM PN, in the Dela- 
DON source Expt Incubation Aog initlal Fractlon Avg rateb ware treatment (particulate fllters 

perlod DON consumed" of util~zation from A and B flasks analyzed to- 
(d) (PM) (%) (!-lmo1 d- ')  gether) (Table 3) .  In the Hudson treat- 

Delaware River 1 1-4 12 9 63 2.7 ment, PN increased from 0.9 pM to 
4-15 4 7 72 0.1 14.4 (A replicate) and 8.8 pM (B repli- 

I I 1-4 46.5 3 2 4.9 cate), or by 13.5 pM and 7.9 pM, 
4-8 31 6 4 0 0.9 respectively. DIP concentrations re- 

Hudson River I1 1-4 33.5 17 1.9 mained constant (Delaware 1 pM; 
4-10 27.8 40 1 .3  Hudson 0.4 pM) throughout the ex- 

perlment (data not shown). DON con- 
"Fract~on of Day 1 concentration consumed centratlons in control water remained 
"Rate of u t ~ l ~ z a t ~ o n  durlng ind~cated  incubation penod 

constant (-4 pM) throughout the ex- 
periment, demonstrating, as for Expt I ,  
that DON contained in the bacterial 

Table 2 Production of estuarine bactena In waters onglnating from the concentrate added at  the beginning of 
Delaware and Hudson R~vers.  Rates were calculated during the inltial 2 d perlod 
of loaanthmlc arowth. Water fl-om the Hudson Rlver was collected from a n  area the was and - 
where the anthropogenlc Input was prlmar~ly due  to agricultural runoff whde could not account for the Pattern of 
that from the Delaware was collected downs t~eam from wastewatel treatment DON decrease observed in the rlver 
facihtles Control was delonlzed water All water was filtered and brought to a water 

sallnlty of 15 ppt pnor to addl t~on of bacterla (see 'Methods ) 
There was a rapid Increase in the 

I I abundance and biomass of the estuar- 

Control 0 5 0.1 5 8 

Gross production Speclflc Population 
(cells X 105 product~on doubllng 
ml-l d- ' )  Id-') tlme (d)  

Delaware Rlver 
Expt l 20.7 0.74 0 9 
Expt 11 8.4 1.07 0 6 

Hudson River 
Expt I1 26.3 1 85 0.4 

ine bacteria growing on dissolved 
organics from the Delaware and Hud- 
son Rivers (Fig. 4B, Table 2). The bac- 

River water, respectively, with a maximum decrease of 
40% of the initial concentration over the course of the 
experiment for both treatments (Fig. 4A; Table 1).  
Rates of DON utilization in the Delaware treatment 
were higher during the first 4 d (15% d- '  or 4.9 pm01 
DON-N d-l) compared to Days 4-8 (0.9 pm01 DON-N 
d-') (Table 1).  However, changes in DON utilization 
rates over the tlme course of the experiment were not 
as evident for the Hudson treatment (6.5% d-' or 1.9 
pm01 DON-N d-I during Days 1 to 4 and 1.3 pm01 
DON-N d-' during Days 4 to 10). The fraction of b ~ o -  
logically available DON in the Hudson River water 
may have been greater than 40% given that DON uti- 
lization continued at  a relatively constant rate through- 
out the 10 d experiment. DIN concentrations in the 
Delaware and Hudson River water were 18 and 6.5 pM 
for ammonia, respect~vely, and 90 and 32 FM for 
nitrate plus nitrite, respectively. Throughout the exper- 
iments the DIN concentration increased by an average 
of 5 pM in the Delaware and decreased by 3 pM in the 

terial growth rate during the first 2 d 
on Delaware River DOM was 8.4 X 105 
cells ml-' d-' and on Hudson River 
DOM was 26.3 X 10"ells ml-' d-' 
(Table 2).  The n~aximum bacterial 
abundances reached in this experi- 
ment were similar to the maximum 

