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Abstract. To better understand how photo-oxidation of 
dissolved organic matter (DOM) affects microbial activ-
ity and DOM processing along hydrological fl ow paths in 
an arctic catchment, we conducted experiments measur-
ing responses in bacterial production (BP) to sunlight-
exposed DOM from up-slope sources, including soil, 
stream, and lake water. Overall, sunlight exposure sig-
nifi cantly reduced specifi c ultra-violet absorbance and 
dissolved organic carbon concentrations and increased 
phenolic concentrations; these changes were more pro-
nounced in soil than in surface waters. Sunlight-exposed 
DOM reduced BP in common inoculum bioassay experi-
ments at short time scales (hours), but the magnitude of 
the effect differed among DOM sources and was related 
to phenolic content; effects were more negative on DOM 
sources with high phenolic contents. In contrast, longer 

contact times (weeks) between bacteria and photo-oxi-
dized soil, stream, and lake water DOM enhanced, did 
not change, and reduced BP, respectively. In these longer-
term experiments, sunlight-exposed DOM had a greater 
positive effect on lake than stream BP, and caused shifts 
in bacterial community composition (based on denatur-
ing gradient gel electrophoresis of bacterial-specifi c 16S 
rDNA). Changes in bacterial community composition 
were greater in response to sunlight-exposed DOM from 
soils than from the stream. Our fi ndings suggest that 
overall impacts of DOM photo-oxidation in aquatic envi-
ronments depends on DOM source, and that contrasting 
effects of photo-oxidized DOM at varying time scales 
may be partly due to shifts in the bacterial community 
composition to groups better able to consume photo-
products or tolerate harmful radicals. 
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Introduction

Dissolved organic matter (DOM) in aquatic ecosystems 
represents a large pool of energy potentially available to 

support heterotrophic growth (Pomeroy, 1974). Much of 
this DOM originates from land and is thought to be rela-
tively resistant to aquatic bacterial degradation because it 
is structurally complex and has been subjected to micro-
bial processing in soils prior to entering surface waters. 
Yet terrestrial sources of DOM can support much of the 
aquatic heterotrophic production, especially in ecosys-
tems where aquatic primary production is low and the 
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relative contribution of terrestrial inputs is high (e.g., 
Tranvik, 1988; O’Brien et al., 1997). Photochemical oxi-
dation of DOM after it exits soils is one potentially im-
portant mechanism rendering recalcitrant terrestrial com-
pounds available for aquatic microbial degradation. 
Because DOM is an important component of C budgets, 
understanding how photo-oxidation controls DOM bioa-
vailability as it crosses terrestrial-aquatic boundaries has 
implications for regional patterns of C fl ux and export of 
organic C to oceans under various land use or climate 
change scenarios (Moran and Covert, 2003).

The current paradigm is that the net effects of DOM 
photo-oxidation on bacterial activity will depend on the 
composition of the DOM pool. For example, positive ef-
fects often result from the break down of high molecular 
weight (HMW), recalcitrant humic DOM compounds 
into low MW carbonyl compounds (Geller, 1986; Mop-
per et al., 1991). Negative effects on bacterial activity can 
occur through the polymerization or condensation reac-
tions (Kieber et al., 1997) of labile molecules, direct min-
eralization of DOM (Valentine and Zepp, 1993), and for-
mation of harmful byproducts such as peroxides and 
superoxides (Scully et al., 1996). Net effects of irradia-
tion on bacterial activity have been positively correlated 
with amounts of terrestrial humic matter and negatively 
correlated with algal production (Tranvik and Bertilsson 
2001), and inversely related to DOM bioavailability prior 
to irradiation (Obernosterer et al., 2001). Studies examin-
ing differences in effects of sunlight on DOM bioavaila-
bility among DOM sources are largely conducted at 
broad spatial scales and typically compare sources of 
high and low concentrations of terrestrial-derived DOM 
(e.g., Wetzel et al., 1995; Obernosterer et al., 2004; Tran-
vik and Bertilsson, 2001). Few if any studies have com-
pared effects among habitats and DOM sources within a 
catchment (but see Wiegner and Seitzinger, 2001) or 
along fl ow-paths from soils to streams to lakes, or have 
considered the role of bacterial community composition 
in mediating photo-oxidation responses. 

Dissolved organic matter photo-oxidation is particu-
larly important in arctic tundra ecosystems for several 
reasons. The export of DOM from soils to surface waters 
is high relative to net primary productivity (Peterson et 
al., 1986) due to low rates of decomposition in cold cli-
mates. A shallow permafrost boundary creates low water-
shed retention times and restricts water fl ow largely to 
near-surface organic soils (McNamara et al., 1997). The 
opportunity for photochemical reactions is great because 
delivery of soil water to lakes is largely via shallow, un-
shaded streams, and most lakes are shallow (most photo-
chemistry takes place in the upper 5–20 cm of the water 
column (De Haan, 1993)). Furthermore, there is the po-
tential for increased stratospheric ozone loss and thus in-
creased UV radiation over Arctic regions (Rex et al., 
1997). Finally, climate change is expected to be most se-

vere in arctic regions (Maxwell, 1992) and may alter 
DOM supply and composition through a number of 
mechanisms, including shifts in plant species composi-
tion (Bret-Harte et al., 2001), weather patterns (Maxwell, 
1992), and hydrology (Kane et al., 1992). 

