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ABSTRACT The a s s imla t~on  of dissolved inorganic N (DIN) by heterotrophic microorganisms is a 
potentially large source of organic N to aquatic ecosystems particularly those that receive hlgh loads 
of both terrestrial organlc matter (with high C N values) and DIN Mie investigated this rarely studied 
process m such a system (the Hudson River Estuary USA) using (1) In sltu lncubations of terrestr~ally 
derlved parbculate organlc matter (2 )  laboratory microcosms with terrestrlally denved dissolved 
organlc matter, and (3) ecosystem budgets of bulk N and ''N \Ve also anallpzed the I5N and I3C content 
of pnmary producers and Invertebrate and flsh consumers to demonstrate how food web  dynamics can 
be  ~ncorrectly interpreted If microbially asslm~lated DIN (h l4D)  IS not cons~dered During 3 mo in s ~ t u  
~nruhatlonq O n N  content of terrwtr~irl niilter~irl ~ n c r ~ a w r l  hy  about 3-fnld (C N decreased frnm 70 to 25) 
and 6I5N values increased froin -4 to g '<.  Sim~larly in m i c ~ o c o s ~ n s  (where F1"N of DIE was 1000On'n), 
615N of POM and DOM Increased after 105 d to over 5000 and 1000" n, respect~vely Finally an  ecosys- 
tem budget suggests that net  MAD is up to 13 g N m yr ' which is 4-fold large] than net N asslmila- 
tion by phytoplankton Thus, both lncubations and ecosystem budgets suggest that MAD IS large In the 
Hudson Traditional food web analyses based on "N and "C which Ignored MAD would result in the 
conclusion that terrestnal organlc matter was unlmpol tant to consumers In the Hudson When the large 
input of MAD is recognized a likely Interpretation becomes terrestnal organic carbon IS important to 
consumers but a large part of organlc N onglnates from heterotrophic rather than autotrophic assimi- 
latlon 
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INTRODUCTION 

Microbial biomass and detrital organic matter can be 
an important proximate food source to grazers in 
aquatic systems (Fig. 1; Findlay & Tenore 1982, Tenore 
1988). While the organic carbon in these food sources 
is ultimately from photosynthesis (in both the aquatic 
system and its watershed), the organic nitrogen may 
have been produced either by autotrophic (AAD) or 
heterotrophic rmcroblal (MAD) assimilation of dis- 
solved inorganic nltrogen (DIN; Fig. 1 ) .  For N, there- 
fore, heterotrophic microbes have 2 roles: the re-pack- 
aging or concentrating of autotrophically produced 
organic N and the actual production of new organic N 

through MAD. Although there are studies that have 
clearly demonstrated the importance of microbes as a 
proximate source of organic N (Findlay & Tenore 
1982), few have examined the source of N to microbes 
(MAD vs AAD). It is generally assumed, however, that 
AAD is the major source of organic N to a system and 
models of N cycling often completely ignore MAD (e .g  
Mantoura et al. 1988, Boynton et al. 1995, Mcquire et  
al. 1995). 

Although there are relatively few studies of MAD, it 
has been investigated in marshes, small woodland 
streams, and lakes (e.g. Howarth & Fisher 1976, Car- 
penter & Adams 1979, Meyer & Johnson 1983, White & 

Howes 1994). Additionally, there are a few studies on 
MAD in marine coastal waters (Zieman et al. 1984, 
Wheeler & Kirchman 1986, Horrigan et al. 1988). 
These studies in aquatic systems, along with many in 
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Fig. 1 Diagram of the flow of nitrogen and carbon from inor- 
ganic pools into autotrophs, detritus and microbes. Dissolved 
inorganic N (DIN) can enter the organic pool both through 
autotrophic assimilation of DIN (AAD) and mjcrobial assimila- 
tion of DIN (MAD). Autotrophs ~nclude phytoplankton, 
rnacrophytes and terrestrial vegetation (allochthonous rnater- 
lal to aquatic syslems) and microbes include bacteria and 
fungi. I t  is possible for detritus to become enriched in N with 
respect to the autotrophically produced organic material both 
by conserving N (havlng low rem~nerallzat~on as compared to 

respiration) or by MAD 

terrestrial systems (e.g. Suberkropp & Chauvet 1995, 
Stark & Hart 1997), often suggest that MAD may be 
influenced by the DIN concentration of the ambient 
environment such that MAD is likely to be elevated in 
high DIN systems. Further, studies indicate that MAD 
may be larger when material being processed has low 
initial N content (e.g. Zieman et al. 1984). Terrestrial 
material often has N content well below that of phyto- 
plankton or macrophytes (Vitousek 1984, Hecky et al. 
1993). Thus, MAD could be particularly important in 
aquatic systems with both large inputs of terrestrial 
material and high DIN concentrations. 

For many rivers and oligohaline estuaries a major 
carbon input is terrestrially derived (allochthonous) 
material (Richey et al. 1978, Peterson et al. 1986, Allan 
1995, Hopkinson & Vallino 1.995, Welcomme 1995). In 
addition, these systems frequently have DIN concen- 
trations in surface waters that exceed 20 PM even dur- 
ing summer months (Fonselius 1978, Cifuentes et al. 
1988, Cole et al. 1993, Caraco et al. 1997). By compari- 
son, most estuaries and coastal waters have DIN con- 
centrations below 5 PM during much of the year (Cor- 
ner & Davies 1971, Fonselius 1978, Oviatt et al. 1995). 
Thus, rivers and oligohaline estuaries are sites where 
MAD may be particularly important. The enrichment 
of allochthonous material by MAD in rivers and oligo- 
haline sections of estuaries could have consequences 
for food quality of material delivered to more saline 
sections of estuaries and coastal waters. 