DAY 

Flg. 3. Expt I. Rates of utlllzation of DON in Delaware River 
water, expressed as percent of DON utilized per day and 

pmol DON-N utilized per day 
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DISCUSSION 

densities in Expt I. However, average bacterial biovol- 
ume increased over time in Expt 11, which resulted in 50 - 
an average community biomass that was 5 times that 
determined at the end of Expt I .  Heterotrophic flagel- W * 
lates were not observed in Expt 11, indicating that U 40- '2 efforts to eliminate these predators were successful. At 
the end of the experiment, bacterial C calculated from 
biovolume was 62.5 and 66.1 pM in the Delaware and 30 ' 

Hudson, respectively. The corresponding bacterial N , 

averaged 12.5 pM in the Delaware and 13.3 pM in the g - 20 - Hudson River water (Table 3).  2 
> 

Mass balance of biomass production and 
dissolved nitrogen 

A 

Hudson 

In this study, concentrated assemblages of natural 
estuarine bacteria were added to sterile-filtered river 
water, which left riverine DOM as the only organic 
compounds for growth. A rapid increase in bacterial 
abundances in waters originating from both the 
Delaware and Hudson Rivers was mirrored by a 
decrease in DON concentrations. As detailed below, 
the DON concentrations decreased by 40 to 72% dur- 
ing the 10 to 15 d time course of the experiments, and 
were accounted for by increased microbial biomass 
plus mineralized DIN. 

The bacterial production estimates calculated from 
increases in abundances during the first 2 d of these ex- 
periments (Table 2) are in general agreement with 
measurements of production in several estuarine sys- 
tems (Table 4). The changes in microbial abundance 
during Expt I (Fig. 2), where the initial large increase in 
bacterial numbers was followed by a rapid increase in 
HNAN, also reflect the well-known ability of protists to 
reduce bacterial population levels (e.g. Sanders et al. 
1992). The HNAN bacterivory reduced the abundance 
of bacteria and a series of damped predator-prey oscil- 
lations followed. While our estimates are not intended 
to precisely predict the actual population dynamics in 
the Delaware and Hudson estuaries, the bacterial 
growth rates on DOM and the predation by HNAN in 
these experiments fell within the range of previous ob- 
servations and were ecologically reasonable. 

The mass balances calculated below for changes in 
dissolved and particulate nitrogen in the water ignored 
any wall growth during the experiment. This was justi- 
fied because growth of bacteria on the walls of the ves- 
sels was minor during the first 10 d of both experi- 
ments. Numbers of bacteria per cm2 that were attached 
to the flasks were estimated from the bacteria attached 
to suspended glass cover slips. Using maximum 
observed densities of attached bacteria, which overes- 

DAY 

Fig. 4 .  Expt 11. Changes in (A] concentrahon of dissolved organic 
nitrogen and [B) bacterial abundance in water originating from 
the Delaware and Hudson IZlvers (A and A ,  respectively) and in 

controls (0). Means of 2 replicate chambers * 1 SD 

timates their relative importance early in the experi- 
ments, only 1.3% of the bacteria were attached in 
Expt I, and 4 to 6'' in Expt IJ. The insignificant bacter- 
ial wall growth during the initial 10 d in our experi- 
ments agreed with the findings of Hagstrom et al. 
(1984). Biovolume estimates were made in Expt I1 for 
attached bacteria, and showed that they were smaller 
than the bacteria suspended in the water. Thus, 
attached bacterial biomass in these experiments did 
not exceed 4 % of the total bacterial biomass during the 
period of rapid DON disappearance. Attached HNAN 
and large spinlla were observed on suspended cover- 
slips after Day 10 in Expt I. This may account for a pro- 
portion of the observed, although small, decrease in 
DON between Days 10 and 15. 
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Table 3. Net utilization of dissolved organic nitrogen (DON), net production or utilization of dissolved inorganic nitrogen (DIN), 
and net production of particulate N (PN) in Delaware and Hudson River water (salinity 15 ppt) by estuarine bacteria during 
Expt 11. Negative DIN numbers reflect decreases in DIN concentration, indicating bacterial utilization of DIN. Calculated DON 
utilization is the sum of increases in PN (estimated from either CHN analyses or bacterial biovolume) plus net change in DIN. 

