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ABSTRACT: We studied the photoproduction of biologically labile compounds from 2 chemically 
defined fractions of dissolved organic matter (DOM) and whole (unfractionated) DOM from an acidic 
freshwater wetland (Okefenokee Swamp, Georgia, USA). Water samples were collected in summer 
(July 1995) and winter (February 1996), and for the winter sample, DOM was separated into humic sub- 
stances and 'non-humic' compounds by fractionation on an XAD-8 resin. Following exposure in quartz 
flasks to either natural or s~rnulated sunlight, bacteria were found to utilize as much as 300% more 
organic matter in irradiated whole DOM and chemical fractions compared to non-irradiated counter- 
parts. Previous studies have shown that humic substances, which have strong absorption in the UV 
region of sunlight, are important sources of biologically labile photoproducts. We now demonstrate that 
compounds outside this operational definition are also sources for labile photoproducts, and that pro- 
duction rates on an absorbance-normalized basis can be equivalent for the humic and non-humic 
components of DOM. Hurnic substances were nonetheless calculated to be the primary source of bio- 
logically lablle photoproducts in these samples, based on the fact that they absorbed most (>85%) of 
the sunlight. Exposure of DOM fractions to sunlight for the equivalent of 7 h of noontime sun (at 34" N 
latitude) resulted in the bacterial utilization (over a subsequent 4 d period) of up to 6 %  of the humic 
substances pool (compared to 1.5 % for non-irradiated controls), and 11 % of the non-humic compounds 
(compared to 3 % for non-irradiated controls). 
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INTRODUCTION 

Studies of the biological turnover of dissolved organic 
matter (DOM) in aquatic environments are often ham- 
pered by the extreme heterogeneity of the compounds 
that make up this important carbon reservoir. One 
approach to dealing with DOM heterogeneity is to sub- 
divide it into 2 simple chemical fractions: compounds 
that fit the operational definition of humic substances 
and those that do not. The hunlic substances fraction is 
defined based on adherence to a hydrophobic (XAD-8) 
resin at  pH 2, and is primarily made up  of colored poly- 
electrolytic acids. Humic substances account for about 
50% of the DOM in most freshwater environments 
(Thurman 1985), with contributions reaching 80% in 
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some colored lakes and wetlands. The remainder of the 
DOM, those compounds that do not fit the operational 
definition of humic substances, we refer to here as 'non- 
humic' compounds. This fraction contains small, readily 
identifiable molecules (amino acids, sugars, carboxylic 
acids; Thurman 1985) as well as the hydrophilic acid 
fraction of DOM, a heterogeneous mixture of com- 
pounds that are smaller and more polar than humic 
substances (Aiken et  al. 1992). 

Previous studies have addressed the issue of the 
biodegradability of these DOM fractions. Hunlic sub- 
stances are generally recognized as biologically recal- 
citrant, and while it can be demonstrated that humic 
substances support measurable bacterial activity in hu- 
rnic-rich systems, generally less than a few percent of 
this pool is degraded by natural bacterial communities 
on time scales of weeks to months (Tranvik 1988, 
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Moran & Hodson 1990, Bano et al. 1997). By contrast, 
the non-humic fraction of DOM includes a number 
of compounds recognized as important bacterial sub- 
strates in aquatic environments, such as sugars and 
amino acids (Wright & Hobbie 1966, Azam & Hodson 
1977), although they are present in low concentrations. 
Less is known about the bioavailability of the hydro- 
philic acids which numerically dominate the non-hurnic 
fraction. Non-humic compounds as a group, however, 
can be expected to have a higher average biodegrad- 
ability than humic substances (Moran & Hodson 1990). 

