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ABSTRACT- The photochemical conversion of the nitrogen fraction of dissolved humic substances into 
more biologically available compounds was studied in 2 estuarine sites in the southeastern U.S. Marine 
humic substances were isolated using an XAD-8 resin and used in bacterial bioassays and chemical 
studies. The bioassays demonstrated that humic substances irradiated with natural sunlight supported 
enhanced bacterial growth, measured as cell accumulation and protein production, due to increased 
availability of both the carbon and nitrogen components. Chemical analyses demonstrated the photo- 
production of ammonium and dissolved primary amines from the coastal hurnic substances. The total 
biologically available nitrogen [ammonium, &ssolved primary amines, and other unidentified com- 
pounds) formed during a day-long irradiation at natural solar radiat~on levels accounted for about 6% 
of the original nitrogen associated with the humic substances. Photochemical modification of marine 
humic substances may provide a source of labile nitrogen to estuanne and coastal ecosystems that has 
not previously been considered. 
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INTRODUCTION 

Humic substances are an important component of 
dissolved organic matter (DOM) in estuaries and 
nearshore marine waters, where they can account for 
up to one-quarter of the total DOM (Thurman 1985). 
Coastal humic substances are a mixture of compounds 
derived from both marine sources (formed in situ by 
biological and chemical processes; Bronk et al. 1998) 
and terrestrial sources (derived from coastal marsh and 
riverine exports; Moran et al. 1991). Humic substances 
are known to have extremely long average residence 
times in the marine environment (Bauer et al. 1992), 
although recent studies indicate that at least a portion 
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of marine humic substances can cycle on relatively 
short (days to weeks) time scales (Carlsson & Graneli 
1993, Moran & Hodson 1994). Current evidence sug- 
gests that terrestrially derived humic substances do not 
accumulate significantly in the ocean (Meyers-Shulte 
& Hedges 1986), despite the fact that these compounds 
are considered to be among the most biologically 
refractory components of DOM. 

The mechanisms by which dissolved humic sub- 
stances are removed from the DOM pool in planktonic 
marine systems are known to include both biological 
and photochemical processes. Marine bacterioplank- 
ton decompose components of humic substances and 
route a portion of the carbon to higher trophic levels 
(Moran & Hodson 1990, 1994, Carlsson et  al. 1995). 
Photochemical processes also break down dissolved 
humic substances in seawater, resulting in the forma- 
tion of carbon gases and low molecular weight organic 
compounds that can be readily utilized by bacterio- 
plankton (Moran & Zepp 1997). 
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Most previous studies investigating the fate of dis- 
solved humic substances in marine environments have 
focused only on the carbon component. More recently, 
the nitrogen component of humic substances has been 
found to be degraded in coastal waters, with both 
biological (Carlsson & Graneli 1993, Carlsson et al. 
1993, Seitzinger & Sanders 1997) and photochemical 
(Bushaw et al. 1996) mechanisms implicated. Photo- 
chemical degradation of humic substances has been 
found to result in the release of amino acids (Amador et 
al. 1989, Jsrgensen et al. 1998), the formation of free 
ammonium (Bushaw et al. 1996, Gardner et al. 1998), 
and the release of combined amino acids and possibly 
urea (Jsrgensen et al. 1998). 

Here we report studies of the formation of labile 
nitrogen photoproducts from humic substances col- 
lected from 2 coastal sites in the southeastern U.S. As is 
typical of many coastal systems (Seitzinger & Sanders 
1997), 50 to 80% of the nitrogen exported to the south- 
eastern U.S. is in the form of dissolved organic nitro- 
gen (DON) (Alberts & Filip 1994), of which a significant 
fraction is humic substances. Previous studies have 
shown that up to 75% of the nearshore humic sub- 
stances in this region are of terrestrial origin (Moran & 
Hodson 1994). 

METHODS 

Surface water was collected from the Skidaway 
River Estuary at the dock of the Skidaway Institute of 
Oceanography (32"N, 81°W) in August 1995 (25%0 
salinity) and February 1996 (19%0) and from the Satilla 
River Estuary (31" N, 81.5" W) in October 1996 (l  l %o). 

Within 24 h of collection, the water was sequentially 
filtered through 0.6 pm pore-size glass fiber and 
0.2 pm pore-size polycarbonate filters to remove par- 
ticulates, and was acidified to pH 2. Humic substances 
were isolated by passing the acidified sample through 
an Amberlite XAD-8 resin, and then eluting the 
organic matter retained on the resin with 0.1 N NaOH 
(Leenheer 1981, Aiken 1985). The concentrated humic 
substances samples were stored at 4°C. 