Previous work has documented that DOM produc-
tion, chemistry, and bioavailability to microbial decom-
position is infl uenced by the overlying plant community 
in arctic tundra ecosystems (Judd and Kling, 2002). 
Aquatic bacteria respond to different sources of DOM by 
altering their activity, and these responses appear to be 
mediated through shifts in community composition (Judd 
et al., 2006). Pullin et al. (2002) suggested that bacterial 
community composition may infl uence responses in bac-
terial activity to photo-products; however, this idea that 
bacterial diversity mediates responses to photo-oxidation 
remains poorly studied. Therefore, the objective of this 
study was to investigate effects on bacterial activity of 
photo-oxidation of DOM from different sources along an 
upland to aquatic transect within an arctic tundra catch-
ment. In addition, we tested the idea that bacterial com-
munity composition mediates microbial responses to 
photo-oxidation of DOM. We conducted both short- and 
long-term (hours and weeks, respectively) bioassay ex-
periments to measure responses in bacterial activity and 
community composition to sunlight-exposed DOM rela-
tive to dark controls. 

Materials and methods

Study site
Experiments used soil and surface waters collected from 
a small sub-catchment surrounding an oligotrophic arctic 
lake. Toolik Lake is the site of the Arctic Long Term Eco-
logical Research (LTER) program and is located in the 
northern foothills of the Brooks Range in arctic Alaska. 
Soil waters were collected from three terrestrial sites with 
distinct vegetation cover (upland tussock, riparian birch-
willow, and lowland wet sedge tundra). Surface waters 
were collected from a small, fi rst-order stream, a large 
lake-inlet stream, and Toolik Lake (see Shaver et al., 
1998; Kling et al., 2000 for complete description of sites). 
Water samples were collected from the middle of Toolik 
Lake at 0.1 m depth; stream samples were also collected 
at 0.1 m depth; and soil water samples were collected by 
inserting a steel needle into the soil and withdrawing wa-
ter through an attached syringe. At each terrestrial site, 
samples were pooled from 10 randomly chosen locations 
of depths between 5 and 20 cm. 

Sunlight treatment of DOM 
Samples were fi ltered to remove particles and microor-
ganisms (confi rmed by epifl uorescence microscopy) 
through a pore size of 0.22 µm; fi ltered samples served as 
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tion, found to be saturating in Toolik Lake water). For the 
short-term experiments, all BP assays were conducted 
within three hours of inoculum collection. After addition 
of the radio-tracer, samples were incubated at 4 °C in the 
dark for 3 h (three analytical replicates). This temperature 
represents a midpoint between in situ soil and surface 
water temperatures and seasonal differences. Incubations 
were terminated with 5 % Tri-chloroacetic acid (TCA). 
Killed controls (TCA added prior to incubation) accom-
panied every third sample (there was little variation in 
killed controls). TCA-precipitated molecules were col-
lected on 0.2 µm pore size nitrocellulose fi lters and rinsed 
two additional times with ice cold 5 % TCA. Filters were 
placed in 7 mL scintillation vials and made transparent 
with 1 mL of methyl-Cellusolve (Fisher Scientifi c, Fair-
lawn, NJ, USA). Six mL of Scinti-Safe (Fisher Scientifi c) 
scintillation cocktail were added, and vials were stored in 
the dark for 24 h and then assayed on a scintillation coun-
ter. Bacterial production was calculated with conversion 
factors assuming an isotope dilution of 2.0 (Kirchman, 
1993). 

Short-term common inoculum bioassays. To assess pho-
to-effects of different DOM sources on bacterial activity 
over short time scales, we conducted bioassays in which 
a common inoculum received light-exposed and dark-
control DOM from DOM sources along a terrestrial to 
aquatic transect. Light-exposed and dark-control DOM 
from each site was added to a common inoculum com-
posed of an equal mixture of water from each of the six 
sites (surface waters unfi ltered, soil waters fi ltered 
through 1.0 µm pore size). A 2:1 ratio of DOM (0.2 µm 
fi ltered) to inoculum with a total volume of 12 mL was 
used (3 replicates each). Mixtures were stored in the dark 
for 1.5 h prior to leucine addition to allow for a short ac-
climation period. This experiment was carried out four 
times in 2001 (23 June, 9 July, 23 July, and 4 August) and 
2002 (22 June, 6 July, 25 July, and 4 August). 

Long-term bioassays. To compare short-term to longer-
term responses of bacteria to sunlight-exposed DOM, we 
conducted mesocosm experiments in which bacteria were 
fed light-exposed and dark-control DOM, and BP was 
measured over the course of 2.5 weeks. These experi-
ments differed from the short-term bioassays in that 
DOM was added to specifi c bacterial communities, rather 
than to a common inoculum. We chose bacteria + DOM 
treatments to represent a major DOM fl ow path from up-
land hillslopes to streams to lakes. The inoculum was 
prepared by fi ltering samples through 1.0 µm nitrocellu-
lose (Millipore) fi lters to remove particles and fl agellate 
grazers (confi rmed with epifl uorescence microscopy). 
An inoculum of 130 mL was mixed with 1,300 mL of 
DOM in 3 L polyethylene cubitainers (Nalgene). Meso-
cosms were rinsed (5 x) and soaked (1 week) in deionized 