In this study we examine MAD and several conse- 
quences of MAD in the fresh to oligohaline sections of 
a tidal river, the Hudson. This section of the Hudson 
has been extensively studied and much is known 
about dissolved nutrient dynam~cs, allochthonous car- 

bon inputs and within-system primary and secondary 
production. We studied the importance of MAD in the 
tidal fresh/oligohaline Hudson River Estuary. This 
habitat extends nearly 200 km from near Albany, NY, 
USA (upstream) to about 50 km north of New York City 
(downstream). During summer this section of river is 
relatively warm (20 to 30°C) throughout the mixed wa- 
ter column (A. Lampman, N. F. Caraco & J. J. Cole un- 
publ.). Nutrient concentrations throughout this section 
of river are high (Caraco et al. 1997, Lampman et al. 
unpubl.). For example, during summer 1996 at a mid- 
river station (where and when in situ incubations were 
done in our microcosm study; see below), NO3 and 
NH, concentrations averaged 40 and 3 PM, respec- 
tively, while PO, concentrations averaged 1.1 pM. 
Further, NO3 concentrations remained above 30 pM 
throughout this summer (Lampman et al. unpubl.). 

Much is known about organic carbon inputs and het- 
erotrophic use of these inputs in the tidal Hudson 
(Findlay et al. 1991, Cole et al. 1992, Pace et al. 1992, 
Howarth et al. 1996, Strayer et al. 1996). Based on 
watershed modelling, terrestrial inputs are large and 
average approximately b50 g C m-' yr-: (Howarth et  al. 
1996). In the same section of the Hudson autochtho- 
nous carbon inputs are relatively low due to extreme 
light limitation (Cole et al. 1992, Harley & Findlay 
1994) and grazer limitation due to a zebra mussel inva- 
sion (Caraco et al. 1997). For example, for both phyto- 
plankton and macrophytes the net production is 
presently approximately 30 g C m-'yr-' (Howarth et al. 
1996, Caraco et al. 1997). 

The tidal freshwater Hudson has a relatively long 
water residence time. Averaged over the year, resi- 
dence time is approximately 1 mo and during the sum- 
mer growing season residence time is closer to 3 mo 
(Limburg et al. 1986, Caraco et al. 1997). Thus, alloch- 
thonous organic matter inputs, entering primarily at 
the top of the river (Howarth et al. 1996, Swaney et al. 
1996), remain in this region a relatively long time 
before being exported and, thus, are available for pro- 
cessing by heterotrophs within the system (Findlay et 
al. 1992). Consequently, bacterial production is high 
(ca 200 g C m-' yr-') and exceeds net primary produc- 
tion in the Hudson by over 5-fold (Findlay et al. 1991, 
Cole et al. 1992, Caraco et al. 1997). This bacterial pro- 
duction would demand a carbon respiration of approx- 
imately 400 g C m-' yr-' (Findlay et aI. 1992). Further, 
respiration by one benthic invertebrate, the zebra mus- 
sel, is equal to about 50 g C m-2 yr-' (Strayer et al. 
1996). Considering only the demands of planktonic 
bacteria and one invertebrate, then, the total het- 
erotrophic carbon demand exceeds the autotrophic 
input by about 400 g C m-' yr-' In agreement with this, 
calculations of both net gas flux and die1 gas cycling 
suggest that the Hudson is net heterotrophic, with dif- 
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ferent studies giving estimates that vary from about 
100 to 500 g C m-' yr-' (Howarth et al. 1996, Raymond 
et  al. 1997). 

Although the exact value of heterotrophic process- 
ing of allochthonous material is uncertain, all data 
clearly suggest that the respiration of allochthonous 
material by heterotrophs is important in the Hudson. 
Further, autochthonous production by macrophytes 
and phytoplankton is rather small. Terrestrial material 
could, therefore, be an  important food source for con- 
sumers in this system. The 6'" signal of juvenile her- 
ring species resident to the freshwater tidal Hudson is, 
however, about 15% higher than terrestrial material 
(Limburg 1998). If the organic N originated from 
assimilation by terrestrial autotrophs, it would require 
that herring in the Hudson were eating at trophic level 
5 (Fry 1991, Michener & Schell 1994). This possibility 
seems unlikely a s  these fish are primarily planktivores. 
The results, therefore, indicate that the source of 
organic N for fish is substantially more 15N enriched 
than terrestrial material with a 6% value of about 
-2%. This I5N enriched source of organic N could 
potentially originate from MAD during decomposition 
of terrestrially derived material within the Hudson. 

In this study we examine MAD during the microbial 
processing of allochthonous organic material. To look 
experimentally at this process, we used both in situ lit- 
ter bag studies and laboratory n~icrocosms. Both the 
I5N content and the bulk N content of decom.posing 
material were followed during these incubations to 
trace microbial immobilization of DIN directly. Further, 
we used a bulk N and 15N budget to calculate MAD 
and compare it to AAD in the Hudson (Fig. 1). Lastly, 
we discuss how MAD can change the view, gained 
from food web analysis using multiple isotopes (Hamil- 
ton et  al. 1982, Peterson et  al. 1985, Deegan et  al. 1990, 
Sullivan & Moncreiff 1990, Fry 1991, Wada et  al. 1993, 
Angradi 1994), of the importance of allochthonous 
material as a food source. 

METHODS 

Experimental and sampling rationale. We tried to 
evaluate MAD by several independent approaches. 
The litter bag experiments were designed to test if 
changes consistent with MAD occurred within the 
Hudson. These experiments suffer from the problem of 
clearly associating changes in chemistry of detrital 
material with MAD versus other mechanisms of 
change. The microcosm experiments were performed 
with a 15N enriched DIN source so that MAD could be 
more unequivocally demonstrated when terrestrial 
material was decomposed. The ecosystem budget was 
designed to see if  there appeared to be an  imbalance 

in organic N budgets (or organic N isotope content) 
that was consistent with MAD. The ecosystem budget 
is free of experimental artifacts that may occur due  to 
enclosure in small containers but is associated with rel- 
atively large errors. 