Biological studies. The concentrated humic sub- 
stances from the August and February Skidaway River 
samples were reconstituted in an artificial seawater 
medium (Harrison et al. 1980). In order to ensure low 
background nitrogen and phosphorus concentrations, 
each chemical used in the artificial seawater was 
baked at either 100 or 500°C before dissolving at 2.5 
times ( 2 . 5 ~ )  final concentration in deionized water that 
had been cartridge-filtered to remove organic contam- 
inants (Solution 2000 Water Purification System, Solu- 
tion Consultants, Inc.). The 2 . 5 ~  stock solution was 
boiled for 3 h and then brought to l x  (25%0 salinity) 

with additional deionized water. Humic substances 
were added to the artificial seawater matrix at approx- 
imately 2 . 8 ~  the ambient concentration at the time of 
water collection. For the irradiated treatments, one half 
of each sample was placed in a 2 l round-bottom quartz 
flask and exposed to full sunlight from 09:OO to 16:OO h 
(7 h) on January 25, 1996 (for the August humic sub- 
stances) or April 3, 1996 (for the February humic sub- 
stances). For the dark treatments, the other half of each 
sample was treated identically except the flask was 
wrapped in aluminum foil. All flasks were placed in an 
ice water bath so that temperatures inside the flasks 
never exceeded 10°C, and flasks were swirled periodi- 
cally during the irradiation. Exposure to UV light in the 
286 to 363 nm range during the 7 h incubation was 
9.4 W m for the August sample (Brewer Mark IV 
spectroradiometer, 0.5 nm resolution); UV data were 
not available for the February sample. 

Following irradiation, replicate 250 m1 flasks were 
filled with 150 m1 of the reconstituted humic substances 
and assigned to 1 of 4 nutrient amendments (3 flasks 
treatment-'): no amendment (Control), an amendment 
of 16 PM N as NH4N03 (N), an amendment of 1 p M  P as 
PO, (P), or amendments of both N and P (N + P). A bac- 
terial inoculum was made by concentrating the natural 
bacterioplankton community from whole water ob- 
tained at the same site as the original sample. The 
water was pre-filtered through a 1.0 pm pore-size 
membrane filter and bacteria were then concentrated 
over a 0.2 pm pore-size filter. The bacterial concentrate 
was added to the flasks, giving initial cell densities of 
3.2 X 104 (August humic substances) and 2.2 X 104 (Feb- 
ruary humic substances) cells ml-' (n = 24). The flasks 
were sealed with foil tops and incubated in the dark 
for 96 h (August humic substances) or 120 h (February 
humic substances) at 100 rpm. 

Bacterial growth at the expense of the humic sub- 
stances was measured as net increases in bacterial 
numbers and from instantaneous rates of incorporation 
of 3H-leucine into bacterial protein at 0, 24, 48, 96, and 
120 h after inoculation. For bacterial number measure- 
ments, 10 m1 subsamples were removed from each 
flask at each time point, presewed with 0.6 m1 borate- 
buffered formalin, and counted via epifluorescence 
microscopy after staining with 0.01 % Acridine Orange 
(Hobbie et al. 1977). Bacteria were counted in 10 fields 
slide-', with approximately 30 bacteria field-'. Carbon 
utilization was calculated assuming a 30 % carbon con- 
version efficiency (Moran & Hodson 1990) and 33 fg C 
bacterial cell-' (Tuomi et al. 1995). For bacterial pro- 
duction measurements, samples were incubated with 
3H-leucine (20 nM final concentration, 158 mCi 
mm01 ') following the method of Smith & Azam (1992). 

Chemical studies. The August and February Skid- 
away River humic substances samples used in the bio- 
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logical studies were also used for chemical studies of 
photoproduct formation, along with another humic 
substances sample from the Satilla River Estuary 
reconstituted at approximately 2 . 8 ~  ambient concen- 
tration. In addition, the February Skidaway River 
humic substances were reconstituted at a higher con- 
centration (28x ambient) to allow analytical detection 
of nitrogenous photoproducts that might be produced 
at low rates. Irradiation protocol for the two 2 . 8 ~  Skid- 
away River samples was described above. For the 
Satilla River Estuary sample and the 28x February Ski- 
daway River sample, humic substance solutions were 
filtered to ensure sterility (0.2 pm pore-size filter), 
placed in 25 m1 quartz tubes with silicone stoppers, 
wrapped in foil (dark treatment) or left unwrapped 
(irradiated treatment), and incubated in ice water 
baths in full sunlight for 7 h on October 11, 1996 (28x 
February Skidaway River) or November 11, 1996 ( 2 . 8 ~  
Satilla River Estuary). UV irradiation (286 to 363 nm) 
was 6.8 W m-' for the February Skidaway River sample 
and 4.1 W m-' for the Satilla sample. 