DOM to be added to bacterial inocula. In short-term bio-
assay experiments, nitrocellulose fi lters were used (Mil-
lipore, Billerica, MA, USA), and in long-term bioassay 
experiments, which required greater volumes of DOM, 
water was pumped through a micro-culture capsule fi lter 
cartridge (0.2 µm pore size; Gelman Sciences, Ann Arbor, 
MI). To minimize DOM contamination, both nitrocellu-
lose fi lters and fi lter cartridges were rinsed with sample 
water. Each fi ltered sample was transferred into two 
Whirl-pak bags (UV transparent); one bag was covered 
with aluminum foil to block solar radiation (dark-con-
trol). Bags were pre-rinsed with deionized water to mini-
mize the potential for organic matter release from plastic. 
Dissolved organic carbon (DOC) concentrations were 
measured before and after sunlight exposure in bags, and 
we found no leaching from the bags over time in the 
dark-control treatments. The uncovered bags received 
natural full spectrum radiation, recorded from a nearby 
climate station (Kipp and Zonen CNR1 sensor). The total 
solar energy received during exposure (J cm–2) was mea-
sured by a pyranometer (LICOR LI-200, dominant spec-
tral response 400–1,100 nm). The average radiation val-
ues under conditions similar to the days that we ran 
experiments (sunny days, 09.00–15.00 h) were 114.4 
(PAR, 400–700 nm), 15.4 (320 nm), and 4.3 (305 nm) W 
m–2 (LTER data, 12–15 July 2000, Biospherical Instru-
ments sensor). Only photosynthetically active radiation 
(PAR) data were available on the exact days that experi-
ments were run, so UV radiation was estimated based on 
the relationship between total solar energy and energy at 
both PAR and UV wavelengths on days when both were 
measured (Table 1). We calculated the following relation-
ships between pyranometer measurements (PYR) and ir-
radiance at 400–700 nm (IPAR), at 320 nm (I320), and at 
305 nm (I305): IPAR = 0.388 (PYR) – 0.248 (r2 = 0.99); I320 
= 0.026 (PYR) – 0.261 (r2 = 0.95); I305 = 0.007 (PYR) – 
0.365 (r2 = 0.76). Bags were attached to a frame and 
fl oated at the water’s surface to maintain in situ tempera-
tures and incubations were conducted on sunny days. In-
cubations commenced in the morning and received one 
or two days of sunlight exposure (Table 1). Initial time 
series experiments determined that changes in DOM ab-
sorbance and bioavailability occurred after as little as 3 h 
(data not shown). 

Bioassays
Two sets of experiments were run to compare short (i.e., 
hours) and longer (i.e., weeks) term responses in bacte-
rial activity to DOM additions. In the former, our goal 
was to characterize differences in photo-effects based on 
DOM source, while in the latter, our goal was to deter-
mine whether specifi c bacterial communities ‘adapted’ to 
photo-oxidized DOM. Bacterial production (BP) was 
measured using 14C-leucine (315.6 mCi mmol–1) incorpo-
ration (Simon and Azam, 1989; 30 nM fi nal concentra-
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water to minimize leaching of organic C from the poly-
ethylene. Dark-control mesocosms (receiving DOM not 
exposed to sunlight) included the following combinations 
of inoculum + DOM: (1) lake bacteria + lake DOM (L/
L), (2) lake bacteria + stream DOM (L/S), (3) lake bacte-
ria + tussock soil water DOM (L/T), (4) stream bacteria 
+ tussock DOM (S/T), (5) stream bacteria + stream DOM 
(S/S), and (6) tussock bacteria + tussock DOM (T/T). 
Corresponding light-exposed DOM treatments were set 
up for combinations 1–4. Due to time limitations (this 
experiment was part of a larger experiment investigating 
the effects of upslope DOM on bacterial communities; 
Judd et al., 2006), only two replicates were used for each 
dark-control and one mesocosm for each light-exposed 
DOM treatment. Mesocosms were incubated in the dark 
at 4 °C and periodically agitated gently. Bacterial produc-
tion was measured on sub-samples on days 3, 4, 6, 8, 10, 
13, 15, and 17 (25 July–12 August 2002). These mea-
surements were used to calculate integrated BP over the 
course of the experiment by summing trapezoidal areas 
under the BP vs. time curve. Epifl uorescence microscopy 
of sub-samples taken on days 4, 8, 13, and 17 confi rmed 
the absence of fl agellate grazers throughout the experi-
ment in all mesocosms. 

Bacterial community composition
Bacterial community composition was assessed in long-
term bioassays using denaturing gradient gel elec-
trophoresis (DGGE) following the methods of Crump et 
al. (2003). Bacterial communities were sampled at the 
beginning and end of the experiment by fi ltering 
500 mL from each site or mesocosm through 0.2 µm 
pore size Sterivex fi lters (Millipore). After fi ltration, 2 mL 
of DNA extraction buffer was added, and the samples 
were stored at –80 °C until processing. DNA was extract-
ed from samples followed by polymerase chain reaction 
(PCR; Saiki et al., 1988) amplifi cation of bacterial-
 specifi c 16S rRNA genes under carefully controlled 
 conditions (Polz and Cavanaugh, 1998, see Crump et 
al., 2003 for specifi c  reactions parameters) to minimize 
PCR biases (Suzuki and Giovanoni, 1996). Polymerase 
chain reaction a mplifi cation used primer 357f(g+c)
(5′-CGCCCGCCGCGCCCCGCGCCCGGCCCGC 
CGCCCCCGCCCCCCTACGGGAGGCAGCA-3′) 
which contains a GC clamp and is specifi c for most bac-
teria, and universal primer 519r (5′-ACCGCGGCTGCT-
GGCAC-3′). 

Separation of PCR products was based on decreased 
mobility of fragments in a polyacrylamide gel with a dena-
turing gradient (Muyzer et al., 1993). Acrylamide (8 %) 
gels were prepared with 30 % acrylamide/bis-acrylamide 
(37.5:1, Bio-Rad), and 0.5X TAE buffer (1X TAE is 40 mM 
Tris (pH 8.0), 20 mM acetic acid, 1 mM EDTA). Gels were 
1 mm thick, 16 cm tall, and 18 cm wide, and were made so 
that there was a linear gradient (30 % to 60 %) of denatur-

ing chemicals (urea and formamide). Electrophoresis was 
run in a Bio-Rad D-code system for 16 to 18 h at 70 volts. 
Each gel had fi ve lanes of standards from the Plum Island 
Sound Estuary (Crump et al., 2004).