Units: pM of N 

Delaware River Hudson River 
Replicate. A B Avg (*SD) A B Avg (*SD) 

Bacterial biornass production 
Particulate N analysis l l . l d  l l . la  11.16 13.5 7.9 10.7 (3.9) 
Calculated bacterial biomass 11.6 13.4 12.5 (1.3) 14.1 12.4 13.3 (1.2) 

DIN mineralization or utilization 6 4 5 (1.4) -2.9 -3.7 -3.3 (0.6) 

DON utilization 
PN + DIN changes (range) 17.1-17 6 15.1-17.4 16.1-17.5 10.6- 11.2 4.2-8.7 7.4-10 
Measured DON decrease 17 2 0 18.5 (2.1) 13.2 13.9 13 5 (0.5) 

"Average of A and B flasks Water from the replicate flasks was combined for CHN analysis 

Microbial utilization of DON during Expt I was esti- 
mated by 2 independent methods: (1) decreases in 
DON concentrations, and (2) calculations of N in bac- 
teria and HNAN from biovolumes and abundances, 
plus changes in DIN concentrations. Maximum N bio- 
mass accumulation in bacteria plus HNAN was ap- 
proximately 8 pM N and occurred on Day 7. There 
were no net changes in DIN concentration in Expt I. 
The increase in estimated microbial biomass is consis- 
tent with measured decreases in DON concentration 
(9.3 pM). 

In Expt 11, microbial utilization of DON was estimated 
by 3 independent methods: (1) decreases in DON con- 
centrations, (2) chemical analysis of PN on filters, and 
(3) calculation of N in bacterial biomass based on bacte- 
rial biovolumes and abundances. Net changes in DIN 
were added to bacterial biomass accumulation to calcu- 

late total DON utilization rates for approaches 2 and 3. 
The 3 independent methods produced remarkably sim- 
ilar results (Table 3). In the Delaware River treatment, 
there was a 17 to 20 pM decrease in DON concentration 
during the course of the experiment (Table 3) .  The de- 
crease in DON was matched by a n  increase of between 
11.1 and 13.4 pM in particulate N (range of both meth- 
ods) plus a n  increase of 4 to 6 pM DIN, for a n  average 
increase in PN plus DIN of 16.1 to 17.5 1iM. The close 
agreement between the DON decrease (18.5 + 2.1 pM) 
and the increase in PN plus DIN (16.1 to 17.5 pM) 
strongly suggests that most of the DON was incorpo- 
rated into bacterial biomass, with a smaller amount of N 
mineralized a s  DIN. In the Hudson River treatment the 
decrease in DON (by 13.2 and 13.9 PM) was similar, al- 
though somewhat less than, the increase in particulate 
N minus utilization of -3 pM DIN. 

Table 4. Bacterial production estimates from several estuarine and riverine systems 

Site 

Danube River 
Delaware estuary, USA 

Essex estuary, MA, USA 
Hudson k v e r ,  USA 

Hudson estuary plume, USA 
Meuse River, Belgium 
RhBne River plume, France 
Seine River, France 
York estuary, VA, USA 

Gross production Specific production Reference 
(cells X 10' m l '  d-') W') 

Berger et  al. (1995) 
Coffin & Sharp (1987) 
Hoch & Kirchman (1993) 
Wright & Coffin (1984) 
Findlay e t  al. (1991) 
Vaque et  al. (1992) 
Ducklow & Kirchman (1983) 
Servais et  al. (1985) 
h r c h m a n  et  al. (1989) 
Servais & Garnier (1993) 
Ducklow (1982) 

aAssumes 10-l4 g C cell-' out of 36 seasonal samples approached a gross productivity of 110 X 105 cells ml-' d-' 
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Bacterial incorporation of DON versus 
mineralization to ammonia 