Analyses. Subsamples for analyses of dissolved 
organic carbon (DOC), absorbance, and inorganic and 
organic nitrogen species were removed from all treat- 
ments before and after irradiation. DOC concentra- 
tions were determined by high temperature catalytic 
oxidation using a Shimadzu TOC-5000 carbon ana- 
lyzer. Initial DOC concentrations in the samples 
ranged from 232 FM ( 2 . 8 ~  Skidaway River, February) 
to 2400 ph4 ( 2 . 8 ~  Satilla River Estuary) (Table 1) .  Light 
absorbance by the humic substances concentrates was 
measured in quartz cuvettes at 350 nm, a wavelength 
at which absorption is dominated by humic substances 
(Zepp & Schlotzhauer 1981). Absorbance coefficients 

(a:,,o) were calculated according to the formula of 
Miller & Zepp (1995) and used to normalize photo- 
product formation for differences in light screening 
and absorptivity among samples (Table 1) .  

Subsamples for nitrogen analyses were stored in 
acid-washed HDPE bottles at -20°C until analys~s .  
Concentrated HC1 (6 N) was used to lower the pH of 
samples for primary amine analysis to pH 2. Ammo- 
nium concentrations were measured using the Koroleff 
method (Grasshoff et  al. 1983). Bulk primary arnine 
concentrations (which includes amino acids, peptides, 
and polypeptides) were measured using the o-pthal- 
dialdehyde (OPA) technique with a Turner Designs 
TD700 fluorometer (Parsons et al. 1992). Fluorescence 
of each sample (342 nm excitation, 452 nm emission) 
was measured before and after the addition of the OPA 
reagent and bulk primary amine concentrations were 
calculated using corrections for natural fluorescence of 
the water and ammonium fluorescence. 

DON was determined by subtracting the inorganic 
nitrogen species from the concentration of total dis- 
solved nitrogen (TDN). Samples from the Skidaway 
River were measured using the UV oxidation method 
(Armstrong & Tibbitts 1968), while the sample from the 
Satilla River Estuary was measured using the persul- 
fate oxidation method (Parsons et al. 1992). For the Ski- 
daway River samples, a 20 m1 volume was pipetted into 
a quartz tube with 200 p1 of 30% H 2 0 z ,  sealed in the 
tube, and exposed to a UV lamp for 18 h. For the Satilla 
River Estuary sample, a 40 m1 volume of sample was 
placed into a 125 m1 Teflon bottle with 6.0 m1 of oxidiz- 
ing reagent (6.0 g of K2S2O8 in 100 m1 of 1 .5  M NaOH) 
and autoclaved for 30 min and then acidified and 
buffered (Parsons et al. 1992). After the oxidation pro- 

Table 1 Formation of labile N photoproducts and elemental composition of coastal humic substances. Standard errors are  in 
parentheses. nd: not detected 

Photoproduct/sample Sample Production Normalized [DOC] [DON] C.N Percent 
date rate production rate" (pM C )  (PM N) ratio of DON 

(nM h-') (nM m h-') convertedb 

Ammonium 
2 8 x  Skidaway River Aug nd nd 
2 8 x  Skidaway R ~ v e r  Feb 7 (4.9) 1.9 
28x Skidaway River Feb 60 (3) 1.5 
2 8 x  Satilla River Estuary Oct 58 (3) 1 . O  

Primary amines 
2 . 8 ~  Skidaway River Aug nd nd 
2 8 x  Skidaway River Feb nd nd 
28x Skidaway River Feb 41 (7.1) l .O 
2 . 8 ~  Satilla River Estuary Oct 9 (8.5) 0.14 

'Correcting for light screening and absorptlv~ty (see text) 
bCalculated from 7 h photoproduction rates 



Aquat Microb Ecol 18: 285-292, 1999 

cedure, TDN was measured as nitrate using the nitrate 
reduction colorlmetric techni.que (Parsons et al. 1992). 
Nitrate and nitrite concentrations were measured on a 
Bran Lubbe autoanalyzer using the nitrate reduction 
technique. 