Chemical analyses
Effects of sunlight on DOM chemistry were assessed by 
measuring DOC and phenolic concentrations and specifi c 
ultra-violet absorbance (SUVA) on samples before and 
after sunlight treatments. Absorbance measurements 
were conducted within 24 h of sample collection; fi ltered 
acidifi ed (to pH ~3) samples were stored at 4 °C in the 
dark until DOC analysis (~2 months). Ultra-violet (UV) 
absorbance measurements were made on a spectropho-
tometer using deionized water as a blank and a 5 cm 
quartz cuvette. Absorbance in the UV range indicates the 
presence of chromophores and has been correlated with 
the presence of terrestrial humic material (McKnight and 
Aiken, 1998). Specifi c UV absorbance was calculated by 
dividing absorbance at 254 nm by the DOC concentration 
and is expressed in units of (1/mg C * m). Dissolved or-
ganic C concentration was measured using a high tem-
perature combustion method (Shimadzu TOC-5000, Co-
lumbia, MD, USA). Total phenolics were measured using 
the Folin Ciocalteu assay (Waterman and Mole, 1994) 
and comparing samples to humic acid standards. 

 
Data analyses
To correct for differences in sunlight exposure among 
sample dates, we divided differences in BP between pairs 
of sun-exposed and dark control bioassays by the calcu-
lated UV irradiance at 320 nm (Table 1). All tests were 
run on sunlight-corrected values. We tested for differ-
ences in chemistry and bacterial activity between light-
exposed and dark-control DOM with paired t-tests (SPSS, 
2000). Analysis of variance (with post hoc Tukey test; 
ANOVA, SPSS, 2000) was used to test for differences in 
chemistry and BP among DOM sources. A signifi cance 
level of p < 0.05 was used for all statistical tests. Data 
were log transformed if necessary to meet assumptions of 
normality (Kolmogorov-Smirnov) and equal variance 
(Levene’s test). We used two methods to compare the ef-
fect of treatment among sites. First, we ran a two-way 
ANOVA using BP as the dependent variable and treat-
ment (light-exposed or dark-control) and DOM source as 
factors. Next, we compared UV irradiance-corrected dif-
ferences in BP between light-exposed and controls among 
sites with a one-way ANOVA. 

Magnifi ed sections of DGGE gels were photographed 
with a ChemImagerTM 4000 imaging system (Alpha In-
notech). A complete image was reconstructed using Pho-
toshop (Adobe). The height of the bands in the gel was 
determined based on their vertical position in relation-
ship to the reference ladders. The total number of vertical 
positions of bands in the gel was identifi ed and standard-
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Results

Short-term common inoculum bioassays
Dissolved organic matter concentration and composition 
differed with site (Table 2). Dissolved organic C concen-
trations were signifi cantly higher in tussock soil waters, 
and generally decreased with declining elevation along 
the terrestrial to aquatic transect, and the proportion of 
phenolics in DOC decreased signifi cantly along this gra-
dient (Table 2). Specifi c UV absorbance of wet sedge 
DOM was signifi cantly higher than all other sites. 

Overall, average DOC concentrations decreased by 
7.6 % (p = 0.008) after sunlight exposure, indicating di-
rect mineralization of DOC to inorganic forms of C. Ul-
tra-violet irradiance-corrected change in DOC was great-
est in wet sedge DOM (–18 %) and similar in birch-willow 
and stream water (–9 and –13 %, respectively). There was 
a signifi cant effect of both sunlight treatment and DOM 
source on phenolic concentrations (no signifi cant interac-
tions between the two factors). Sunlight exposure signifi -
cantly increased phenolic concentrations in all but wet 
sedge soil waters (Table 2). Increases were greatest in 
DOM from birch-willow and tussock soil waters, and the 
small stream. Phenolic concentrations of DOM from the 
larger inlet stream and the lake increased only slightly 
after sunlight exposure, and phenolics decreased in wet 
sedge DOM. 

Overall, there was a signifi cant negative effect of sun-
light-exposed DOM on BP (t-test, p < 0.05); however, 
within a given site the difference between mean BP on 
dark-control and light-exposed DOM was signifi cant 
only for tussock DOM (t-test), and was almost signifi cant 
for birch-willow and stream DOM (0.05 < p < 0.10; Fig. 
1). Sunlight had signifi cant effects (positive or negative) 
on BP in 29 % of sunlight treatments (from all sites); an-

ized to the reference ladders, and bands from each sam-
ple were scored as present or absent at each position us-
ing the GelCompar software package (Applied Maths, 
Kortrijk, Belgium). A distance matrix (DICE) generated 
from the band presence/absence data (binary matrix) was 
used to compare the effects of DOM (average dissimilar-
ity between a treatment and inoculum controls), starting 
inoculum (average dissimilarity between a treatment and 
DOM controls), and light (average dissimilarity between 
light treatments and dark controls) on fi nal bacterial com-
munity composition values (see Table 4 for more details). 
A hierarchical cluster analysis (unweighted pair-group 
method using averages) based on Euclidian distances was 
used to compare changes in bacterial communities (SPSS, 
2000).

Table 1. Summary of DOM exposure time, average irradiance, and 
total irradiance energy in sunlight experiments for short-term com-
mon inoculum (CI) and long term (LT) bioassay experiments. Total 
UV radiation was estimated using the regression equation obtained 
from the relationship between irradiance (700–400 nm) and UV 
pyranometer data at 320 nm. 

date type exposure 
time

avg. 
irradiance

total estimated 
UV

 hrs W m–2  J cm–2 W m–2

23 Jun 01 CI   8.0 579.5 1669 43.1

9 Jul 01 CI  26.4 294.4 2798 72.5

23 Jul 01 CI  23.5 251.5 2127 55.0

4 Aug 01 CI   7.2 409.0 1069 27.5

22 Jun 02 CI  23.5 118.2 1000 25.7

6 Jul 02 CI  24.0 180.2 1557 40.2

25 Jul 02 CI, LT  13.0 451.0 2111 54.6

3 Aug 02 CI  24.0 274.0 2463 63.8

Table 2. Initial DOM composition and percent change (irradiance-corrected) after sunlight exposure. Specifi c UV absorbance (SUVA), 
DOC, and phenolic concentrations of initial DOM used in short-term common inoculum experiments from each site, and percent change in 
each variable (%∆) due to sunlight exposure. N is the number of measurements, SE is the standard error (in parentheses), and letters indicate 
signifi cant differences (ANOVA, p < 0.05) among sites for DOC and phenolic concentrations.

