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Introduction

The Minnesota WRRI program is a component of the University of Minnesotas Water Resources Center
(WRC). The WRC is a collaborative enterprise involving several colleges across the University, including
the College of Natural Resources (CNR), the College of Agriculture, Food, and Environmental Sciences
(COAFES), the Minnesota Extension Service (MES), and the University of Minnesota Graduate School.
The WRC reports to the Dean of CNR. In addition to its research and outreach programs, the WRC is also
home to the Water Resources Sciences graduate major. The WRC has two co-directors, Professor Deborah
Swackhamer and Professor James Anderson, who share the activities and responsibilities of administering
its programs.

The WRC funds 3-4 research projects each year, and the summaries of the current projects are found in the
rest of this report.
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Executive summary

Stream riparian zones are critical to the health of stream fish and invertebrate
communities. Forest harvest within the riparian zone may thus impact stream fish and
macroinvertebrate communities and the determination of the level of acceptable harvest
within the riparian zone is important to balance forestry needs with stream biotic
integrity. This is an ongoing manipulative experiment focused on determining the effects
of no, low and high levels of riparian harvest on stream habitat and fish and invertebrate
communities. This report provides a summary of the findings of the first year post-
harvest data collection, conducted in summer 2004. Total number of fish species sampled
was similar for 2003 and 2004. Although the total number of individuals was higher in
2004, this is a reflection of large increases in a few streams rather than a general trend.
Index of Biological Integrity (IBI) scores were comparable and similar in 2003 and 2004.
Macroinvertebrate community indices indicate within-site and between-site variability
but none were significantly different (p>0.05). The qualitative habitat evaluation index
(QHETI) scores exhibited variability between reaches and between treatments and none
were significantly different (p>0.05). Dissolved oxygen and pH exhibited similar trends
in both pre- and first year post-harvest data. In contrast nitrate, alkalinity and
conductivity showed considerable variability in 2004 in comparison to 2003 at all sites.
These year-to-year differences between sites and between treatments indicate the need to
continue monitoring for longer time to define the effects of riparian forest harvest.
Second year post-harvest sampling will occur in summer 2005.

Introduction

Forest products are an important natural resource in the upper Midwest. In Minnesota,
timber harvest has been increasing and will continue to increase in the near future
(Anonymous 2001). Timber harvest activities have the potential to degrade water quality
and aquatic resources and for this reason, best management practices (BMPs) or site-level
forest management guidelines have been adopted to protect riparian and aquatic resources
in Minnesota (MFRC 1999, Anonymous 2001). Although these BMPs are based on the
best available scientific information, and implementation monitoring is being conducted
(Anonymous 2001), they have not been evaluated for effectiveness at protecting aquatic
resources. Most research on the effects of forest harvest on streams and the effectiveness
of forest harvest BMPs has been conducted in more mountainous regions such as



Tasmania (Davies and Nelson 1994), the Sierra Nevada, the Pacific Northwest and
Appalachia (e.g., Castelle and Johnson 2000). Results from these areas may not be
directly applicable to the midwest (Perry et al. 1992).

Riparian zones provide many protective services to streams (Castelle and Johnson 2000).
Determination of the necessary width of riparian buffers (e.g., Castelle and Johnson
2000) or the permissible level of harvest within a buffer is essential to adequately protect
stream resources without removing a large portion of the basin from harvest. Most studies
on the effectiveness of riparian buffers at protecting streams from upslope harvest have
focused on the width of the buffer and have not considered harvest within the buffer zone
(e.g., Castelle and Johnson 2000). Current Minnesota BMPs allow varying degrees of
harvest within the riparian management zone (RMZ). Harvest within the RMZ may be
used to promote regeneration of shade intolerant species. Thus. it is important to know
the level of harvest that reduces it’s the effectiveness of the RMZ in maintaining stream
quality.