One obvious implication of MAD is that it enriches 
terrestrial material in N and provides new organic N to 
aquatic systems. Less obviously, perhaps, MAD can 
alter dramatically interpretation of food web analysis 
based on the combination of I3C and 15N data (e.g. 
Hamilton et  al. 1982, Peterson et al. 1985, Deegan et al. 
1990, Sullivan & Moncreiff 1990, Fry 1991, Wada e t  al. 
1993, Angradi 1994). To demonstrate this w e  use iso- 
tope data on a variety of trophic levels in the Hudson. 
In situ litter bag experiment. Leaves from red oaks 

Quercus rubrum were collected immediately after 
autumn leaf fall from the mid-Hudson region within 
the Hudson River watershed. The leaves were air dried 
and stored at room temperature. During early summer 
of 1996, 25 mesh bags (1.5 mm mesh) were filled with 
approximately 4 leaveshag (1 to 2 g) and were sewn 
closed with nylon thread. Bags were deployed near a 
major channel in the Hudson River at river km 150 at a 
site that is 13 m deep (mean low water). Bags were 
deployed 3 m off the bottom and 10 m from the surface. 
Light levels at this depth averaged less than 10-' pm01 
quanta m-%-' at  noon during the incubation period. 
These levels are orders of magnitude too low to sustain 
any photosynthesis in this system (Cole et  al. 1992). 

Leaves were collected after l? ,  39, 80 and 115 d of 
incubation. Between 5 and 7 replicate bags were col- 
lected at  each time point. Bags were immediately put 
into opaque coolers and transported to the laboratory. 
Debris and macroinvertebrates that had entered the 
bags (some amphipods) were thoroughly rinsed from 
leaves and leaves were dried at  40°C. Dried leaves 
were then pulverized in a plant mill and  stored in a 
desiccator. Analysis of total C, N, 15N and  13C was done 
at  the Isotope Laboratory of the University of Alaska a t  
Fairbanks. 

Laboratory microcosms. An extract of allochthonous 
material was prepared by adding 5 g of dried oak 
leaves to 1 1 of nannopure water and heating to 95OC 
for 0.25 h.  When this mixture had cooled, the liquid 
fraction was decanted off the top. This extract was then 
refrigerated for 1 d before being added to the micro- 
cosms. 

The water for the incubations was collected from 
the Hudson River at km 150 on 1 December 1996. The 
water was flltei-ed through a GF/D filter to remove 
most of the suspended matter. The filtered water was 
then placed in triplicate 11 1 containers. Each container 
was spiked with 57 m1 of the extract such that the DOC 
content of the Hudson was increased by 3 mg 1-' 
(approximately doubling ambient DOC). 2.5 m1 of 
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l l mM NaN03 (100% in I5N, from Isotech) was added 
to each of the 11 containers. Nitrate was added as the 
DIN in the Hudson is primarily nitrate. This addition 
increased the NO, content of the water from 40 pM to 
42.5 pM and increased the 6'" value of the NO3 to 
approximately 10 OOO%O. 

Immediately after 15N03 and extract additions, 2 1 
samples were removed from each of the 3 replicate 
11 1 containers and processed (see below). These initial 
samples served as controls for any contamination of 
DON that may have occurred with the added DIN. The 
remaining 9 l samples were then placed in complete 
darkness and incubated at room temperature. Bottles 
were continuously aerated during incubations to 
ensure oxic conditions. After 7 and 35 d,  2 1 samples 
were removed to be processed. 

The 2 l samples were filtered through 2.5 cm GF/F 
filters to remove most of the particulate microbial bio- 
mass that had formed during the incubation. The large 
molecular weight DOM in the filtrate was then sepa- 
rated from the inorganic N with a Pelican reverse flow 
filtration system equipped with a 1000 NMW filter 
pack. in tests with DOIvi-NO3 solutions we found i i ~ d i  
this pore size allowed all of the inorganic N to pass 
through the filtration unit but only 15% of added DOM 
was retained. 

The retained DOM was concentrated from the original 
2 1 volume to a volume of 400 ml. We further concen- 
trated this material by evaporation at 80°C to 5 ml. This 
evaporate was then pipetted in 0.2 m1 aliquots onto 5 
GF/F filters and dried at 40°C. The dried DOM and POM 
samples were stored in a desiccator until being sent for 
processing at the Marine Biological Laboratory Isotope 
Facility, Woods Hole, MA, USA or the Horn Point Envi- 
ronmental Laboratory, Cambridge, MD, USA. 

Samples of Hudson River food web. Samples for iso- 
topic analysis were collected in the Hudson River from 
a number of locations between km 245 and 50. Sam- 
ples were primarily collected during the summer grow- 
ing season in 1995 and 1996 (Table l ) .  Samples in- 
cluded: seston collected on GF/F filters; macrophytes; 
zooplankton; benthic invertebrates; and a variety of 
larval, juvenile and adult fishes of several species 
(Table 1) .  In all, over 200 samples were analyzed for 
15N and/or 13C. Zooplankton and larval fish were col- 
lected with net hauls. Most of these samples were 
picked under a dissecting microscope to achieve pure 
samples. For some zooplankton, net samples were con- 
centrated on filters and checked with the dissecting 
microscope to ensure that samples were pure. Benthic 
invertebrates were collected by SCUBA diver, from 
box core samples, or from net tows on night collected 
samples. Juvenile and adult fish were collected by 
seine or by hook and line. For larger adult fish, only fil- 
lets were analyzed. For smaller fish, the entire fish was 
analyzed (Table 1). 

All samples were dried and pulverized before being 
sent for analysis. The seston ssmples ar,d th:, zoo- 
plankton and larval fish samples were analyzed at the 
Marine Biological Laboratory Isotope Facility. Most of 
the larger fish, macrophyte and invertebrate samples 
were analyzed at the Isotope Laboratory at the Univer- 
sity of Alaska at Fairbanks. 