DOC (mg L–1) N %∆ DOC SUVA N %∆ SUVA Phenolic (µM) N %∆ Phenolic

Tussock 11.5 (0.84) 12 a  –5.3 0.0983 (0.0237) 12 ab –1.7 460 (42) 12 e 22.2

Birch-willow 10.6 (0.70) 13 ab  –8.5 0.0556 (0.1277) 13 a –0.1 396 (40) 13 de 43.9

Wet sedge  6.5 (0.37) 13 b –18.0 0.1713 (0.0485) 13 b  2.3 365 (42) 12 cd –2.3

Stream  7.3 (0.45)  8 b –13.4 0.0930 (0.0289)  7 ab –7.7 239 (48)  9 c 15.2

Inlet  5.5 (0.29)  8 c  –0.2 0.09304 (0.0238)  8 ab –3.9 191 (51)  8 b  2.4

Lake  4.9 (0.13)  9 c  10.0 0.0922 (0.0186)  9 ab –8.9 122 (48)  9 a  2.0

Avg. all sites  8.1 (0.39) 63  –7.6 (4.1) 0.1022 (0.0127) 62 –2.5 (1.8) 295 (54) 63 13.9 (7.1)
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willow soil water were 6 to 8 times greater than effects on 
wet sedge DOM. The effect of sunlight-exposed DOM on 
BP was more often positive for wet sedge DOM than for 
tussock or birch-willow DOM. 

Long-term bioassays
Dissolved organic C concentrations dropped substan-
tially over the period of bacterial incubations in both 
light and dark treatments receiving tussock DOM (Table 
3). Effects of sunlight on DOM chemistry in the long-
term experiments were similar to effects in the short-
term experiments (Table 3). Phenolic concentrations 
dropped substantially over the course of the experiment 
in dark-control but not light-exposed tussock DOM 
treatments. 

In contrast to short-term common inoculum experi-
ments, sunlight exposure enhanced bioavailability of 
stream and soil DOM to lake bacteria by 9–69 % relative 
to dark-controls over time scales of weeks (Fig. 2). The 
direction and magnitude of photo-oxidation effects on 
BP differed among treatments and within treatments over 
time (Fig. 3). Coeffi cients of variation for integrated BP 
were much greater between pairs of mesocosms receiv-
ing dark-control and light-exposed DOM than between 
replicate control pairs (Table 4). Soil water DOM ex-
posed to sunlight reduced BP relative to dark-controls 
initially (although BP was higher on both dark-control 
and light-exposed soil water DOM than surface water 
DOM), but by day 4 for the lake bacteria and day 8 for 
the stream bacteria BP was higher in mesocosms receiv-
ing light-exposed DOM. In contrast, lake bacteria had 
enhanced BP on light-exposed DOM on the fi rst sam-
pling day, but by day 6 there was no difference between 
treatments, and by day 8 BP on light-exposed lake DOM 
was lower than the dark-controls. Addition of light-ex-

other 11 % of cases were almost signifi cant (0.10 > p > 
0.05; t- tests). Signifi cant difference in BP between in-
ocula fed light-exposed and dark-control DOM tended to 
occur when BP on dark-control DOM was greater than 
0.1 µgC L–1 d–1. For example, there were no signifi cant 
effects of light-exposure on 9 July 2001, and BP ranged 
from 0.04 to 0.08 in controls. Signifi cant differences in 
BP on sunlight-exposed compared to dark-control DOM 
occurred on all of the other dates for at least one DOM 
source. Signifi cant differences occurred on four dates for 
tussock DOM, three dates for wet sedge and Toolik Inlet 
DOM, two dates for birch-willow DOM, and once for 
stream DOM. Average difference in BP between light-
exposed and dark-control DOM was negative for all sites 
except the lake (Fig. 1). Average absolute negative effects 
of sunlight exposure on DOM from tussock and birch-
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Figure 1. Short-term effects of sunlight-exposed DOM on common 
inoculum bacterial activity. Average BP on control (dark) and light-
exposed DOM collected from soil and surface water sites (Tuss = 
tussock, BW = birch-willow, WS = wet sedge) for all sample dates. 
Error bars indicate one standard error (n = 8). ** indicates signifi -
cant differences between dark controls and light treatments; * indi-
cates marginally signifi cant differences (0.05 < p < 0.1). 

Table 3. Differences in DOC and phenolic concentrations in long-term bioassay experiments receiving light-exposed (l) or dark-control (d) 
DOM shown for the beginning (b) and end (e) of the experiment. Each treatment and control is identifi ed based on the inoculum (inoc) and 
DOM source. Integrated BP (BPint) over the course of the 17 day experiment is shown as the total µg C/L fi xed. Standard errors (SE) are 
shown in parenthesis for mesocosms with two replicates.

Inoc DOM DOCb DOCe Phenolicb Phenolice BPint

(µM) (µM) (µM) (µM) (µg/L)

Lake Lake d 470 465 (1) 138 149 (2)  49 (1)

l 470 462 144 158  39

Lake Stream d 618 619 (5) 203 214 (1)  51 (4)

l 567 616 302 281  56

Lake Tussock d 821 768 574 298 353

l 741 711 483 461 596

Stream Tussock d 839 787 (17) 579 299 (3) 469 (16)

l 759 699 489 476 527

Stream Stream d 635 638 (21) 209 219 (3)  87

Tussock Tussock d 856 827 (19) 591 302 (2) 786 (47)
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posed stream DOM to lake bacteria had no effect relative 
to dark-controls initially, but by day 6 light-exposed 
DOM supported higher BP. Differences in the effect of 
DOM photo-oxidation on BP were due to differences in 
the DOM source, and not simply to differences in con-
centration (Fig. 3). 