The objective of this project was to experimentally determine the effectiveness of various
levels of riparian forest harvest on in-stream resources. We examine site-based effects
associated with high, low and no riparian harvest (30m Riparian Management Zone,
upland clearcuts) on aquatic habitat, macroinvertebrates and fish. Specifically, we
evaluate effects on fish and invertebrate habitat (temperature, sediment composition,
embeddedness, depth, width, cover, bank stability, canopy coverage, and woody debris,
etc.), and benthic macroinvertebrate and fish communities.

Methods

The study sites range across northern Minnesota and are located in Beltrami, Carlton,
Cook, Lake, and St. Louis counties. Eight pairs of treatment sites (streams) were located
and harvest plots marked in 2003. Within each pair, a riparian control (no riparian harvest
with upland clearcut) and one riparian management treatment (low or high residual basal
area with upland clearcut) were established to compare the effects of different residual
basal area levels (e.g., 4 high basal area and 4 low basal area replicates). We were also
able to establish a non-harvested control (both upland and riparian zone not harvested) at
seven of the eight plots (beaver activity preclude a non-harvested control plot at one site).
Target riparian harvest treatments in winter 2004 were high residual (11.9 m* basal
area/ha remaining) or low residual (6.3 m” basal area/ha). During harvesting, the target
residual basal area was not always met and actual values varied by + 0.9 m” basal area/ha.

All sites were sampled for habitat, fish and invertebrates in summer 2004 (post-harvest).
This includes the one high residual basal area plot (Reservation River Tributary) that was
not harvested in winter 2003-2004. Harvesting on this plot was completed in winter
2004-2005.

Sampling in 2004 was done on the same reaches that were established in the no-harvest
control, riparian control and riparian harvest plots in 2003. Within each plot, we sampled
100-meter reaches above the plot (upstream), within the plot (downstream most 100m)
and below the plot (100m downstream of plot) — this design provides internal upstream
controls and allows for assessment of downstream effects. Ideally, at a given site, we



would generally sample nine 100-m reaches; up-, within and below at the non-harvested
control, the riparian control and the harvest treatment. Due to spatial and habitat
constraints, up and below reaches were not always feasible for some sites.

Temperature monitoring: Temperature loggers (Optic StowAway”, Onset Computer,
Pocasset, MA) were placed in all reaches at each site in May 2003 and 2004.
Temperature was recorded at 30 min intervals until removal in October or November.

Water quality: Water quality was recorded in the within reaches at each site in spring and
fall: in the field, conductivity, dissolved oxygen, and pH were recorded with a Quanta
Water Quality Monitoring System® (Hydrolab Corporation); alkalinity (methyl orange;
mg CaCOs) was determined by titration, and orthophosphate was determined by the
PhosVer 3 (Ascorbic Acid) method with a Hach model DR/2000 spectrophotometer.
Nitrate was determined spectrophotometrically (APHA 1989) on samples preserved in
HCL with a Spectronic 1201 Dual Beam spectrophotometer in the laboratory.

Instream habitat: In July, each 100-m reach was sampled for habitat characteristics
following the methods of Merten (1999) that are modifications of methods given by
Bailey et al. (1993). Variables measured include visual estimates of bank cover, channel
stability, cover, woody debris, percent riffles, runs and pools, and aquatic plant coverage.
Canopy coverage was determined in each reach with a spherical densiometer. Streambed
sediment and substrate type and size (e.g., percent silt, sand, gravel, cobble, etc.) and
percent embeddedness were characterized along 14 transects placed at regular intervals in
each reach with a maximum total of 56 measurements per reach. Mean depth, velocity
and discharge were measured at the fourteen transects within each reach. A qualitative
habitat evaluation index (QHEI) was calculated from these data. Blow-down trees were
also recorded in each reach.

Benthic macroinvertebrates: Benthic macroinvertebrates were assessed in July following
the family-level, composited, multi-habitat rapid bioassessment protocol (Barbour et al.
1999) in each of the upstream (internal control) and within-plot reaches for the control,
riparian control and riparian harvest plots. Two composited samples of 20 kicks / net
(each sample representing 50 m) were collected with a D-net in each 100-m reach.
Samples were sorted and macroinvertebrates identified to family in the laboratory.