A high C:N ratio in DOM relative to the composition 
of bacteria should result in the conservation of incorpo- 
rated N as  biomass (i.e. there would be little release of 
DIN to the surrounding water) (Goldrnan et al. 1987, 
Gardner et al. 1996). C:N ratios of DOM in the Hudson 
River generally range from 15 to 50 (atoms) (Seitzj.nger 
1995). Given that the C:N ratio of bacteria is often -5:l 
by atoms (Bratbak 1985, Goldman et al. 1987, Lee & 
Fuhrman 19871, one would predict little release of N as 
DIN in the Hudson River treatment, assuming that the 
C:N ratio of the DOM was similar to that reported pre- 
viously for the Hudson River. In fact, the high C:N 
ratios of DOM in the Hudson, relative to bacterial bio- 
mass, would suggest that bacteria growing on this 
material would need an additional N source (e.g. 
ammonia) (Gardner et al. 1996). The results from the 
Hudson River treatment are consistent with the above 
prediction. There was no net mineralization of DON to 
DIN, but rather a net uptake of ammonia (3 PM) 
(Table 3).  The C:N ratio of the DOM actually used by 
the bacteria is unknown because the pool of DOM 
likely includes many compounds which differ in their 
biological availability to bacteria. However, the lack of 
net mineralization of DON to DIN by the bacteria in the 
Hudson water is consistent with the high C:N ratio of 
the bulk DOM. 

The C:N ratios of DOM in the Delaware River are 
lower than those in the Hudson, and generally range 
between 5 and 12 during spring (Culberson e t  al. 1987, 
Seitzinger & Sanders unpubl. data). Th.ere was no net 
production or utilization of DIN in Expt I. During 
Expt 11, approximately 27 % of the DON utilized in the 
Delaware River water was mineralized as DIN 
(Table 3).  The results from these 2 experiments are 
consistent with the C:N ratio of DOM in the Delaware 
River and indicate that the DOM utilized had a C:N 
ratio similar to, or was somewhat enriched in N relative 
to, the bacteria. 

Additional studies would be needed in order to ade- 
quately evaludte the rnagnitude of various sou.rces of 
DON (both allochthonous and autochthonous) to these 
rivers, including the C:N ratio of each source. How- 
ever, the generally lower C:N ratios of DOM in the 
Delaware relative to the Hudson River may reflect the 
numerous point sources of organic matter (e.g. sewage 
treatment plants in the metropolitan Philadelphia area) 
that discharge to the Delaware River just upstream of 
the salinity intrusion zone. In contrast, in the Hudson 
River there are not major point sources in the region 
near the salinity intrusion area; DOM inputs are likely 
dominated by runoff from agricultural and forested 
areas and groundwater inputs along the length of the 

Hudson (Howarth et al. 1991, Clark et al. 1992). A 
number of factors likely constrain bacterial growth, 
including the C:N ratio of DOM (Vallino et al. 1996). 
Despite different sources of DOM to these rivers, a 
similar percent (approximately 40%) of the DON from 
both rivers was utilized within the 10 d time course of 
Expt 11, and accumulation of PN was similar in both the 
Hudson and Delaware treatments. Additional mea- 
surements would be needed to confirm similarities 
during other seasons. 

In both Expts I and I1 bacterial biomass stabilized 
after an initlal period of rapid growth. This is a com- 
mon pattern in batch cultures and indicates some 
growth limiting factor. There were ample amounts of 
DIN and DIP throughout both experiments, indicating 
that neither N or P was limiting. We suggest that car- 
bon became limiting for bacterial biomass production, 
as  the more labile carbon was utilized first, leaving the 
more refractory carbon. However, we cannot rule out 
the possibility that some micronutrient (e.g. Fe) 
became limiting. 

Contribution of DON to estuarine eutrophication 

The emphasis of most studies of N loading and its 
effect on estuarine processes has been on inputs of 
DIN, but DIN accounts for only a portion of the total N 
inputs. Twenty to over 90% of the N inputs enter in the 
organic form (dissolved plus particulate), with 20 to 
50% often as DON. This is illustrated by the N compo- 
sition of rivers which are the major conduit for N inputs 
to estuaries (Table 5). While riverine DOM may in- 
crease bacterial production in coastal waters (Chin- 
Leo & Benner 1992), the possible contribution of the 
inputs of riverine organic N to overall coastal eutroph- 
ication is currently unknown. 