Bacterial community composition varied among hab-
itats, as indicated by distinct DGGE banding patterns be-
tween initial inocula from the lake and streams (0.68 dis-
similarity; Fig. 4). In addition, at the end of the experiment 
we found distinct bacterial community composition be-
tween the light and dark treatment groups with the same 
initial community (Fig. 4). The average dissimilarity be-
tween mesocosm pairs with light-exposed and dark-con-
trol DOM was signifi cantly greater than between repli-

cate pairs (dark-control DOM only; t-test, p < 0.05). On 
average, the effects of light-exposed DOM (compared to 
dark-controls) on community composition were of simi-
lar magnitude to effects of DOM source (compared to 
treatments in which inoculum and DOM originated from 
the same source; Table 5, average dissimilarity for each 
treatment type = 0.15). Stream and lake bacterial com-
munities were measurably altered during incubation with 
dark-control tussock DOM, with lake communities shift-
ing more than stream communities (0.55 dissimilarity 
compared to 0.38, Table 5). The effects of light-exposed 
tussock DOM on bacterial community composition were 
also strong (0.49 and 0.50 dissimilarity). In contrast, con-
trol stream DOM had only a small effect on lake bacte-
rial communities, and light-exposed stream DOM had 
virtually no effect. Overall, the effects of DOM source on 
bacterial community composition were greater than those 
of light when lake bacteria were fed stream DOM, the 
effects were equal when lake bacteria were fed tussock 
DOM, and light had stronger effects than DOM when 
stream bacteria were fed tussock DOM. 

Discussion

Our fi ndings suggest that the effects of light exposure on 
BP will depend on both DOM source and the contact 
time between bacteria and photo-products. Photo-oxida-
tion of DOM had negative effects on bacterial activity in 
short-term experiments, perhaps due to the formation of 
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Figure 2. Bacterial production on light-exposed and dark-control DOM over time for control (solid symbol) and sunlight-exposed (open 
symbol) treatments in long-term bioassay experiments. Bars indicating one standard error of replicate dark-control mesocosms (SE) are 
shown (n = 2). Sunlight treatmenst and dark-control of Lake bacteria + Tussock DOM had only one replicate. 
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Figure 3. Effect of sunlight on DOC-specifi c integrated BP (BPint 
(µg C L–1 * µM C–1) in long-term mesocosm experiments. Treat-
ments are indicated as Inoculum/DOM (Tuss = tussock). Bars indi-
cating one standard error (SE) of replicate mesocosms are shown (n 
= 2). All other treatments had one replicate. 
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harmful radicals and the inability of bacterial communi-
ties to quickly adapt to radicals and other photo-prod-
ucts. The long-term experiments indicate that these ini-
tial negative effects may be short-lived, and that 
longer-term positive effects may be due to a combination 
of the alleviation of harmful byproducts from photo-oxi-
dation of DOM and shifts in bacterial community com-
position. 

Photo-oxidation of different DOM sources
The current conceptual model relating DOM source and 
effects of photo-oxidation on bioavailability (Obernos-
terer et al., 2001; Tranvik and Bertilsson, 2001) predicts 
that when the DOM pool is dominated by large, complex, 
diffi cult to degrade compounds (e.g., terrestrial humic 
compounds), effects will be positive. In contrast, photo-
oxidation will have negative effects on DOM bioavaila-
bility when labile components dominate. We expected 
that sunlight exposure would enhance the bioavailability 
of DOM from all sites (because terrestrial DOM is the 
dominant source in these aquatic systems) and that ef-
fects would be strongest for soil waters, which have ex-
perienced no prior exposure to sunlight. Our long-term 
bioassays (contact time of bacteria and photo-products 
~three weeks) agreed with the model predictions, but our 
short-term bioassays (contact time of hours) did not. In 

Table 4. Integrated bacterial production (BPint; µg C L–1) in mesocosms receiving dark-control (D) and light-exposed (L) DOM. Coeffi cients 
of variation are shown for replicate mesocosms (dark-control DOM only) and for pairs of light and dark DOM (CV-LD is the average of two 
CVs between the light treatment and each of the dark controls). Overall average CVs for replicates and light-dark pairs are also shown.

Inoc/DOM

Tussock Stream Lake Tuss/Stream Lake/Stream Lake/Tuss Avg.

BPint(D) 713 102 67 481 66 358

CV     0.08     0.00    0.02      0.05     0.08 0.05

BPint(L) 59 505 74 588

CV-LD    0.33      0.57     0.38      0.43 0.43
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Figure 4. Cluster analysis of bacterial community composition 
based on DGGE banding patterns in individual mesocosms from 
long-term bioassay experiments. Treatments are indicated as Inoc-
ulm/DOM source (L = lake, S = Stream, and T = tussock) at the end 
of the 17 day experiments. Treatments receiving light-exposed 
DOM are indicated as “Light.”. Replicate mesocosms are indicated 
with “a” and “b.” The initial bacterial community (inoculum) is also 
shown for each source. The scale indicates branching distances, 
based on Euclidian distances. 

Table 5. Effect of DOM source, photo-oxidation of DOM, and 
starting inoculum on fi nal bacterial community composition. Treat-
ments are identifi ed by inoculum (Inoc) and DOM source (L = lake, 
S = stream, T = tussock). The distance matrix generated from DGGE 
band presence/absence data was used to compare effects of DOM, 
inoculum, and light on bacterial community composition (larger 
values = more dissimilar from controls). Numbers indicate dissimi-
larity among treatments as average distances between a) replicate 
mesocosms, b) inoculum controls and DOM treatments (“DOM ef-
fect” compares treatments with the same bacteria but different 
DOM), c) DOM controls and DOM treatments (“Inoculum effect”; 
same DOM, different bacteria), and d) dark controls and light treat-
ments (“Light Effect”; same DOM and bacteria, different light ex-
posure). A dissimilarity value of 1 indicates no bands in common, 
and a value of 0 indicates all bands in common between two sam-
ples. The DOM: Light Effect is the ratio of the DOM Effect to the 
Light Effect. Values of this ratio >1 indicate that control DOM had 
a greater effect on community composition than did light-exposed 
DOM. 