Fish assemblages: Fish assemblages were sampled in August. Sampling was conducted
in the up- (internal control), within- and downstream reaches at each treatment plot
(including the control sites) with pulsed DC electrofishing (Wisconsin AbP-3 backpack
shocker) following the protocol of Simonson and Lyons (1995). Fish were identified to
species, measured (total length), weighed and returned to the stream. Cold-water Index
of Biotic Integrity (IBI) values were calculated according to Mundahl and Simon (1998),
and warm-water IBI values according to Karr et al. (1986) and Lyons (1992) to assess the
environmental health of the stream fish communities. Species richness, species
abundances and IBI scores (normalized to 100) were analyzed to determine the effects of
harvest treatment.




Results to date

Instream habitat: There was substantial variation in habitat characteristics between sites.
Water temperatures varied among sites and overall, temperatures were below normal in
August and above normal in September. However, the trout streams (Reservation River
Tributary, West Split Rock River, East Branch Beaver River, and East Baptism River)
maintained temperatures < 19 °C throughout the summer (range from 12-19°C), whereas
other streams had summer maxima up to 25 °C. Conductivity and alkalinity ranged from
32 uS/cm and 20 mg CaCOs/L, respectively at the Cloquet River Tributary to 228 uS/cm
and 127 mg CaCOs/L at Shotley Brook. Dissolved oxygen was above 7.5 mg/L at all
sites and the pH was > 7.5 at all sites, except the Cloquet River Tributary where pH was
7.2. Orthophosphate ranged from 5 ng-P/L to 170 pg-P/L. However, during both seasons,
most sites had less than 50 pg-P/L. Spring nitrate concentrations were comparable to
2003 and ranged from 0.36 mg-N/L to 0.97 mg-N/L. However, nitrate concentrations in
fall 2004 were higher and ranged from 0.95 mg-N/L to 1.80 mg-N/L.

Qualitative habitat evaluation index scores ranged from 45-78. There were no significant
differences in QHEI between sites and treatments. However, in general the smaller
intermittent flowing streams had lower QHEI scores compared to the larger perennial
streams.

Macroinvertebrate communities: Macroinvertebrate indices indicated both within-site
and between-site variations. In the low RBA sites, mean number of individuals per net
varied from a minimum of 298 to a maximum of 1598, species richness had a range of 6-
21 families, percent EPT taxa ranged from 0-25%, while percent Chironomidae varied
from 10-60%. In the high RBA sites, mean number of individuals per net varied from
356-2164, species richness had a range of 14-20 families, percent EPT taxa ranged from
16-44%, and percent Chironomidae had a range of 34-75%.

Fish assemblages: Seventeen species of fish were found among over 2600 fish collected.
Total number of individuals was higher in 2004, but reflected large increases in a few
sites (Reservation River Tributary and East Branch Beaver River) rather than a general
trend. We observed a reduction in the percentage of brook trout sampled in 2004 in West
Split Rock River and East Branch Beaver River.

Indices of biotic integrity were computed using the appropriate warm or coldwater IBIs.
The IBI scores ranged from 15-95 (out of 120) in the trout streams and 22-45 (out of 100)
in the mud minnow dominated streams.

Ongoing work
Second year post-harvest data will be collected in summer 2005. Habitat and invertebrate
samples will be collected in July and fish will be sampled in August.

Summary of findings

Significant variability was observed in the number of individuals and species of fish and
macroinvertebrates between 2003 and 2004, but there was no obvious trend that could be
discerned in relation to harvest. QHEI and IBI scores between years were not



significantly different although year-to-year variation was observed. Water quality
attributes such as temperature, conductivity, alkalinity, phosphorus and nitrates also
indicate seasonal and annual variability. Further monitoring will occur in the next two
years.
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Summary