Ecosystem budget. We tried to generate organic N 
budgets that balanced both bulk organic N and 15N. To 
calculate bulk N, we relied heavily on the recently 
published organic carbon budget of Howarth et al. 
(1996) for the Hudson. We used values of Howarth et 
al. (1996) to calculate allochthonous load, macrophyte 
production, and respiration of allochthonous material 

Table 1. Description of samples for isotope analysis from the Hudson fiver. We show, for each group we identify in the text, the 
isotope that was measured, the tissue or compound sampled (What), the number of samples analyzed (n), the range of locations 

sampled (km),  the penod of the year we sampled (Timing), and what taxa were included (Taxa) 

Group Isotope What n km Timing Taxa 

Producers Allochthonous C+N Leaves 4 130-150 October Quercus,Acer 
Phytoplankton C DIC - 20 45 60-220 May-Sep 
Phytoplankton N See text 3 60-150 Jun-Aug Enterornorpha, Microcystjs 
S. macrophytes C+N Leaves + stems 10 80-180 Jul-Aug Valisenaria 
E. macrophytes C+N Leaves + stems 7 150-180 Jul-Aug Trapa 

Organic pools Seston 
Sediment 

Consumers Zooplankton 
Predatory inv. 
Larval fish 
Benth~c inv. 
Y O Y  and 
adult fish 

C+N GF/F filter 15 65-1.50 Jun-Oct 
C+N Upper l 0  cm 7 100-200 Jun-Sep 

C+N Entire 25 65-225 Jun-Aug 
C+N Entire 15 65-150 Jun 
C+N Entire 14 65-150 Jun 
C+N Ent~re  (no shells) 37 80-220 Jun-Oct 
C+N Entire or 31 48-200 Jun-Aug 

fillet 

Bosmina + misc, copepods 
Leptodora 
Anchoa, Alosa. Morone, Osrnerus 
Dreissena, Garnarus, chironomids 
Anchoa, Alosa, Morone, Perca, 
Notropis, Ictalurus, Anguilla. 
Lepomis, Fundulus 
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originating from sewage and terrestrial runoff. Phyto- 
plankton production was based on recent estimates 
(Caraco et al. 1997) which take into account changes 
caused by the introduction of the zebra mussel (1992 to 
present). 

To transform the organic C budget to an organic N 
budget, we used C:N values of 7, 15, and 10 for phyto- 
plankton, macrophytes, and sewage, respectively 
(Mackenthum 1973, Hecky et al. 1993). The C:N of 
organic material originating with terrestrial material is 
critical to the budget, but calculations of this value 
could differ if it is assumed that terrestrial material 
enters primarily as leaf material or soil humic material. 
We used these 2 extremes in our calculation, where 
scenario 1 used our measured C:N in leaf material (70) 
and scenario 2 used a value of 30 which is the approx- 
imate C:N of soil humic material. Organic N leaving 
the Hudson is based on direct measurements of total N 
less measured DIN in the lower reaches of the river 
(Lampman et al. unpubl.). 

We used Howarth et al.'s (1996) total system respira- 
tion and we assume that all inputs (net phytoplankton 
production, terrestrial load, etc.) had equal ratios of 
remineralization to export. Had we assumed that 
autochthonous production was respired proportionally 
more than tcrrcstrial loads it would have resulted in 
higher estimates of MAD. We transformed C respira- 
tion into N remineralization by assuming that during 
decomposition C and N were remineralized at the 
same rates. This assumption is in agreement with com- 
parative losses of 'original N' and C in experiments (in 
'Discussion'). 

In the 15N budget, 615N values of seston leaving the 
Hudson, sediment burial, and phytoplankton and 
macrophyte production are based on the average of 
our measurements. 615N of sewage is based on mea- 
surements of Van Dover et al. (1992). 6I5N of terrestrial 
input is based on our measurements of leaf material in 
scenario 1. For scenario 2, we used a 615N value of 4%o; 
this value is on the heavy side for soil organic matter 
(Nadelhoffer & Fry 1994). 

RESULTS 

In situ litter bag experiments 

There was rapid loss of material from the litter bags. 
Total mass of material decreased to 50% of the initial 
mass during the first month and by Day 115 was near 
25% of initial mass (Fig. 2a). Not surprisingly, total 
carbon showed a similar pattern of loss as did total 
mass but had a slightly higher loss rate than did mass 
as a whole (Fig. 2a). The total mass of N in the litter 
bags showed a somewhat different pattern than 

0 40 80 120 

Incubation Day 

Flg. 2. Results of the in s ~ t u  120 d litter bag experiment in the 
Hudson River. (a) Changes in mass of material as expressed 
as percent of that initially in the bag. Included are: N mass 
(stippled line and H); total weight (heavy solid line); and C 
mass (0). Standard deviations (SD) are shown for N and C. 
(b) Change in composition of the material remaining in the 
bag. Included are %N (H) and %C (O), where '%' means % of 
dry weight. Also shown is the C:N ratio of the material 
[dashed line). SDs are shown for %N and %C Note that %C 
is divided by 25. (c) Isotope content of remaining material. 
Shown are: 6% (0) and 8''N content (H). SDs are shown for 

both Nand  C although they are too small to be seen for C 

weight or carbon loss. Amount of N in the litterbags 
actually increased to near 120% of initial values 
before decreasing to about 60% of that initially there 
by Day 115. 

The N content of oak leaves changed dran~atically 
over the incubation. Initially leaf material had low N 
content. N averaged 0.8% of dry weight and the C:N 
was near 70 (atom based; Fig. 2b). After only 17 d of in 
situ incubation, the N content increased to 1.2 % of dry 
weight and by the end of the experiment the N content 
of material had increased to 2% and C:N ratios had 
declined to near 25:1 (by atoms). Unlike the large 
changes in N content, carbon content of material was 
quite constant with only a slight decrease from the ini- 
tial 50% of dry weight. 
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Like the bulk N content, the S'" of N in leaves also 
changed greatly over the incubation (Fig. 2c). Initially 
the S1'N value of the litter bag materxal (oak ].eaves) 
was -4?Ltt. By Day 17,  S1'N values had increased to 0?& 
and  by Day 115 the value was near 10Ym. The 6I3C con- 
tent of leaf material also changed during the in situ 
incubation (Fig. 2c). The 6'" started off at  -27% and 
steadily decreased to -28.5% by Day 115.  This de- 
crease is consistent with preferential lignin retention 
during decomposition (Benner et al. 1987). Whatever 
the cause, however, by comparison to the 6IsN change, 
change in 6I3c  value over the incubation was small. 