Recently, there has been growing recognition of the 
role of photodegradation by natural sunlight as an 
important factor controlling biological degradation of 
DOM. Photodegradation has been found to change the 
size and chemical characteristics of DOM (Strome & 
Miller 1978, Amador et al. 1989, Backlund 1992, De 
Haan 1993, Allard et  al. 1994, Miller & Zepp 1995), and 
to release small, biologically labile compounds from 
the more refractory DOM molecules (Kieber et al. 
1989, 1990, Wetzel et al. 1995, Bushaw et al. 1996, 
Lindell et al. 1996, Moran & Zepp 1997). To this point, 
it is the humic substances fraction of DOM that has 
served as the focus of many studies of sunlight 
enhanced biological degradation of DOM, both be- 
cause of the dominance of humic compounds in many 
freshwater systems and because of their strong absorp- 
tion in the ultraviolet (UV) region of sunlight (Kirk 
1994). Photoreactions of humic substances have been 
found to yield a number of bacterial substrates, includ- 
ing low molecular weight carbonyl compounds (Kieber 
et  al. 1990, Wetzel et al. 1995), ammonium and other 
primary amines (Bushaw et al. 1996, Bushaw & Moran 
unpubl.), and modified hurnic substances (Miller & 
Moran 1997). The potential for compounds falling out- 
side the operational definition of humic substances to 
yield biologically labile compounds through natural 
photoreactions has not yet been specifically explored. 

In this paper we provide evidence for the photopro- 
duction of biologically labile compounds from DOM 
from the Okefenokee Swamp, an acidic freshwater 
wetland characterized by very high DOC concentra- 
tions (35 to 50 mg C I-'). We also demonstrate that non- 
humic compounds from this system can be equally 
photochemically reactive on a absorbance-normalized 
basis, and thus that compounds outside the operational 
definition of humic substances can serve as a source of 
photolabile compounds in surface waters. 

MATERIALS AND METHODS 

Sample collection. Water samples were collected on 
July 14, 1995 (Expt 1) and February 2, 1996 (Expt 2) at 
the Suwanee River sill in the Okefenokee Swamp, 

Georgia, USA. Part~culate material was removed from 
the water by sequential filtration through a precom- 
busted GF/F filter and 0.22 pm pore size polycarbonate 
(Nuclepore) membrane filter using large Plexiglas 
filter holders (293 mm diameter). To minimize contam- 
ination, membrane filters were flushed with approxi- 
mately 1 1 of Milli Q water and approximately 1 1 of 
sample water before filtrate collection. 

Chemical fractionation of DOM. For the February 
sample, DOM in a 5 1 volume of filtered-sterilized water 
was fractionated into humic substances and non-hurnic 
compounds (Aiken 1985, Moran & Hodson 1990). Water 
was acidified to pH 2 with 6 N HC1 and then passed 
through a 2.2 X 40 cm column of Arnberlite XAD-8 resin 
at  a rate of 50 m1 min-l. Aquatic humic substances 
adhered to the hydrophobic XAD-8 resin, while more 
polar molecules (referred to as 'non-humic' compounds) 
passed through the column and were collected. The hu- 
mic substances were eluted from the column in concen- 
trated form with 200 rnl of 0.1 N NaOH and desalted by 
pumping through a cation exchange resin (Bio Rad AG- 
MP 50), and then were reconstituted in sterilized deion- 
ized water to their original concentration at the time of 
sample collection. The pH of both fractions (humic sub- 
stances and non-hurnic compounds) was adjusted to the 
original value (pH 4) before use in bioassay experiments. 

Irradiation of DOM. Whole DOM and fractions were 
checked for bacterial contamination by Acridine 
Orange Direct Counting (AODC; Hobbie et al. 1977) 
both before and after irradiation. Bacterial cells were 
scarce or absent in all samples. Expt 1 samples (whole 
DOM only) were placed in 2 l round bottom quartz 
flasks and exposed to full natural sunlight for 6 h (10:OO 
to 16:OO h) in Athens, Georgia, on July 14, 1995. Water 
temperature inside the flasks was maintained at 22°C 
by a running water system. Expt 2 samples (whole 
DOM, humic substances, and non-humic compounds) 
were placed in 2 l round-bottom quartz flasks and 
exposed to artificial sunlight (DSET Heraeus solar 
simulator) for 7 h. The bottom of the flasks was 
immersed in ice during irradiation to maintain the 
temperature at approximately 20°C, and flasks were 
swirled manually every 30 min. The spectrum and 
intensities of artificial UV irradiance generated in the 
solar simulator were similar to those of natural sunlight 
and were equivalent to approximately 7 h of noontime 
sun at 34' latitude in January (approximately 86 mW 
cm-'; Miller & Zepp 1995). For both experiments, non- 
irradiated treatments consisted of foil-wrapped flasks. 