Antibiotics and estrogens are two classes of wastewater contaminants that have been detected in
US surface waters. The potentially adverse effects of these pollutants on water quality are
unknown, but will be determined, in part, by their persistence and the biological activity of both
the parent compound as well as the degradates. Photolysis is one possible loss process, and the
direct and indirect photolysis of five sulfa drug antibiotics, four nitrofuran antibiotics, four
fluoroquinolones, and tetracyline has been investigated. The structure of the R-substituent on the
sulfa drugs controls the reactivity; those containing six-membered substituents degrade through
both direct photolysis and reaction with triplet dissolved organic matter. Both processes result in
SO, extrusion. The photochemical kinetic rate constants for the loss of tetracycline under natural
sunlight are a function of its various environmentally-relevant aqueous chemical species,
including acid-base equilibria and metal-binding. Direct photolysis has been found to be the
major photochemical degradation pathway for the nitrofuran antibiotics, with the formation of a
photostationary state between the syn and anti isomers occurring in the first several minutes of
light exposure. All antibacterial compounds tested, three sulfa drugs and triclosan (an
antimicrobial agent), photodegraded to products with no observable antibacterial activity.

Introduction

Reports of pharmaceuticals and personal care products (PPCPs) in natural waters have recently
appeared with increasing frequency.' Two important subclasses of these emerging
contaminants are particularly worrisome due to their potential to adversely affect surface waters:
antibiotics and environmental estrogens. Estrogenic compounds have a demonstrated ability to
interfere with the development of aquatic organisms,” ® while there is concern that the presence
of antibiotics in natural waters will lead to an increase of antibiotic resistant bacteria.”* These
compounds are released into surface waters as a result of human use, through discharge of



treated and untreated wastewater. An additional, major source of antibiotics comes from their
wide use in the production of food animals and in fish farming. '

The magnitude of the effects and potential threat to water quality due to antibiotics and
hormones is, in part, determined by the compounds’ persistence in aquatic systems. The principle
goal of this proposed study is to understand one aspect of their persistence—their degradation by
photochemical processes. Based upon our work’"® and that of others,'" '*** we believe that
photodegradation may be a major loss process for these compounds in sunlit waters. Thus, it is
important to understand the photochemical processes that degrade these chemicals in surface
waters, to identify intermediates and products that are formed, and to assess the biological
activity of these products.

Methods

Direct and natural water photolysis experiments

Photolysis experiments were performed outdoors under natural sunlight or indoors under
medium pressure Hg-vapor lamps or a Suntest CPS+ solar simulator equipped with a Xe-arc
lamp and a UV Special Glass filter to mimic the solar spectrum. Sample solutions were
contained in quartz test tubes (OD = 13 mm, ID = 11 mm, V = 10 mL). For kinetic analyses
approximately 0.5 mL samples were withdrawn from the quartz tubes at predetermined intervals
and analyzed on an 1100 Series Hewlett Packard HPLC equipped with UV-absorbance detection
and a computer driven data acquisition system. In experiments designed to probe for pH effects,
various buffer solutions were employed to set the pH values. Solar quantum yields were
calculated by comparing the rate constant for the disappearance of the PPCPs under either
natural sunlight or the Suntest CPS+ solar simulator with the rate constant for the disappearance
of a p-nitroanisole actinometer. For toxicity experiments, test tubes were sacrificed at pre-
selected time intervals and saved for HPLC analysis of remaining antibiotic concentration and
subsequent antibacterial activity testing. The wavelength dependence of the direct photolysis of
the nitrofuran antibiotics was probed using a series of cut-off filter tubes (absorbing A < 320 nm,
280 nm, and 220 nm). Quartz test tubes containing the photolysis solutions were placed inside
the filter tubes during photolysis.

Natural water photolysis experiments were performed in 0.2 um filtered Lake Josephine (LJW)
water or Lake Superior (LSW) water. To determine which pathways were responsible for the
photodegradation, various quenchers were added to or removed from the water samples (sodium
azide or DABCO for 'O, isopropanol for radicals, oxygen and isoprene for triplet DOM) and the
substrate was also photolyzed in DI water in a separate tube.