Microcosm experiments 

In complete darkness, I5N content of organic N in- 
creased dramatically when the surrounding DIN was 
enriched in "N. Initially, the DOM material retained 
by the Pelican filter had a SI5N value of 11 k 4.5% 
(Fig. 3).  After 1 w k  this same DOM fraction had a S"N 
value of 673 + 200%0 (Fig. 3) and by 105 d had in- 
creased to 1229 * 290x0. 

Initially, essentially no particulate organic material 
was present in this experiment (only a small microbial 
inoculum). After 7 d substantial POM was formed and  
epifluorescent microscopic analysis suggested this par- 
ticulate matter was composed in large part of a combi- 
nation of fungi, actinomycetes, and small bacteria but 
appeared to contain some flocculent material that was 
possibly formed abiotically from DOM during bub- 
bling in the experiment. This POM formed during the 
experiment was highly enriched in IsN. At Days 7 and 
105 this POM fraction had a SLSN value of 3556 * 840 
and  5257 k 1358"iM, respectively (Fig. 3). 

0 7 35 105 

Day of lncubation 

Fig. 3. Results from the microcosm study of microbial assimi- 
lation of DIN (MAD). Shown are !;N content of DOM (light 
stippl~ng) and POM (heavy stippling) after 0, 7 ,  35, and 105 d 
of lncubation in DIN of high '"N content (10000 ppt, shown by 
dashed line). Values at Day 0 are initial !'I\; of dissolved 
organic material (a m~xturc  of leaf extract and Hudson DON, 
see text). The large increase in !'K content of POhii and DOM 
(note log scale) ~ndicates substantial MAD and subsequent 

leakage of this matenal in.to the DOM material 

Hudson River food web 

The ''C of autotrophic C sources to the Hudson 
varied widely and allochthonous inputs fell within the 
range of autotrophic sources (Fig. 4).  All autotrophs, on 
the other hand, had relatively similar and heavy 6I5N 
values while terrestrial matenal had very different and 
far lighter 615N signals (Fig. 4). 

Terrestrial leaf material collected from maples (Acer) 
and oaks (Quercus) in the Hudson watershed had aver- 
age SI3C and S"N values of -27 and 2 x 0 ,  respec- 
tively. Submerged macrophytes in the Hudson had 
average S'" and 6'" values of -22 and +8'!b,, respec- 
tively, while emergent macrophytes had similar I5N 
values, but higher 613C values (-26x0). 

Both the 13C and 15N content of phytoplankton and in 
the Hudson are based on indirect measures. 6I3C is 

Fig. 4 .  Box-whisker plot of (a)  13C and (b) 15N (101ver panel) 
content of primary producers, detrital organlc pools and pri- 
mary and secondary consumers (see Table 1). Central lines 
represent mean values, boxes and lines encompass 75 and 
90% of data, respectively; notches represent 95";) confidence 

Interval on median value 
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based on an assumed -20% depletion as compared to 
the DIC pool (-10 +- 1%0; Cole unpubl.) and is, thus, 
estimated as -30%0. The 615N value for phytoplankton 
was inferred from the average of 6I5N of a non rooted 
macroalga (Enteromorpha sp.) ,  attached filamentous 
algae, and 615N of seston during times of high phyto- 
plankton abundance (during summer 1991 prior to 
zebra mussel invasion; Caraco et al. 1997). All of these 
'phytoplankton surrogates' had S1"N values close to 
those of emergent and submergent macrophytes 

River Km 

Fig. 5 Longitudinal variation in I5N content of seston and sev- 
eral groups of consumers in the Hudson River. (a)  6I5N values 
(in 7,) of seston in the river. (b) 6IiN values for larval fish. In 
these 2 panels data points, linear regression lines, and 95 % 
confidence intervals around regression lines are  shown. In (c) 
w e  show linear regression lines only for all groups that 
showed a significant (p  < 0.05) trend of 'h content with river 
km. For all of these groups the slopes are  not significantly dif- 
ferent from each other. Note that km 50 is the downstream- 
most reach of the study, and the ~ntercept  at  km 50, therefore, 

represents the I5N content of materials leaving the system 

(+8%o; Fig. 4). As phytoplankton have a discrimination 
of near -?%V as compared to inorganic N pools (Goer- 
icke et al. 1994), these I5N values imply a DIN pool of 
near 15%0. 

Despite a relatively wide range in 6I3C values of C 
sources (ca 8"4)0), all of the consumers and the organic 
pools had I3C values that fell in a relatively narrow 
range (Fig. 4) .  The range in average 613C values for 
these groups was less than 2xv, with zooplankton hav- 
ing the lowest average value (-27.5%o) and fish having 
the highest average value (-25%0). The variation in I3C 
content was relatively large within some groups as  
they contained a mixed group of organisms. For exam- 
ple, fish included planktivores, piscivores, and benthic 
feeders. For seston, the high variation was seasonally 
related. Fall samples (during macrophyte die-off; Find- 
lay pers. comm.) were enriched (less negative 6I3C 
values) in 13C (like submergent macrophytes), while 
spring-summer samples were relatively light. 

The FI5N values of consumers and seston were high 
as compared to all primary producers, and were partic- 
ularly high as compared to allochthonous material 
(615N of - 2 % ~ ;  Fig. 4 ) .  The 6I5N of seston was on aver- 
age 12%0 higher than this allochthonous material and 
consumers were from 14 to 19%0 higher than allochtho- 
nous material. The high values for consumers suggest 
they were consuming primarily material with high 
615N values. For example, primary consumers (zoo- 
plankton and benthic invertebrates) had average 615W 
values of 12 and 14%0, respectively. This suggests that 
these consumers were feeding on material with aver- 
age S15N values of near 9 and l l %o, respectively. 