RESULTS 

Biological studies 

The intent of carrying out the bacterial bioassays in a 
low-nutrient artificial seawater matrix was to decrease 
background levels of inorganic nitrogen and allow bio- 
logical detection of nitrogen-rich photoproducts. For 
studies with the August Skidaway River humic sub- 
stances, the average initial background concentration 
of ammonium in the flasks (with added humic sub- 
stances but without added nitrogen) was high (1.6 pM 

February 

4 Control-imad -0- Control-irrad 

Time (h) 

Fig. 1. Bacterial cell numbers in bioassays of hurnic sub- 
stances isolated from the Skidaway River in August 1995 and 
February 1996. Irradiated treatments were exposed to 7 h of 
natural sunlight in a quartz vessel; dark trea.tments were foil- 
wrapped during exposure. N = amended with I6  rnM N as 
NH,N03; P = amended with 1 mM P as PO,; N + P = amended 

with both N and P. (n = 3, * 1 SD) 

0.21 SD, n = 7), presumably due to unsuccessful 
removal of ammonium associated with the ingredients 
used in the artificial seawater matrix. However, in 
studies with the February Skidaway River humic sub- 
stances, we successfully decreased the initial concen- 
trations of ammonium in the artificial seawater to 
0.08 PM; when humic substances were added, initial 
ammonium concentrations were 0.40 pM (SD & 0.04, 
n = 4 ) .  

During the course of the bioassays, bacterial cell 
numbers increased 2-fold or greater over initial levels 
in all treatments with humic substances collected from 
the Skidaway River in both August and February. For 
the August humic substances, irradiation of the control 
treatment (no added nutrients) had no effect on bacte- 
rial growth (Fig. l a ) .  Likewise, in  treal~~ierils wi th  dddi- 
tions of inorganic nutrients (N, P, N + P), bacterial 
cell accumulation was not significantly different in 
irradiated treatments compared to dark treatments 
(Fig. lb-d). For the February humic substances, both 
treatments with P amendments (P, N + P) showed sig- 
nificant enhancement of bacterial cell accumulation in 
irradiated humic substance treatments relative to dark 
controls (Mann-Whitney test, p < 0.05); bacterial cell 
accumulation was enhanced 41 % (P) and 27 % (N + P) 
in the irradiated treatments. The lack of an irradiation 
effect on bacterial cell accumulation for the August 
humic substances suggests that these humic sub- 
stances contained little or no photolabile components. 
In contrast, February humic substances contained 
components that released biologically available prod- 
ucts during exposure to natural sunlight. Enhanced 
cell accumulation was evident in the February study 
only when the low-nutrient seawater matrix was sup- 
plemented with inorganic P (Fig. lg,h).  An exogenous 
source of inorganic N was not required, however 
(Fig. lg) ,  indicating nitrogen sufficiency in the irradi- 
ated treatments. 

Bacterial utilization of humic substances carbon dur- 
ing the course of the irradj.ations was calculated from 
cell accumulation data based on net increases in bac- 
terial cell carbon between the initial and final time 
points (assuming a 30% carbon conversion efficiency). 
For the August humic substances, carbon utilization 
under nutrient sufficient conditions accounted for 
0.4 % of the original humic carbon for the dark and 
0.3% for the irradiated treatments. For the February 
humic substances, utilization accounted for 0.9% of 
original humic carbon for the dark and 1 .2% for the 
irradiated treatments. 

Instantaneous rates of bacterial protein production 
were integrated over the course of the bioassays by 
assuming h e a r  changes in rates between time points. 
For the August humic substances, irradiation did not 
stimulate bacterial production over rates measured in 
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Control N P N+P 

Fig. 2. Bacterial production in a bioassay of humic substances 
isolated from the Skldaway River in February 1996, expressed 
as pm01 of 3H-leucine incorporated into bacterial protein. 
Instantaneous production rates were ~nteqra ted over 120 h ,  
with nutrient amendments as desclibed in Fig. 1 (n = 3, 

i l  SD) 

dark controls. In fact, production was significantly 
higher in 2 of the dark treatments relative to the irradi- 
ated treatments (P, N + P; Mann-Whitney test, p < 
0.05). For the February humic substances, bacterial 
production was significantly higher in all the irradiated 
treatments relative to dark treatments (Fig. 2; Mann- 
Whitney test, p < 0.05). Enhanced production was 
greatest in treatments with added P, amounting to a 
30 % (P)  and 36 % ( N  + P) increase in integrated pro- 
duction over dark controls. 