Bacterial bioassays. A natural bacterial inoculum 
was obtained by filtering 3 to 5 1 of water sequentially 
through a precombusted GF/F filter and a 0.6 pm pore 
size polycarbonate membrane filter to remove bac- 
terivores and particulate material. Bacteria were then 
concentrated by filtration onto 0.2 pm pore size poly- 
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carbonate filters and resuspended in 200 rnl of steril- 
ized deionized water. Bacterial recovery was 12 to 
16% of the original community. In all experiments, 
bacterial concentrates were prepared immediately 
prior to inoculation. The initial bacterial concentration 
averaged 0.1 + 0.03 X 106 ml-', approxin~ately 10% of 
the original concentration of bacteria in the san~ples .  

After inoculation, each DOM sample was subdivided 
and treatments were established as follows: no further 
manipulation (C treatment), amendment with inorganic 
nitrogen to a final concentration of 60 pM NH,NO, 
(N treatment), and amendment with both nitrogen and 
phosphorus to a final concentration of 60 pM NH,N03 
and 10 pM KH,PO, (N plus P treatment). In Expt 1, 
an  additional treatment was established for non- 
irradiated DOM by amendment with glucose alone 
(G treatment) to a final enrichment of 250 pM C (3 mg 
C I-'). In Expt 2, an  additional treatment was estab- 
lished for both irradiated and non-irradiated samples 
by amendment with inorganic phosphorus alone to a 
final concentration of 10 pM KH2P0, (P treatment). 
All treatments were run in duplicate in 250 m1 Pyrex 
flasks, which were covered with aluminum foil caps 
and incubated in the dark at  room temperature (21°C) 
with gentle stirring. Over the next 96 h,  subsamples 
were removed periodically from each flask to measure 
DOC concentration, bacterial production, bacterial 
abundance, and bacterial biovolume. 

DOC measurements. DOC concentrations were 
determined by high temperature catalytic oxidation 
using a TOC-5000 (Shimadzu) with a 4 point potassium 
biphthalate calibration curve. All measurements were 
carried out in triplicate. 

Bacterial carbon production. Bacterial production 
was estimated from rates of 3H-leucine incorporation 
into the protein fraction of bacterial biomass (Kirchman 
et  al. 1985, Smith & Azam 1993). Tiiplicate subsamples 
from each flask (1.5 ml) were placed in 2 m1 micro- 
centrifuge tubes and amended with 20 nM (final 
concentration) of 3H-leucine (specific activity: 173 Ci 
mmol-l). Preliminary studies investigating saturation 
kinetics of leucine uptake over a concentration range 
of 10 to 50 nM consistently indicated saturation at 
20 nM and above. An additional control tube received 
89 p1 of 100% trichloroacetic acid (TCA) prior to the 
addition of 3H-leucine. After a 1 h incubation in the 
dark at room temperature, 89 p1 of 100% TCA was 
added to the live samples. Contents of the tubes were 
centrifuged at 14 000 X g for 10 min. The supernatant 
was aspirated away and the pellet washed twice with 
5 % TCA and once with 80 % ethanol. Liquid scintilla- 
tion cocktail (1.5 ml; Packard Opti-fluor) was added to 
the tubes, which were placed inside 20 m1 glass scin- 
tillation vials and radioassayed in a Beckman LS 6500 
liquid scintillation counter. Bacterial protein produc- 

tion and bacterial carbon production were calculated 
according to Simon & Azam (1989) assuming 2-fold 
isotope dilution. 