As with 6I3C values, some of the variation in 6"Y 
values within groups was due to mixing of different 
types of organisms within a group and seasonal 
variation in samples. Additionally, however, some of 
the variation in 615N is also due to spatial variation 
(Fig. 5).  That is, the 615N values increased significantly 
down river for seston, larval fish, predatol-y in- 
vertebrates, and benthic organisms (Fig 5) .  Further, 
linear regression fits of 6'" versus river km for all of 
these groups showed similar slopes (0.04 D/OU k m ' )  that 
suggested an 8% increase in 6% value over the 
200 km study reach of the Hudson River Estuary. 

Ecosystem budget 

The organic N budget of the Hudson suggests that 
inputs of organic N are less than outputs ~f MAD is not 
considered. Inputs, including net production by phyto- 
plankton, macrophytes, and sewage loading, con- 
tribute 3, 2 and 6 g N m-2 yr-', respectively. The terres- 
trial input of N vanes with assumption about the origin 
of terrestrial material (scenario 1 = leaf material origin 
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Fig. 6. (a) Bulk N budget for the Hudson k v e r  estuary (km 250 to 50) for 2 scenarios of terrestrial loading. Scenario 1 assumes ter- 
restrial material to be primarily plant leaf material, scenario 2 assumes highly altered soil organic material with higher N and I5N 
content (see text). The terrestrial input, remineralization of N within the system, and calculated MAD differ with these scenarios. 
All fluxes are labeled and values given in g N m-'yr-'. For values with 2 flux estimates, scenario 1 is listed first. (b) Implications 
of varying amounts of MAD for predictions of the 615N value of organic material exported from the Hudson at river km 50. Pre- 
dicted 6"N values are given for both scenario 1 (grey line and arrow) and scenario 2 (black line and arrow). The arrows repre- 
sent our best estimates of MAD based on the bulk N budget (a). The dashed line at 12%0 represents the 6I5N of seston exiting the 

Hudson at km 50 (Fig. 5) 

and scenario 2 = soil humic scenario). Under scenario 
1, terrestrial materials contribute 9 g N m-' yr-l. Under 
scenario 2, terrestrial materials contribute 22 g N m-' 
yr-' . Thus, the total organic N input to the system 
(without consideration of MAD) is 20 and 33 for sce- 
narios 1 and 2 (Fig. 6a). 

The losses of organic N by burial and export are 5 
and 20 g N m-' yr-l, respectively. If all inputs are 
respired at the same proportion (ca 40 % of inputs), the 
loss of organic N by within-system decomposition 
would equal 8 and 13 g N m-' yr-' for scenarios 1 and 
2, respectively. Thus, under scenario 1 a MAD of about 
13 g N m-' yr-' would be required to balance the 
organic N budget. Scenario 2, on the other hand, 
would require somewhat lower MAD (5.5 g N m-' yr-l, 
Fig. 6a). 

Like the bulk N budget, the 15N budget of the Hud- 
son is also not in balance in the absence of MAD. Using 
scenario 1, the 615 N of the average material entering 
the Hudson is 0.5%0. For scenario 2 the average value 
is 4.5%0. Actual measurements on seston suggest that 
the S15N of organic material leaving the river at km 50 
is between 10 and 14%0 (Fig. 5a). If we assume this dis- 
crepancy is due to MAD from a DIN pool of 15%0 
(above), we can calculate the impact of MAD on the 
15N pool (Fig. 6b). This calculation suggests that under 
both scenarios a MAD of 8 g N m-' y r '  would result in 
a system average 615N of near ?%,, while for both sce- 
narios a MAD of 13 g N m-' yr-' would result in a sys- 
tem average 615N of near 10%o. Thus, the bulk N 
demand of 13 g N m-2 yr-' (scenario 1) most closely 
balances the 15N budget (Fig. 6b). 

DISCUSSION 

MAD in the Hudson 

MAD both enriches detrital organic matter with N 
and adds new organic N to the ecosystem. Detrital 
material can, however, also be enriched during decom- 
position by conservation of initial N in decomposing 
material (Fig. 1). While the bulk N enrichments we 
observed cannot distinguish these possibilities well 
the isotope results from the in situ incubations suggest 
that MAD was the cause of the observed N enrichment 
(Fig. 2b). 

In our in situ (litter bag) experiments, the 615N of leaf 
material incubated for 3 mo in the Hudson showed a 
nearly 15%0 increase (Fig. 2c). As the 615N values of 
autotrophs in the Hudson suggest that the DIN pool of 
the Hudson is heavy, MAD from this pool would be a 
feasible mechanism for driving the dramatic increases 
in S15N during the in  situ experiments. Other explana- 
tions for this dramatic enrichment are possible, how- 
ever, and include both microbial assimilation of DON 
with high 15N values and preferential retention of some 
organic N components during microbial processing 
(Macko & Estep 1984). 

While the in si fu experiments are consistent with 
MAD, the microcosm experiments more clearly 
demonstrate that MAD can occur when terrestrially 
derived material is incubated in Hudson water. In 
these experiments, when organic N with initial 6% of 
10%0 was incubated with a 15N enriched DIN source 
(10000%0), PON and DON achieved 6I5N values of 
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over 5000 and 1000%o, respectively. Thus, DIN clearly 
entered the organic N pool in the dark (when no auto- 
trophy occurred). Further, the heavier PON pool as 
compared to DON pool suggests that the flow of DIN 
was first into particulate material and then into the 
DON pool. 

If we assume that the isotope shift in both experi- 
ments was due solely to MAD, we can calculate the 
importance of MAD as 

IS %MAD(t) 100 ('5NoNl,r - NoN,r , ) / ( 'W~~NI l l ,  - 15N-DIN) 

(Wada et  al. 1993) 

where %MAD(t) is the amount of N in the material at 
time t that onginated from MAD, NoNlr l  and '5NoN(,lare 
the I5N values of the organic material at  time t and ini- 
tially, and 15N-DIN is the 15N of the DIN pool that is 
immobilized. "N-DIN of 15 and 10 OOO!Yx, were used for 
the in situ and microcosm results, respectively. 