Treatment (Inoc/DOM) L/L L/S L/T S/T Avg.

a) Replicates (N = 5) 0.16

b) DOM Effect  0.25  0.55 0.38 0.39

c) Inoculum Effect  0.58  0.60 0.61 0.59

d) Light Effect 0.37  0.15  0.49 0.50 0.37

DOM: Light Effect 1.7 1.1 0.76
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the short-term experiments, negative effects of light ex-
posure on bacterial activity dominated in all water sourc-
es. These negative effects may be due to formation of 
harmful radicals or DOM losses due to direct mineraliza-
tion to inorganic C (Scully et al., 1996; Miller and Mo-
ran, 1997). 

In general, negative effects of DOM photo-oxidation 
on bacterial activity were strongest for DOM sources 
higher in the catchment (i.e., tussock and birch willow), 
and differed between two hydrological fl ow paths (i.e., 
upslope tussock to riparian birch-willow to small stream, 
vs. upland to wet sedge meadows to lake). Differences in 
sunlight effects on tussock and birch-willow DOM ap-
pear distinct from effects on wet sedge DOM, which is 
consistent with previously observed differences in DOM 
chemistry and bioavailability between tussock and wet 
sedge DOM (Judd and Kling, 2002). Short-term effects 
of sunlight exposure of tussock DOM on BP were nega-
tive, while sunlight exposure of wet sedge DOM had no 
overall effects on BP. Sunlight exposure reduced DOC 
concentrations of all three soil DOM sources, indicating 
that direct mineralization of DOM occurred. Sunlight-ex-
posure resulted in only small changes in SUVA; SUVA of 
tussock and birch-willow DOM was slightly reduced, 
and SUVA of wet sedge DOM increased slightly. The 
major difference in response to sunlight exposure among 
DOM sources was that phenolic concentrations greatly 
increased in tussock and birch-willow soil waters, and 
the magnitude of this response was related to initial phe-
nolic content. This “increase” likely represents the cleav-
age of larger compounds into smaller ones (as measured 
by our test) and not the de novo synthesis of phenolic 
compounds by bacteria in the mesocosms. In contrast, 
phenolic concentrations did not change signifi cantly in 
wet sedge DOM. Sunlight exposure had less of an effect 
on DOM from lower in the catchment (e.g., surface wa-
ters), perhaps because this DOM had previously been 
exposed to sunlight during passage from uplands. Our 
long-term results were consistent with the current para-
digm that photo-oxidation increases the bioavailability to 
bacteria of more “recalcitrant” DOM. 

Exposure time of bacteria to DOM photo-products
Results from the bacterial community analysis suggest 
that the mechanisms behind the long-term responses to 
sunlight-exposed DOM may be due to interactions be-
tween changes in the biochemistry of the DOM (current 
paradigm) and changes in the community composition of 
microbes. The positive effect of sunlight-exposed DOM 
on BP over longer time scales indicates that positive ef-
fects outweigh initial negative effects over time due to 
either the dilution of harmful byproducts, or because 
some bacterial responses to changes in DOM act more 
slowly. For example, in the longer term experiments, 
there is suffi cient time for induction of appropriate en-

zymes to consume photo-products, or for shifts in bacte-
rial community composition to groups adapted to use 
these compounds; both mechanisms would result in de-
layed enhancement effects. 

Our observation that communities from different 
habitats showed distinct responses to photo-oxidation of 
a given DOM source highlights the importance of bacte-
rial community composition in controlling the responses 
to photo-products. For example, lake bacteria responded 
with changes in BP more quickly than did stream bacte-
ria when light-exposed tussock soil water DOM was 
added to each (Fig. 3), suggesting that the lake commu-
nity was initially better adapted to exploit this DOM 
source (or was less inhibited). A second indication of 
the importance of bacterial community composition in 
mediating responses to photo-oxidation of DOM was 
that the effects of photo-oxidized tussock DOM shifted 
from negative to positive more quickly for lake than for 
stream bacterial communities. The dependence on ini-
tial bacterial community composition to mediate re-
sponses in BP, and to mediate shifts in the magnitude 
and direction of responses over time, provide indirect 
evidence that the mix of species and their dominance in 
the community may play a role in the ultimate effects of 
sunlight on DOM processing and bacterial growth. 
These results suggest that the response to light exposure 
may be dependent on having suffi cient time for the bac-
terial community to adapt to photo-products and/or 
harmful radicals through changes in either the taxonom-
ic composition or dominance of specifi c populations. It 
should be noted that with our method of isolating DOM 
it is diffi cult to achieve complete sterility, and thus we 
are somewhat cautious  in our interpretations. However, 
if the changes in community composition and activity 
that we observed among treatments were due to con-
tamination in the DOM fraction, we would not expect 
differences in dark and light-exposed DOM from the 
same source. The differences between light-exposed 
and dark-control DOM that we observed (Figs. 2 and 4) 
suggest that it is the DOM itself, and not contamination 
from the initial community of the source DOM, that 
drives changes in activity and the fi nal community com-
position of the inoculum. 