DOC mixing curves in some estuanes traditionally 
have been used to suggest that nver inputs of DON are 
refractory (Montoura & Woodward 1983, Cadee 1984). 
However, interpretation of the rnjxing curves is subject 
to consideration of all DOM sources. In addition to the 
external inputs from rivers, the atmosphere, point and 
non-point sources, DON is produced within estuanes 
in the sediment and by planktonic organisms (e.g. 
Nixon & Pllson 1983, Bronk & Glibert 1991, 1993a, 
Nagata & Kirchman 1991). A DON budget for Narra- 
gansett Bay suggests that internal production of DON 
(105 X 106 m01 N yr l ;  calculated from data in Nixon & 
Pilson 1983) is of a similar magnitude to external inputs 
(150 X 106 m01 N yr-l; N~xon et al. 1995). If the relative 
magnitude of internal production and external inputs 
is similar for other estuaries, then DON mixing curves 
would show conservative behavior if all of the inter- 
nally produced DON was rapidly utilized (and none of 
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Table 5. Percent composition of inorganic and organic N in various rivers 

River ?G DIN % DON % PN % ON Reference 

Mullica, NJ,  USA 3 0 61 9 7 0 Durand (1988) 
Mississippi, USA 53d 4 3 Turner & Rabalais (1991) 
Amazon 25 29 4 6 75 Richey et al. (1991) 
Mackenzie, Canada 10 15 75 90 Telang e t  al. (1991) 
Unnamed stream, NH, USA 39 51  10 6 1 Likens (1985) 
Blackstone, RI, USA 73 23 4 27 Nixon et al. (1995) 
Pocono Mountain Stream, PA, USA 4 96 Seltzinger (unpubl.data) 
Delaware, PA, USA 7 4 2 0 5 25 Culberson et al. (1987) 
Rhode, MD, USA 30 14 56 70 Peterjohn R Correll (1984) 
Como, CO, USA 10 90 90b Meybeck (1982) 
Lindaret, France 7 8 22 22b Meybeck (1982) 
Brevon, France 77 2 3 23' Meybeck (1982) 
Danube, Rumania 55 4 5 45b Meybeck (1982) 
Aare, Switzerland 73 27 27b Meybeck (1982) 
Reuss. Switzerland 56 44 44h Meybeck (1982) 
Rhine, Switzerland 74 26 2tjb Meybeck (1982) 
RhBne, Switzerland 56 44 44b Meybeck (1982) 
Ticino, Switzerland 57 4 3 43b Meybeck (1982) 
Missouri, USA 46 54 54 Meybeck (1982) 
Windrush, England 60 40 Heathwaite (1993) 
Eastern Notec, Poland 29 7 1 Taylor e t  al. (1986) 
Wda. Poland 70 30 Taylor e t  al. (1986) 
Kullarna. Sweden 25 75 Lepisto e t  al. (1995) 
Dantersta, Sweden 22 7 8 Lepisto et  al. (1995) 
Myllypuro, Finland 6 94 Lepisto et  al. (1995) 
Pahkaoja, Finland 2 1 79 Lepisto et  al. (1995) 

Avg world rivers 33 67 Meybeck (1982) 

'NO3+No2 only. bMinimum estimates a s  based on DON only; no PN data 

the externally supplied DON was used), or if the 
amount of external DON utilized matched (spatially 
and temporally) the amount of internally produced 
DON that accumulated. 

There is evidence that both internal and external 
sources of DON are  biologically available in estuaries. 
Rapid utilization of DON released by phytoplankton in 
estuaries has been demonstrated (Bronk & Glibert 
1993b), and it is known that bacteria and some phyto- 
plankton can use low molecular weight DON produced 
in estuaries (e.g. dissolved combined and free amino 
acids, urea) (Paul 1983, Keil & Kirchman 1991, Middle- 
boe et al. 1995). Few studies have directly examined 
utilization of external inputs of DON to estuaries. 
Experiments with riverine hurnic substances suggest 
that estuarine bacteria may use some portion (30 to 
60%) of humic N, with subsequent regeneration of 
DIN contributing to increased phytoplankton produc- 
tion (Carlsson et al. 1993, 1995). However, actual 
decreases in humic N or increases in PN were not 
quantified in those experiments. In addition to bacter- 
ial degradation, a portion of DON may be photochem- 
ically degraded to ammonia; the ammonia would then 
be available for bacteria or phytoplankton production. 