Bacterial abundance and biovolume. Bacteria were 
enumerated in formalin-preserved samples by AODC 
using a n  Olympus BH-2 epifluorescence microscope. 
Volume measurements were made on a n  average of 
100 cells per filter using a n  image analysis system (Mi- 
crocomp Inc.) calibrated with 1.7 pm fluorescent latex 
beads (Polysciences Inc.). Average cell size was multi- 
plied by average cell number to calculate total bio- 
volume, and biovolume measurements were converted 
to biomass by assuming a conversion factor of 0.22 g C 
cm-3 (Bratbak & Dundas 1984). The difference in bac- 
terial biomass accumulation between irradiated and 
non-irradiated treatments was used as a measure of 
photoproduction of biologically labile organic matter. 

Absorptivity and  light screening corrections. Ab- 
sorbance of the samples was measured on a Beckman 
DU 70 spectrophotometer; samples were diluted 1 : l  
with distilled/deionized water prior to absorbance mea- 
surements when necessary. For Expt l ,  absorbance 
was measured prior to irradiation. For Expt 2, ab-  
sorbance was measured both prior to and after irradia- 
tion. Absorption coefficients at  350 nm (a350) were 
calculated as: = A350.2.303/b, where is the 
absorbance of the sample at 350 nm and b is the path 
length of the cuvette in meters (Miller 1998). Absorp- 
tivity values were used to normalize photoproduct for- 
mation rates to the amount of sunlight absorbed by the 
samples, as has been done previously for carbon gas 
photoproducts of DOM (Valentine & Zepp 1993, Mlller 
& Zepp 1995). We chose 350 nm as the wavelength for 
absorptivity normalization because available action 
spectra indicate that this wavelength is at or near 
the peak efficiency of DOM photoproduct formation 
(Moran & Zepp 1997). 

Differences in DOC concentration and color be- 
tween the humic and non-humic fractions resulted in 
different average light exposure for the 2 fractions 
during irradiation, with significantly more self-shading 
occurring in the humic substances flask. To correct for 
the effect of light screening on estimates of photopro- 
duction of utilizable organic matter, we calculated the 
light screening factor using the derivations of Zepp 
(1982) as follows: ( l  - e-=35o pa'h'rngth)/(aJ50.path length), 
where path length is the average distance light trav- 
eled through the solutions during irradiation in the 2 1 
quartz flasks (approximately 0.07 m) .  

RESULTS 

To examine the effects of exposure to sunlight on the 
availability of DOM to bacteria, we followed bacterial 
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growth (as instantaneous rates of bacterial carbon pro- 
duction and as biovolume accumulation) in batch cul- 
ture experiments established with irradiated and non- 
irradiated DOM fractions which had been amended 
with various combinations of inorganic nutrients. The 
percent change in bacterial parameters over that 
measured in the control was calculated according to 
the following formula: % change = (treatment - 
control) . 100/control. 

Expt l 

Bacterial production rates were similar for the C, N, 
and N plus P treatments for non-irradiated DOM 
(Fig, l a ) .  Addition of glucose resulted in increased bac- 
terial production relative to the other non-irradiated 
treatments, suggesting that carbon was the primary 
factor limiting bacterial growth in non-irradiated 
whole water. Following exposure to sunlight, the 
carbon component of the DOM was more accessible to 
bacteria (Fig. lb) .  Production integrated over the 
entire incubation period (96 h) was enhanced by 34 % 
(C treatment), 63 % (N treatment), and 74 % (N plus P 
treatment) relative to that in non-irradiated samples. 
Bacterial biovolume data likewise indicated a similar 
amount of bacterial growth in all non-irradiated 
samples regardless of nutrient treatment (Fig. lc) as 
well as enhanced growth following irradiation (Fig. Id).  

Non-Irradiated Irradiated 

Time (h) 

Fig. 1. Rates of (a, b) bacterial secondary production and (c, d) 
bacterial biomass accumulation in Expt 1. Whole DOM was 
amended with N (0), N plus P ( A )  or glucose (m) ,  or was not 

amended (U). n = 2, *l SD 

Non-Irradiated Irradiated 
Whole DOM 

Non-humic Compounds m 

Time (h) 

Fig. 2. Rates of bacterial secondary production in Expt 2. 
Whole DOM, humic substances, or non-humic compounds 
were amended with N (0), P (0), N plus P ( A ) ,  or were not 

amended (U), n = 2, *l SD 

In the irradiated treatments, maximum biovolume ac- 
cumulation was enhanced 30% (C treatment), 94% 
(N treatment) and 104 % (N plus P treatment) over the 
non-irradiated controls. 