Speciation dependent behavior of tetracycline

Association constants which determine the speciation of calcium- and magnesium-tetracycline
complex formation were measured by pH titrations (pH 3 to 11) performed at various constant
metal concentrations and the collection of UV-vis spectral data. The first order rate constant for
the loss of tetracycline under simulated sunlight (Suntest CPS+ photosimulator, Atlas) was
observed at various pH, calcium, and magnesium concentrations. Kinetic experiments were
performed as detailed above. The concentration-dependent initial rate of photochemical
degradation was monitored for various initial tetracycline concentrations and extrapolated to



infinite dilution to determine the first-order rate constant for the loss of tetracycline in the
absence of self-sensitization.

Singlet oxygen

Singlet oxygen reaction kinetics were measured in one of three ways, directly by laser flash
photolysis (LFP), or indirectly by either steady-state photolysis (SSP) or thermal generation of
'0,. In both LFP and SSP experiments the substrate (typically at micromolar concentrations) and
100 uM perinaphthenone, a well-defined singlet oxygen sensitizer, were dissolved in aqueous
buffer solutions. In the LFP experiments, a pulse of laser light excites the sensitizer, which then
produces singlet oxygen after the excited-state sensitizer is quenched by dissolved molecular
oxygen. A sensitive Ge-photodiode detector then monitors the phosphorescence emission from
singlet oxygen. The rate of disappearance of the singlet oxygen phosphorescence signal is a
measure of a substrate’s activity toward singlet oxygen. The resulting total quenching rate
constant (ki) is the sum of the chemical reaction and physical quenching rate constants.

In SSP experiments, the samples were photolyzed continuously and small aliquots were removed
for analysis by HPLC. In this case, the disappearance of the PPCP was monitored (as decreases
in peak area), rather than the singlet oxygen signal. This allows for determination of the chemical
reaction rate constant (ki) for the PPCP with singlet oxygen.

To avoid any competing photochemical reaction occurring in SSP, thermal generation of 'O, was
used. In these experiments, 'O, was generated through the reaction of hydrogen peroxide (H,0,)
and molybdate (M004>). 2% H,0, (1 M) was added to a buffered solution containing MoO4* (1
mM), a reference compound of known ki, (FFA; 100 uM), and substrate (100 uM). Aliquots of
the reaction solutions were added to an aqueous solution of sodium azide (507 mM) at a series of
time points to quench the reaction. Samples were then analyzed for both reference compound
and substrate degradation via HPLC.

Product identification

Since large volumes of photolysate were required for product identification, photolyses were
executed using a higher intensity light source (450 W medium pressure Hg-vapor lamp) which
was completely immersed in the photolysis solution (100 uM substrate, 300 mL). After
photolysis, the solution was concentrated to a total volume of 2 mL and the desired photoproduct
was isolated using preparative HPLC. Sufficient amounts of product for analysis were obtained
by combining the collected fraction from multiple injections of the photolysate on the
preparative HPLC column.

Following isolation, the product was identified using an array of analyses including mass
spectrometry, infrared spectroscopy, and nuclear magnetic resonance (NMR). Mass spectral data
were obtained for both the raw photolysate and the isolated products using a Bruker BioTOF
ESI-TOF mass spectrometer. High resolution mass spectra were obtained using an internal
standard of poly(ethylene glycol). Infrared absorbance spectra were acquired using a MIDAC
Corporation M-Series FT-IR by placing a solution of the isolated photoproduct in methanol-dy
between two NaCl plates. The 'H-NMR and *C-NMR spectra of isolated photoproducts were
obtained on a Varian Inova 300 MHz spectrometer. A quantitative 'H-NMR spectrum of the
same sample was acquired using an internal standard.



Biological activity

The ability of the antibacterial compounds and their photolysis products to inhibit bacterial
growth was tested using E. coli DH5a. The bacteria were maintained on agar plates and grown
up overnight on Iso-Sensitest broth (ISB) (Oxoid, Inc.) prior to testing. One mL of antibacterial
compound or photolysis product and 100 pL of E. coli were added to test tubes containing nine
mL of ISB prepared in a pH 7 phosphate buffer (9.7 g KH,PO4 and 19.4 g Na,PO, per liter
deionized water). The solutions were incubated in the dark at 37 °C while being shaken.
Bacterial growth was assessed after 8 hours by measuring optical density at 600 nm (ODgg).