Approximately 20% of humic N in rivers of the south- 
eastern U.S. may be photochemically degraded to 
ammonia in coastal ecosystems (Bushaw et al. 1996). 

In the current study, natural assemblages of estuar- 
ine bacteria rapidly degraded a major portion of the 
total DON from 2 rivers, and mineralized or incorpo- 
rated it into biomass. Rates of utilization of Delaware 
River DON ranged from 11 to 42  % d-' during the first 
4 d ,  and then decreased to less than 5 %  d-'. Hudson 
River DON was utilized a t  6.5 % d-' during the first 4 d ,  
and  then decreased to less than 4 % d-'. The DON uti- 
lization rates may be  conservative because they do not 
account for potential internal production of DON (i.e. 
release of DON by microorganisms). 

There was a net utilization of between 4 0  and  72 % of 
the DON in Delaware River water (Expts I and 11) and 
4 0  % of the DON in Hudson River water (Expt 11) within 
10 to 15 d. The average freshwater residence time in 
New York Bay is 3 d and in Delaware Bay is approxi- 
mately 80 d (Sharp et  al. 1982). which encompasses the 
range of water residence times of many estuaries 
(Nixon e t  al. 1996). If the results of our study can be ex- 
trapolated to other systems, they suggest that in estuar- 
ies with residence times on the order of weeks to 
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months, such as Delaware Bay, river inputs of DON are 
first utilized primarily within the estuary. In contrast, in 
estuaries with residence times of less than a week, such 
as New York Bay, approximately half of the biologically 
available DON may be utilized within the estuary, wlth 
the remainder exported and utilized in continental shelf 
waters, such as in the Hudson River plume and New 
York Bight. River DON-N inputs that a re  incorporated 
into the biological cycle in estuaries, and that do not be- 
come subsequently denitrified or buried in the sedi- 
ments, are also exported to shelf ecosystems. 

The fraction of DON utilized in the Delaware and 
Hudson river experiments is similar to the fraction of 
DOC utilized (23 to 42 %) in a phytoplankton bloom in 
the North Atlantic (Kirchman et al. 1991). However, 
both the rates of utilization and the fraction of the total 
DON utilized were greater for the Hudson and 
Delaware rivers than has been reported for DOC uti- 
lization in relatively unpolluted humic-rich blackwater 
rivers. For example, in a blackwater river in the south- 
eastern USA, 14 % of the total DOC was utilized during 
3 d incubations (calculations based on data in Meyer et 
al. 1987). Three to 6 %  of the total DOC in 2 Amazon 
basin rivers was utilized during 3 to 4 d incubations 
(calculations based on data in Amon & Benner 1994). 
While relative rates of utilization of N and C on DOM 
may differ, it is likely that the  differences in the portion 
of DON utilized in the Hudson and Delaware Rivers rel- 
ative to the DOC utilized in the unpolluted blackwater 
rivers represent differences in overall DOM lability. 

Nitrogen budgets for ecosystems are  generally 
based on either DIN inputs (Nixon & Pilson 1983, 
Kempe e t  al. 1991, Alexander et a1 1996) or total N 
inputs (Turner & Rabalais 1991, Boynton et al. 1995, 
Nixon et  al. 1995, Michaels et al. 1996). The results of 
experiments presented in the current study demon- 
strate that DIN inputs underestimate, and TN inputs 
likely overestimate, the inputs of biologically available 
N inputs to estuaries. In order to develop a biolog~cally 
available N budget for an  ecosystem, DIN inputs, plus 
that portion of the organic N (both particulate and dis- 
solved) that is biologically available, must be  quanti- 
fied. The cieyree to which organic N is available, and 
contributes to production and eutrophication may 
depend on the source of the organic matter. Clearly, 
development of such a budget for any ecosystem will 
require considerably more data on the biological avail- 
ability of organic N sources than is currently available. 
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