It is possible to augment the indirect evidence for the 
importance of bacterial community composition in medi-
ating responses to light-exposed DOM with direct evi-
dence of changes in bacterial community composition 
during the experiments in response to photoproducts. A 
number of studies have examined direct effects of UV on 
bacterial communities (e.g., Arrieta et al., 2000; Winter et 
al., 2001); however, fewer studies have investigated how 
indirect effects of UV might infl uence bacterial commu-
nities. Because DOM source infl uences bacterial com-
munity composition (Findlay et al., 2003, Judd et al., 
2006), and specifi c bacterial strains differ in their ability 
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to consume light-exposed DOM (Geller, 1986), it follows 
that these indirect effects may be important. The DNA 
analysis of bacterial communities in our experiments in-
dicates that bacterial community composition shifted 
over time in response to DOM source, and when sun-
light-exposed tussock DOM was fed to bacteria, commu-
nity composition was distinct from dark-controls (Fig. 4, 
Table 5). Treatments with the largest shifts in community 
composition relative to both DOM-controls and dark-
controls (addition of tussock DOM; Table 5) were also 
accompanied by the largest increases in BP (Fig. 2), sug-
gesting that these shifts are responsible for changes in 
BP. In contrast, there was little difference in either BP 
(Fig. 2) or community composition (Fig. 4) among light-
exposed and dark-controls for the lake bacteria + stream 
DOM treatments. 

The lack of replication suggests that these specifi c 
long-term experiments should be interpreted cautiously. 
However, we have evidence that one or two replicate me-
socosms was suffi cient to distinguish between variance 
from treatment effects versus spurious noise from low 
replication. First, previous experiments using triplicate 
mesocosms showed little variation in BP or in microbial 
community composition among replicates (average BP 
CV = 0.12; Judd et al., 2006). Second, in this study the 
CV of BP integrated over the course of the experiment 
between mesocosm pairs of light-exposed treatments and 
dark-controls was much higher (0.43) than between pairs 
of dark-controls (0.05; Table 4). Similarly, a t-test of dis-
similarity values for community composition showed 
that values were signifi cantly higher for treatment pairs 
than for control pairs. Therefore, the initial evidence indi-
cates a potential role for community composition in the 
bacterial response to photoproducts, a hypothesis which 
may be tested in other settings. 

If shifts in bacterial community composition are re-
quired for photo-product consumption and enhanced BP, 
then effects of DOM photo-oxidation on bacterial activity 
will depend on both the initial bacterial community com-
position and the contact time between DOM and bacte-
ria. The majority of studies examining effects of sunlight 
on DOM bioavailability use incubation times of >1 day 
(e.g., Geller 1986; Lindell et al., 1995; Bertilsson et al., 
1999; Tranvik and Bertilsson, 2001), which may explain 
why fewer negative results have been reported. However, 
negative responses to photo-products have also been doc-
umented at longer contact times (e.g., Tranvik and Ber-
tilsson, 2001); our data suggest that these differences in 
negative responses of bacteria may be due to limits on 
potential community compositions and thus lead to the 
observed responses to photo-products. Effects of photo-
products on bacterial community composition are some-
what unexpected, given that photo-products are thought 
to be mainly small molecules that are easily consumed by 
many different bacterial groups. It is perhaps the combi-

nation of these smaller molecules with the remaining 
larger, photo-altered molecules which ultimately defi ne 
the community’s ability to respond to DOM. 

Constraints on short-term bacterial responses to pho-
to-products due to initial community composition, and 
thus the inability to respond to altered DOM, may be 
compounded by the negative effects of harmful byprod-
ucts of photochemical oxidation. In addition, using a 
common inoculum may have diluted the presence of bac-
terial groups adapted to use specifi c photo-products, 
which presumably occur only in surface waters, thereby 
weakening the initial positive effects found in this study. 
If this is the case, it again emphasizes the importance of 
bacterial community composition in some treatments. 
The generation of harmful radicals is likely to be greater 
in soil than in surface water DOM, due to higher propor-
tions of refractory compounds. Therefore, when humic 
contents are higher (i.e., soil or small stream DOM), for-
mation of harmful photo-products would dominate bac-
terial responses initially. Our results support this hypoth-
esis because the effects of sunlight-exposed DOM from 
soil waters on BP were the most negative in both short-
term common inoculum bioassays and in the initial re-
sponses of long-term bioassays. After a few days, the 
negative effects of short-lived radicals and reactive oxy-
gen species are reduced, or, shifts in enzyme expression 
or bacterial community composition allow for the use of 
a larger pool of photo-products. 

In contrast, the lack of an initial negative response to 
sunlight-exposed DOM at lower levels of humic material 
(i.e., lake DOM), may be explained by both the presence 
of bacterial groups that can consume labile photo-prod-
ucts (due to previous exposure to such photo-products) 
and lower levels of harmful byproducts generated from 
humic material. The shift from positive to negative ef-
fects of sun-exposed lake DOM on lake BP (Fig. 2) is 
consistent with the initial consumption of labile photo-
products, followed by lower BP on the remaining recalci-
trant photo-products. This same mechanism may also 
explain the downward shift in the effect of photo-oxi-
dized soil DOM on lake BP at the end of the long-term 
experiment (Fig. 2), where the pool of degradable photo-
products in soil water is also eventually depleted but at a 
slower rate than in lake water DOM. Finally, lags be-
tween negative and positive effects of photo-products 
may be greater in the Arctic, where temperatures are cold 
and growth rates low (incubation temperatures in this 
study were 8 to 16 °C cooler than most temperate-zone 
bioassay studies). 

Conclusions

Our fi ndings that bacterial responses to photo-oxidized 
up-slope DOM will depend on the source and contact time, 
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and may also be related to the ability of bacterial commu-
nities to adapt to photo-products, highlight that the ulti-
mate effect of DOM photo-oxidation depends on a number 
of factors. Landscape heterogeneity (in DOM source and 
bacterial community composition), hydrology, mixing dy-
namics, and climate will infl uence the delivery and timing 
of photo-products to aquatic bacteria. Understanding how 
these factors interact will improve our understanding of C 
and nutrient cycling across the landscape. 
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