For the microcosn~ experiment this approach leads to 
the conclusion that after 7 d the %MAD in the PON 
material was nearly 30% and after 1 mo was nearly 
50%.  The DON in the same experiment increased to 
over 10% MAD. Similarly, in the in situ experiments 
the PON pool increased steadily to near 50% MAD 
after 1 mo (Fig. 7) and was nearly 70% by the end of 
the experiment. Conversely, the N that was initially in 
the leaf declined exponentially during the experiment 

Fig 7 Results derived from the in situ incubation in Fig. 1 
(a)  N content as divided into that originating from MAD and 
that from the oak leaves Initially added to litter bags. Solid 
line is MAD derived N. Exponentially declining stippled line 
is original N and dashed line with boxes is total N. (b) Mea- 
sured C:N of leaf material (0) and that modeled from the orig- 
inal N of the material (W) .  The modeled C:N represents what 
the C .N of the leaf material would be if MAD had not 

occurred 

and showed similar but slightly faster rates of decrease 
than did the C in the leaf. Thus, without MAD the C:N 
ratio of leaf material evidently would have actually in- 
creased during the experiment from 70 to 90 rather 
than decreasing to near 25 (Fig. 7). It appears, there- 
fore, that MAD in the Hudson occurs and may be cnti- 
cal in enriching N in decomposing material as preser- 
vation of initial N as compared to C does not occur. 

In addition to enliching decomposing material in N, 
MAD, just as AAD, creates new organic N (Fig. 1).  In 
the Hudson an ecosystem level budget suggests that 
MAD may, in fact, produce more organic N than does 
phytoplankton production. While these ecosystem 
budgets have large errors associated with them, the 
15N budgets also suggest a relatively large MAD. 
Finally, the pattern of increasingly elevated ISN of ses- 
ton going from up  river (km 200) to down river (km 50) 
locations is consistent with MAD progressively enrich- 
ing terrestrial inputs as they move downstream (Fig. 5). 

Comparison to MAD in other systems 

In terms of MAD'S importance to ecosystem organic 
N inputs, we know of no studies to which we can com- 
pare our budgetary findings from the Hudson (Fig. 6) .  
In terms of enrichment of organic material in N, there 
are actually surprisingly few studies with which we 
can compare our results. This is because, in these 
terms, MAD has generally been inferred in aquatic 
and terrestrial systems from increases in bulk N during 
decomposition of plant material in litter bags ( e .g .  
Meyer & Johnson 1983, White & Howes 1994, Coleman 
& Crossley 1996). The use of bulk N only, rather than 
bulk N and 15N content, can, however, cause severe 
underestimates of MAD (White & Howes 1994). 

Compared to the few isotope based studies of MAD 
from forests and marsh lands (White & Howes 1994, 
Coleman & Crossley 1996), it appears that MAD in the 
Hudson is quite high. For example, it took nearly 1 yr 
for MAD to account for 50% of the N in decomposing 
Spartina alterniflora litter in a marsh system (White & 

Howes 1994); in the Hudson, by l mo 50 % of the litter 
N originated from MAD. This higher MAD is associ- 
ated with an overall high decomposition rate (in terms 
of total weight loss) in the Hudson (Fig. 1). The h ~ g h e r  
overall decomposition rates in the Hudson could be the 
result of high rates of MAD. Other researchers in 
diverse environments have shown more rapid decom- 
position rates of plant detritus in the presence of h ~ g h  
levels of exogenous DIN (Carpenter & Adams 1979, 
Meyer & Johnson 1983). Other factors such as higher 
water availability (compared to terrestrial systems) or 
high grazing rates may also contribute to the rapid 
decomposition rates in the Hudson. In any case, our 
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Fig. 8. C:N of DOM in rivers versus NO, concentration in 
those same rivers. Data are Canadian nvers of the Atlantic 
Provinces (U; Clair et al. 1994) and large world rivers (a; 
Meybeck 1982, Esser & Kohlmaier 1991). The large rivers are 
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results show that MAD in river systems can be high 
and is perhaps higher than in many other systems 
where Lhib process is liiore routinely measured aild 
thought to be of significance. 

The high rate of MAD in the Hudson is possibly due 
to the high DIN levels, and MAD may be lower in other 
aquatic systems with lower DIN. Intriguing evidence 
that this may be an  important control comes from a 
comparison of D0C:DON ratios in rivers with differing 
NO3 sources (Fig. 8). This comparison shows that this 
ratio varies dramatically across different river systems 
from near 80 to less than 20. Further, 75 % of the varia- 
tion in this ratio is explained by the NO3 concentration 
in the river water. As MAD can enrich the DOM pool in 
N, it is possible that differing amounts of MAD in these 
rivers are the mechanism behind this pattern. 

Danube 

I I I 

Implications of MAD 

High MAD could have an impact on the DIN pool 
within aquatic systems. For the Hudson, however, this 
impact is likely to be small. The standing stock of DIN 
in the Hudson is approximately 5 g N m-' and this DIN 
pool is renewed from outside inputs about 10 times per 
year (Caraco et al. 1997). Thus, a MAD of 13 g N m-' 
yr-' is possible without a severe depletion of DIN 
within the system. Obviously, this same N demand 
would be far more significant to the depletion of DIN in 
a system with lower N supply and ultimately MAD in 
these systems could be limited by lack of DIN supply or 
would have to be fueled by fixation of NZ (White & 
Howes 1994, Currin et al. 1995). If MAD does indeed 
become limited by external DIN in low DIN systems it 
would have implications for patterns of food quality. 