The antibacterial compounds and their photolysis products were also tested for their ability to
inhibit bacterial respiration. The respiration assay used was based on the ability of the bacteria to
reduce iodonitrotetrazolium chloride. E. coli (400uL) was added to 40 mL of ISB and incubated
at 37 °C. Once the ODg of this solution had reached 0.4 (in the exponential phase of the growth
curve), 1 mL aliquots were centrifuged at 19,000g for five minutes. The supernatant was
decanted, and 0.5 mL of antibiotic or photolyzed antibiotic was added. The bacterial pellet was
resuspended, and the tubes were then incubated in the dark at 37 °C while being shaken. After
one hour of incubation (approximately one generation time), 0.5 mL of a 5 mM solution of the
tetrazolium salt was added and the tubes were incubated for an additional hour. The tubes were
then centrifuged, the supernatant decanted, and 1 mL of an organic solution (1:1
dimethylformamide: ethanol) was added to the bacterial pellet to extract the formazan. The pellet
was resuspended, and the tubes were incubated in the dark at room temperature for one hour.
After centrifuging, the absorbance of the supernatant was measured at 464 nm to quantify the
amount of formazan formed.

Results to date

Photodegradation of the Sulfa drugs

The photolysis rates of the sulfa drugs containing six-membered heterocyclic substituents
(sulfachloropyridazine, sulfadiazine, sulfamerazine, and sulfamethazine) in Lake Josephine
(DOC = 5.9 mg/L) water were enhanced by a factor of 1.4-2.6 relative to the photodegradation
rates in DI H,O. The enhancement in the natural water has been attributed to reaction of the sulfa
drugs with excited triplet dissolved organic matter (DOM). Verification that the reaction is
sensitized by *DOM was provided by the characteristic enhancement of the degradation upon
eliminating oxygen from the system and suppression of the degradation upon addition of
isoprene, quenching of triplet-excited state perinaphthenone during LFP experiments, and the
lack of reaction between the sulfa drugs and 'O, as measured using thermal generation methods.
The natural water photodegradation of sulfadimethoxine matched the degradation in DI H,O, and
the degradation was thus attributed solely to direct photolysis. The direct photolysis of
sulfadimethoxine is pH dependent, and is explained by differing reactivity of the protonation
states. The remaining sulfa drugs’ direct photolysis and triplet-sensitized degradations are not pH
dependent over the pH range 6-9.

The primary product of both direct photolysis and triplet-sensitized degradation was identified as
an SO, extrusion product (Figure 1). The yield of this product from sulfamethazine was found to
be 64%.



Tetracyline

The pseudo-first-order rate constant for the photochemical loss of tetracycline was observed,
under environmentally-relevant conditions, to be dependent on pH and both calcium and
magnesium concentration. For each of the four acidic protons in tetracycline, deprotonation leads
to both increased solar action spectrum and increased rate constant for photochemical
degradation. The binding of tetracycline species to either calcium or magnesium leads to a
further increase in the action spectrum for solar absorption. In the laboratory, the high
tetracycline concentrations (1 to 10 uM) led to significant self-sensitization, especially at higher
pH values. For example, at a pH of 7.5, the observed pseudo-first-order rate constant appeared to
double when increasing the initial tetracycline concentration from 1 to 15 uM, with a linear
dependence on initial tetracycline within the concentration range. As an example of the rapid
kinetics, the half-life of tetracycline extrapolated to infinite dilution at pH 7.5 was 9.9 minutes,
where the experimental light intensity was approximately the same as that of a clear summer day,
noon, 45° latitude.