Chemical studies 

Formation of ammonium and dissolved primary 
amines from photochemical processes was calculated 
by subtracting concentrations measured in dark con- 
trols from those in irradiated samples. For the August 
Skidaway River humic substances, there were no net 
increases in ammonium or dissolved prlinary anlines 
following irradiation. This is consistent with bioassay 
results, indicating little or no photolabile humic sub- 
stances in this sample. However, for the February Ski- 
daway River and Satilla River Estuary humic sub- 
stances, net increases in ammonium were observed 
(Table 1 ) .  Increases in dissolved primary amines were 
detectable in the more concentrated February Skid- 
away River sample (28x) and in the Satilla River Estu- 
ary sample, but not in the less concentrated February 
Skidaway h v e r  sample. 

Photoproduction rates for ammonium and dissolved 
pnmary amines were normalized to account for differ- 
ences among samples with regard to light screening 
during irradiation and absorbance properties of the 
DOM. Inconsistencies in light screening (i.e. in the 
average light exposure during irradiation) arose from 

differences in DOC concentration and color among the 
humic substance samples. To correct for the effect of 
light screening on estimates of photoproduction of 
ammonium and dissolved pnmary amines, w e  calcu- 
lated the light screening factor using the derivations of 
Zepp (1982) as follows: (1 - e-a"O 'P"h I '  n i t '  )/(a3so X path 
length), where path length is the average distance 
light traveled through the solutions during irradiation 
in the 2 l quartz flasks (approximately 0.07 m) .  Calcu- 
lations indicated that rates of formation measured for 
the February Skidaway River humic substances at  2 . 8 ~  
concentration were 87 % of those expected with expo- 
sure to full sunlight conditions (i.e. with no self-shad- 
ing within the flask); for the February Skidaway River 
humic substances at 28x, rates were 24% of those 
expected under full sunlight conditions, and for the 
Satilla River humic substances at  2.8x, rates were 17 % 
of full sunlight. Rates were adjusted accordingly and 
then normalized for differences in absorptivity (at 
350 nin; a350) among the hunlic substance samples 
by dividing light-screening-corrected rates by a350 
(Table 1). Values for a3,, were 4.19 m-' (February 
Skidaway River 2.8x), 57.9 m-' (February Skidaway 
River 28x), and 86.0 m-' (Satilla River 2 . 8 ~ ) .  

Although non-normalized rates of ammonium photo- 
production varied by as much as 10-fold among sam- 
ples, rates normalized to light screening and absorb- 
ance properties were more similar (Table 1). Normal- 
ized rates of dissolved primary amine photoproduction 
were likewise more similar than non-normalized, but 
still varied .?-fold between the 2 san~ples  in which pri- 
mary amine photoproduction was detected. Based on 
DON concentrations in the humic substances, w e  cal- 
culate that 1 to 2 % of the humic-associated N was con- 
verted to ammonium plus dissolved primary amines 
during the 7 h irradiation (Table 1).  

DISCUSSION 

DON can be a dominant form of nitrogen in coastal 
ecosystems, often accounting for up to 50 % of the total 
N (Sharp 1983). But despite its quantitative impor- 
tance, the role of DON in the nitrogen cycle of coastal 
waters is still not well defined, due  at least in part to 
the chemical complexity of the DON pool. Some con- 
stituents, such as amino acids, polypeptides, amino 
sugars, and urea, are  readily assimilated by marine 
microorganisms (Hollibaugh & Azam 1983, Wheeler & 

Grchman 1986, Coffin 1989, Keil & Kirchman 1991, 
Kroer et  al. 1994), although they are  generally present 
in low concentrations. Other components, such as 
humic-associated N and other unidentified organic 
nitrogen con~plexes, a re  considered much less avail- 
able but in some cases can serve as an  important 
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able but in some cases can serve as an important 
source of nitrogen (Carlsson et al. 1993, Seitzinger & 
Sanders 1997). The conversion of humic-associated 
nitrogen to more labile forms via photochemical alter- 
ation would make this latter component of the DON 
pool even more accessible to marine microorganisms. 