Expt 2 

Bacterial production rates in all non-irradiated whole 
DOM treatments (C, N, P, N plus P) were similar 
(Fig. 2a), again suggesting carbon quality limitation 
rather than nutrient limitation to bacterial growth. 
However, exposure of whole DOM to sunlight made 
the carbon component more accessible to bacteria, and 
resulted in phosphorus, rather than carbon, limitation 
(Fig. 2b). Integrated production (over 96 h) was en- 
hanced an average of 65 % in the 2 treatments without 
added P (treatments C and N) and 118 % in treatments 
with added P (treatments P and N plus P) for irradiated 
whole water relative to non-irradiated counterparts. 
Similar results were observed for bacterial biovolume 
measurements (not shown), with exposure to sunlight 
increasing biovolume an average of 52 % in the 2 treat- 
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ments without added P and 172% in the 2 treatments 150 

with added P relative to non-irradiated treatments. 
Statistical analyses of treatments grouped according to 
P status indicated significantly higher bacterial pro- 
duction (p = 0.021) and biovolume (p = 0.021) in the 2 

L 7 90 

treatments with P additions relative to those without 
(Mann Whitney U-test). U a, 

- The humic substances fraction of the February -! .- 60 
c. 

sample likewise exhibited significant photochemical 3 

reactivity. Bacterial production on humic substances 30 

was consistently higher in irradiated compared to g 
non-irradiated treatments (Fig. 2c, d). Integrated pro- 0 
duction (over 96 h) was enhanced 332% (average of Whole 

all treatments) in irradiated humic substances rela- 
tive to non-irradiated counterparts. Similar results 
were observed for bacterial biovolume data, with 
197 % greater biovolume accumulating in treatments 
without added P and 287% greater biovolume accu- 
mulating in treatments with added P relative to non- 
irradiated (not shown). Differences between treat- 
ments with and without added P were significant for 
the irradiated samples based on biovolume data (p = 
0.021, Mann Whitney U-test), but not bacterial pro- 
duction data. 

Bacterial production on non-humic compounds was 
also consistently higher in irradiated compared to non- 
irradiated treatments (Fig. 2e, f ) .  Integrated production 
was enhanced 63% for irradiated non-humic com- 
pounds relative to non-irradiated treatments. Nutrient 
additions had no effects on measured bacterial produc- 
tion rates for either irradiated or non-irradiated treat- 
ments, suggesting carbon limitation of bacterial growth 
in both cases. Similar results were obtained for bio- 
volume data, with irradiated treatments accumulating 
143 % more biovolume than non-irradiated treatments 
(not shown). 

Utilizable organic matter 

Concentration changes in the DOC pool were small 
relative to the total pool and could not be detected 
consistently by direct DOC measurements. Instead, 
bacterial yield (the difference between maximum and 
initial biomass) was used to calculate bacterial carbon 
utilization under nutrient-sufficient conditions (N plus 
P treatment). A bacterial growth efficiency of 22 % was 
used in the calculations, based on previous studies of 
Okefenokee Swamp DOM (Bano et al. 1997); use of a 
single efficiency value assumes that irradiation did not 
affect growth yield. When normalized to initial DOC 
concentration (Fig. 3), bacterial utilization of non- 
irradiated whole DOM was 29 1-19 C mg DOC-' (July 
sample) and 17 pg C mg DOC-' (February sample). 
Exposure to 7 h of sunlight increased utilization of 

February 

T 

-LLnd! Whole Hum~c Non-Humic 

Fig. 3.  Bacterial carbon utilization normalized to initial DOC 
concentration in non-irradiated (dark bars) and irradiated 
(hght bars) treatments amended with inorganic nutrients 