Aquatic scientists tend to think of nutrient content of 
organic material and food quality as being primarily 
controlled by its origin (e.g. terrestrial material vs 
algae). Microbial processing can dramatically alter 
food quality of organics and, if this process is depen- 
dent on dissolved nutrient content, the quality of the 
same oak leaf that entered a system with high DIN 
(and perhaps DIP; Howarth & Fisher 1976) could after 
1 mo have far greater food quality than one that 
entered a low nutrient system. Interestingly, this nutri- 
ent dependent microbial processing could provide an 
alternative explanation for the previously observed 
relationship between inorganic nutrient concentra- 
tions and secondary production in aquatic systems 
(Hanson & Leggett 1982, Peters 1986, Currie 1991). As 
primary production is related to nutrient inputs or con- 
centrations (Peters 1986), it is generally considered 
that the correlations between nutrient concentration 
and secondary production are driven by primary pro- 
duction increases at higher nutrient concentration 
(Cole et al. 1988, but see Currie 1991 for argument on 
bacteria). It is possible, however, that microbial assim- 
ilation of CIN and/or DIP could ir, part be driving. the 
relationships between nutrients and microbes, nutn- 
ents and invertebrates, and nutrients and fish. 

In addition to demonstrating that MAD can alter total 
N content of decompos~ng allochthonous material, our 
results also show that S15N content can be altered. Dur- 
ing decomposition within the Hudson, 615N of leaf 
material increased by about 13%0. The instability of 
615N content has potentially large impacts on interpre- 
tation of isotope results in food web studies. MAD has 
generally not been considered in interpretation of iso- 
tope results (e.g. Hamilton et al. 1982, Deegan et al. 
1990, Sullivan & Moncreiff 1990, Fry 1991, Wada et al. 
1993). There are only a few studies that show that 15N 
signals can be altered during digenesis in nature (Zie- 
man et al. 1984, Thornton & McManus 1994, Kikuchi & 
Wada 1996). Further, the only food web study we know 
of that has explicitly investigated the impact of micro- 
bial processing on interpretation of isotope food web 
studies is that of Currin et al. (1995). Interestingly, this 
study on isotope changes in Spartina alterniflora 
showed the opposite impact of microbial processing on 
15N content that we found. That is, during digenesis 
standing dead S. alterniflora decreased in 15N content. 
This is partly due to the fact that the original 'W signal 
in live S. alterniflora was quite high as compared to 
that of the oak leaves we used (S'jN ca +4 and -4%,, 
respectively), but is also due to a different source of N 
for MAD. That is, the origin of the N in our study was 
probably dissolved NO3 and NH, in the river with a 
heavy 15N signal, the origin in the study of Currin et al. 
(1995) was thought to be atmospheric NZ fixed with a 
Si5N signal of OYw. This difference suggests that the 
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Fig 9 Diagrams of material transfers based on 'v and "N content of producers and consumers in the Hudson River. We show 
here 2 scenarios for interpretation of stable isotope results. (a) The trad~tional analysls which assumes no microbial assimilation 
of DIN (MAD). This scenario would suggest that allochthonous matenal is unimportant to consumers and the organic N and C 
demand is met almost entirely from a mixture of phytoplankton and emergent and submerged macrophyte material. (b) Inter- 
pretation with MAD. This interpretation suggests that allochthonous organic C is important to consumers and most of the N 
comes from MAD within the system. Under this interpretation autochthonous production could have little contribution. Both sce- 
narios can explain relatively well the "C and I5N content of seston and most consumers in the Hudson. Labeled components of 
the system are:  A, terrestrial material; B, sewage; C,  phytoplankton; D, submerged macrophytes, E,  emergent macrophytes; F, 
seston; G, zooplankton; H, larval fish; I, benthic invertebrates; and J, adult and juvenile fish. Sewage values (B) are  averages for 

the NE USA as reported in Van Dover e t  al. (1992) 

impact of MAD on the ISN signal can be  very complex, 
varying not only in magnitude but also direction in dif- 
ferent aquatic systems. 

Whether MAD results in increases or decreases in 
I5N content of decomposing litter, the failure to recog- 
nize it can result in erroneous interpretations of isotope 
data. In their marsh study, Currin et al. (1995) found 
that the importance of Spartina alterniflora as a food 
source was underestimated if microbially induced 
changes in isotope content were not considered. In the 
case of the Hudson, ignoring MAD we would con- 
clude, based on the high '% content of consumers 
(Fig. 4 ) ,  that allochthonous terrestrial material was not 
important to the food web. Rather, a combination of 
phytoplankton and macrophytes would appear to be of 
dominant importance (C or N; Fig. 9a). When we con- 
sider the possibility of significant MAD, however, the 
data suggest that allochthonous material could be the 
most important C source for consumers, MAD the most 
important source of N, and phytoplankton and macro- 
phytes could be relatively unimportant (Fig. 9b). 

Microbial shifts in ''N content could also affect inter- 
pretations in isotope studies that use N to look at 

trophic position (even where there is only 1 initial 
organic source; Fry & Quinones 1994, Vander Zanden 
et al. 1996). The impact, however, could be  complex. 
For example, if an  invertebrate consumer ate micro- 
bially processed rather than live Spartina alterniflora, 
the work of Currin e t  al. (1995) suggests that it could be 
interpreted as feeding at  a lower trophic level. In the 
Hudson, however, if an invertebrate ate microbially 
processed allochthonous material instead of fresh 
leaves it could be  interpreted as being at  u p  to 4 
trophic levels higher in the food chain. Clearly, more 
work is needed in different systems to understand the 
actual impact of MAD. 

In conclusion, several lines of evidence suggest that 
MAD is an important pathway of organic N production 
in the Hudson. MAD could be high In rivers and oligo- 
haline sections of estuaries in general due  to the high 
DIN in these systems. When MAD occurs it can both 
increase the N content of allochthonous material and 
alter the 15N signal of this material. !\?AD may, there- 
fore, not only give fish and  invertebrates a 'reason' to 
consume more allochthonous organic matter but could 
also make detection of this consumption more difficult. 
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