Photochemical behavior of the nitrofuran antibiotics

The photodegradation of the nitrofuran antibiotics (Table 1) occurs in two steps; the first
involves formation of a photostationary state within the first several minutes of exposure to
irradiation and the second is the subsequent direct photodegradation. The photostationary state
forms in response to the reversible photo-induced isomerization that occurs at the carbon-
nitrogen double bond of the nitrofurans. The photoequilibrium constant for this photostationary
state has been calculated to be 0.95 for furazolidone and 0.63 for nitrofurantoin. The
photoequilibrium constant for furazolidone was found to be irradiation wavelength dependent.
When the sample was irradiated with wavelengths longer than 320 nm, the photoequilibrium lies
towards a higher concentration of the photo-induced isomer. The photoequilibrium constant for
nitrofurantoin (pK, 7.7) was determined to be pH dependent, and is larger in solutions buffered
to a pH below the pK, and lower in solutions at a pH greater than the pK,.

The direct photodegradation of the nitrofurans has been investigated under artificial sunlight, and
the quantum yields of direct degradation and environmentally relevant half-lives for furazolidone
and nitrofurantoin have been determined (Table 2). The products of the photodegradation have
been studied through the use of HPLC and comparison with authentic standards of suspected
products. The production of nitrofuraldehyde has been ruled out based on HPLC retention time
and the rate at which it undergoes direct photolysis.

Biological Activity

Comparing the growth of E. coli DH5a in the presence of unphotolyzed sulfathiazole (Figure 2,
open circles) versus in the presence of partially photolyzed sulfathiazole (Figure 2, closed
triangles) revealed little difference in the inhibition of bacterial growth as a function of
sulfathiazole concentration. Any photolysis products generated at a given point along the curve
and present in the samples in the photolyzed series in addition to the sulfathiazole would be
responsible for deviations from the unphotolyzed sulfathiazole series. The concentration at which
sulfathiazole has reached half of its maximum effective concentration (ECs, values) for these
two curves were statistically similar. This suggests that the products of the photolysis do not
retain any significant ability to inhibit bacterial growth; that is, the antibacterial activity of the



photolyzed solution only comes from the unreacted sulfathiazole. Similar results were observed
for sulfamethoxazole, sulfachloropyridazine, and triclosan.

Ongoing work

Ongoing work on tetracyline will first involve further in-depth data analysis using mathematical
software to determine the values and certainty of the metal-binding constants of interest. Once
the aqueous speciation is known explicitly, photolysis experiments will be performed under
additional conditions to elucidate species-dependent quantum yields for the loss of tetracycline
under natural sunlight. The goal is to determine the physical constants necessary to predict the
pseudo-first-order photochemical loss rate constant of tetracycline in any given system with
knowledge of pH, calcium, magnesium, and sunlight distribution. Ongoing investigation of the
nitrofuran antibiotics includes examining reaction with singlet oxygen and additional product
identification using mass spectrometry, preparative LC, and NMR. Finally, work is being
conducted to characterize photodegradation of the fluoroquinolone antibiotics in natural waters
including analysis of the antibacterial activity of the photolysis products.

Summary of findings

The photodegradation mechanism for the sulfa drugs containing six-membered substituents
involves both direct photolysis and reaction with triplet dissolved organic matter generating an
SO, extrusion photoproduct. Comparison of these results with those obtained for the sulfa drugs
containing five-membered substituents reveals that minor structural changes can give rise to
disparate environmental loss mechanisms. The photochemical kinetic constants for the loss of
tetracycline under natural sunlight are a function of its various environmentally-relevant aqueous
chemical species, including acid-base and metal-bound forms. Direct photolysis has been found
to be the major photochemical degradation pathway for the nitrofuran antibiotics, with the
formation of a photostationary state between the syn and anti isomers occurring in the first
several minutes of light exposure. All antibacterial compounds tested, three sulfa drugs and
triclosan, photodegraded to products with no observable antibacterial activity.
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Figure 1. Characterization data for the primary photoproduct of sulfamethazine. (A) ESI-TOF
mass spectrum of the raw photolysate of sulfamethazine showing the parent ion (m/z 301.1,
MNa") and the photoproduct (m/z 215.2). (B) ESI-TOF mass spectrum of the isolated
photoproduct (m/z 215.2). 'H-NMR (C) and *C-NMR (D; * denotes ethanol peaks) of the
isolated photoproduct.
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Figure 2. Change in optical density at 600 nm after 8 hours for £. coli