The bacterial bioassays used in this study provided a 
mechanism to measure all biologically available nitro- 
gen photoproducts, including compounds that may not 
be captured by analytical measurements of a limited 
suite of compounds. Other possible nitrogen-rich 
photoproducts include nitrate, nitrite, and urea, as well 
as unidentified but photochemically modified nitrogen 
that remains physically associated with humic sub- 
stances (Carlsson & Graneli 1993). Total biologically 
avaiiable nitrogen in the February Skidaway River 
humic substance bioassay was estimated to be 0.57 pM 
N (+ 0.06) in the irradiated (P treatment), based on 
measurements of net bacterial biomass accumulation 
and assuming a C:N ratio of 411 (Tuomi et al. 1995). If 
bacterial growth in the dark treatments was N limited 
(bacterial growth data suggest both N and P limitation; 
Fig. lg), then total bacterial utilization of nitrogen 
without irradiation was 0.33 pM N (k 0.05). Thus irra- 
diation with natural sunlight resulted in the conversion 
of 0.24 pM N into biologically labile forms. Chemical 
analyses of this same sample indicated that photo- 
chemical production of ammonium p1.us dissolved pri- 
mary amines accounted for 0.08 p M  N, or approxi- 
mately one-third of the calculated increase in available 
nitrogen following irradiation of the DOM. The re- 
maining two-thirds may be other small identifiable 
compounds or complex but photochemically modified 
compounds, including humic substances (Miller & 
Moran 1997). Together, these biologically labile nitro- 
gen products (ammonium, dissolved primary amines, 
and not-yet-identified compounds) accounted for up to 
6 % of the total nitrogen in these humic substances. 

Primary amines released from humic substances by 
exposure to sunlight may be derived from amino acids 
that are chemically or physically associated with humic 
substances (Sharp 1983, Hubberten 1994, Hubberten 
et al. 1995). Glycine, aspartic acid, glutamic acid, ala- 
nine, and, senne have been found to be associated with 
marine humic substances and ultrafiltered marine 
DOM (Gagosian & Stuermer 1977, Malcolm 1990, 
Hubberten et al. 1995, McCarthy et al. 1996). Alterna- 
tively, proteinaceous material such as enzymes that are 
physically complexed to humic substances (Wetzel 
1991) may be a source of the dissolved primary amine 
photoproducts. The mechanism for the photochemical 
production of ammonium from humic substances is 
likewise not clearly understood (Bushaw et al. 1996). 

We found no evidence for the photochemical forma- 
tion of labile N in 1 of 3 humic substance samples 

(August Skidaway R~ver).  The high background 
ammonium concentrations in this sample would have 
limited our ability to measure nitrogen photoproducts 
in the bacterial bioassays, yet there was also no evi- 
dence of labile carbon photoproducts from these humic 
substances (Figs. 1 & 2). Chemical analyses of ammo- 
nium and dissolved primary amines likewise indicated 
a lack of photolability of the DOM in this sample 
(Table 1) .  Significant temporal variations in the pho- 
toreactivity of DOM have been reported previously for 
a number of ecosystems (Strome & Miller 1978, Stew- 
art & Wetzel 1980, Bushaw et al. 1996). In some of 
these cases, DOM has been found to be less photore- 
active in mid to late summer compared to earlier in the 
year, possibly reflecting the bleaching of photoreactive 
compounds throuyh lime or seasonal differences in 
sources of DOM. Exposure to natural sunlight has been 
found to actually decrease the biological availability of 
organic matter to bacteria in some cases (Keil & Kirch- 
man 1994, Tranvik & Kokalj 1998, Pausz & Herndl 
1999), although this has not yet been shown for humic 
substances. 

Our studies indicate a mechanism whereby the humic 
substances component of marine DON, generally con- 
sidered of limited biologically availability, can be con- 
verted to more available forms. Not all samples of humic 
substance-associated DON produced labile photoprod- 
ucts, however, and the kinetics of photoproduct forma- 
tion with increasing exposure to sunlight are not yet 
known, indicating the need for a better understandng of 
this process. On a regional scale, our results imply that 
DON may play a larger role in nitrogen cycling in coastal 
waters of the southeastern U.S. than previously consid- 
ered (Bishop et al. 1984, Hanson et al. 1990). We calcu- 
late that exports of terrestrially derived DON to this re- 
gion are approximately 49 X 103 t N annually (based on 
an estimated annual export of 1200 X lo3  t DOC and a 
C:N ratio of 24.5; Alberts & Filip 1994, Moran & Hodson 
1994), and about 20% of the exported DON is in the form 
of humic substance-associated nitrogen. Photoproduc- 
tion of biologically active nitrogen from humic sub- 
stances and other recalcitrant forms of organic matter 
may have important implications for primary and sec- 
ondary production in other coastal environments as well, 
particularly when nitrogen is the macronutrient most 
limiting to biological productivity. 
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