( N a n d  P). n = 2, i1 SD 

whole DOM by an additional 31 (July) and 29 (Febru- 
ary) pg C mg DOC-l, which more than doubled the 
rate of carbon utilization in both cases. Non-humic 
compounds were more bioavailable per unit weight of 
carbon than humic substances (33 vs 14 pg C mg 
DOC-'). Irradiation resulted in the utilization of an  
additional 80 and 44 pg C mg DOC-' for these 2 frac- 
tions (Fig. 3). Bacterial utilization of irradiated whole 
DOM was estimated at  6.0 and 4.8 % (July and Febru- 
ary sample) of the DOC pool compared to 3.0 and 1.7 % 
for non-irradiated DOM (during the 4 d experiments). 
Irradiation increased utilization from 3.3 to 11.0% for 
non-hurnic con~pounds and from 1.5 to 5.8% for humic 
substances (February sample). 

DOC concentrations and absorptivity coefficients 

DOC concentrations in the surface waters of the 
Okefenokee Swamp are typically quite high, as 
was found for the July (47.8 mg C I-') and February 
(39.7 mg C 1-l) samples. Humic substances constituted 
79% of the recovered DOM in the February sample 
(31.4 mg C 1-l), and non-humic compounds constituted 
21 % (8.3 mg C 1-l). 

Light absorption was likewise high in these samples. 
Absorptivity coefficients for the July and February 
whole water samples were 72.8 and 92.3 m-', respec- 
tively. Absorptivity coefficients for the isolated frac- 
tions from the February sample were 56.3 m-' (humic 
substances) and 9.1 m-' (non-humic compounds). The 
sum of the absorptivity coefficients of the 2 February 
fractions accounted for 75% of the absorptivity mea- 
sured in the whole water sample, indicating that not all 
the light-absorbing compounds were recovered during 
the fractionation scheme. Hydrophobic neutral com- 
pounds, a fraction of the DOM which requires an 
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The importance of photodegradative processes in 
the turnover of Okefenokee Swamp DOM will be 
controlled by exposure of surface waters to natural 
sunlight, the depth of light penetration into the water 
column, and the residence time of DOM in the system. 
Because of the dark color and high absorptivity of 
Okefenokee water, wavelengths most effective in pro- 
ducing DOM photoproducts (primarily UVA and UVB) 
will penetrate only a few centimeters into the surface 
water (Moran & Zepp 1997). If only the top 3 cm of the 
water column, which averages 61 cm in depth (Rykiel 
1984), is exposed to near-surface light intensities, 
about 5% of the Okefenokee water column is subject 
to photodegradative processes at any one time. Given 
an average residence time of 130 d (Rykiel 1984), cloud 
cover approximately 20% of the time, and 7.6 h of 
noontime sun per day (Miller & Zepp 1995), DOM will 
be exposed to about 50 h of UVA and UVB irradiation 
(at noontime intensity) during its residence time in 
the Okefenokee Swamp. Thus in situ photochemical 
effects on biodegradation during the residence time of 
DOM are likely to be of greater magnitude than that 
which was measured in this study (based on only 7 h of 
noontime irradiation). 

Photochemical modification is likely to be an  im- 
portant mechanism of DOM turnover in other shal- 
low aquatic systems as well, given that biodegrada- 
tion of both humic and non-humic fractions of DOM 
can be significantly enhanced by even fairly short 
exposures to natural sunlight. While humic sub- 
stances were found to be the primary source of bio- 
logically labile photoproducts in a system in which 
these compounds dominate the DOM pool (account- 
ing for 80% of the total), the non-humic component 
of DOM was equally reactive on an absorbance- 
normalized basis. Similar high efficiencies of forma- 
tion of 2 other DOM photoproducts, carbon monoxide 
and dissolved inorganic carbon, from 'non-humic' 
organic matter have been reported recently (Zepp et 
al. 1995). Thus in lakes, rivers, coastal oceans, and 
other aquatic environments where humic substances 
constitute only 15 to 40% of the DOM pool (Thurman 
1985), non-humic compounds may play a more irn- 
portant role as a source of biologically labile photo- 
products. 
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