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ABSTRACT
WHERE THE WATER MEETS THE SKY:
THE EFFECTS OF ATMOSPHERIC OZONE POLLUTION
ON AQUATIC ALGAL AND
BACTERIAL COMMUNITIES.
By
Julianne Heinlein

Ozone is a highly reactive oxidant and is the priyrconstituent of photochemical smog.
Since the industrial revolution, ozone levels ie ttoposphere have been rising and, during
warm seasons, regions all over the world reacherttrations that exceed the US EPA’s national
health-based standard of 75 ppb. In the most feallareas, maximum levels have reached over
400 ppb. Numerous studies have shown acute aogichimpacts of ozone pollution on the
health of terrestrial plants and animals. Ozorreaslily soluble in water and is often
gravitationally deposited onto surface waters.isTésearch is the first to examine the potential
of tropospheric ozone as an aquatic pollutant lsygog on the effects of atmospheric ozone
levels on algal and heterotrophic bacterial assagad.

Algae and bacteria were grown in three diffecaone atmospheres (0, 80, and 250
ppb) and biomass and assemblage composition weasumezl. Individual experiments focused
on 1) the community-level responses of natural tirtlivision periphytic algal assemblages to
these different ozone levels and the interactifecebf dissolved organic carbon (DOC), 2) the
effect of elevated atmospheric ozone levels onrbetghic bacteria within the above
periphyton matrices and in the absence of algataations, and 3) the independent responses of

diatom and cyanophyte communities to ozone poltuitiothe absence of interdivisional

interactions.



Ozone had both negative direct effects and pesitidirect, interactive effects on algal
biomass and assemblage composition. Within theagperiphyton assemblages ozone effects
varied with algal division and DOC concentratidn.the low DOC water, ozone effects were
minimal. However in the high DOC water, the int#nge effects of ozone and DOC were great.
Diatom biomass was maintained at lower levels mneztreatments but cyanophytes colonies
increased by two orders of magnitude. This DOCa@aahe interaction therefore led to a shift of
assemblage dominance from diatoms to cyanophyleserotrophic bacterial density in these
periphyton films was closely correlated with algamass.

Responses changed when each group was treatgbnuntly. The cyanophyte-only
assemblages were directly affected by the oxidatiress created by ozone treated environments
and biomass was significantly lower in the ozoeatiments. Diatoms, in independent cultures,
were unaffected by ozone treatment and heterotcdgduterial growth was facilitated.

This study indicates the potential of atmosphezicne to cause ecologically significant
changes to aquatic systems and highlights the toeemhsider direct and indirect effects of any
potential ecosystem stressor, species interactembseffects in different environments.
Integrating the results of my experiments indicéited ozone has greater effects on algae and
bacteria in high than low DOC waters, and that ezmay cause a shift toward cyanophytes in
high DOC waters. | hypothesize this is due to ezoxidation of DOC and release of organic
and inorganic resources that stimulate growth,chatbm mucilages mediated oxidative stress of
ozone on bacteria in the periphyton mat. Becaase®effects differed among algal divisions
and heterotrophic bacteria, with different roldsy@spheric 0zone may change microbial food
webs and biochemical cycling within ecosystem, tede effects are likely more important in

high than low DOC waters.
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Chapter 1: Introduction to the tropospheric ozone pollution problem and potential effectson

aquatic communities

Tropospheric Ozone: Chemistry, Transport and Distribution

Ozone (@), the most important constituent of photochemsrabg, is a highly reactive
oxidant linked to damage of animal and plant tisssigvell as numerous inorganic materials.
Because of its strong potential to harm living oigens and cost property and crop owners, this
trace atmospheric gas has been regulated by the BB#fg approximately 3000 times stronger
a greenhouse gas than CO2, tropospheric ozonsigltsficantly affects the radiative balance of
the atmosphere. The Intergovernmental Panel ona# Change now considers ozone to be
the third most important greenhouse gas after cadimxide and methanelt occurs naturally
in the troposphere at background levels of 10-29 (pjnlayson-Pitts and Pitts 1999) but has
increased greatly since the industrial revolution.

Some of this natural ozone is transported fronstretosphere where it is produced,

secondarily, from the photodissociation of molecotaygen. It is also produced directly in the

troposphere through the photoreduction of nitrogjeride (NOQ) and the subsequent

combination of a singlet O atom with molecular oegdFig. 1.1) (Committee on Tropospheric

Ozone 1991).

e NO2+hv=NO+0O

* 0+03=03

¢ 03+NO=NO3 +07

Fig. 1.1. Qproduction initialized by the photoreduction of NO



However, this ozone is quickly consumed by reactt nitric oxide (NO) from the initial
photochemical reaction, so it does not accumutatedreat extent. Because of the limited

intrusion of stratospheric ozone, the quenchingesfly produced ozone by NO, and the low

levels of naturally occurring N§)the pre-industrial troposphere is thought to havtained

only 10% of all ozone in the atmosphere and to havied very little in concentration (Chatfield
and Harrison 1977). Since ozone is a trace gaall shanges to ozone precursor molecules
may have profound effects on tropospheric conctatra.  Since the industrial revolution, near-
surface ozone levels have been measured at muategoencentrations than can be accounted
for by the above sources. As an example, averagagustrial tropospheric ozone
concentrations in Paris were about 10 ppb, 1988v@%ages in the least polluted parts of Europe
were between 20 and 45 ppb (Janach 1989; Volz #yl1088). Ambient ozone levels have
steadily increased and, today, maxima have beesureghabove 350 ppb in heavily polluted
areas (Kley et al. 1999). Inthe U.S., the mati@mbient air quality standard (NAAQS) for
ozone, developed to protect human and ecosysteltihhisa75 ppb for an eight hour average.

It was determined in the 1950s that this ozonemctation in the near-surface

atmosphere requires volatile organic car®@Cs) in addition to N@and NO (the

combination of which is represented by “NP(Haagensmit et al. 1953). The presence of

VOCs causes enhanced conversion fromt&I®@0, and therefore, the accumulation of ozone to

concentrations above those found in the backgranapdsphere, through the photolysis of this

additional NGQ (Committee on Tropospheric Ozone 1991). The cbalneactions involved are

numerous and complex with over a hundred diffecheimical species of VOCs, each with

varying reactivity and lifespan (Finlayson-Pittsldpitts 1999). A generalized reaction scheme



is shown in Fig. 1.2, taken from Kley et al. (1998)which the oxidation of an alkane (RH) is

used to illustrate the involvement of VOCs in ozpneduction and accumulation.

This relationship between NOVOCs, and ozone is non-linear and the contralzoine
production often depends on the specific VOC{N@tio. In general, for VOC/NEratios of
greater than 8:]1 lowering NG, concentrations results in lower peak concentratafrozone

(Committee on Tropospheric Ozone 1991). This ikda “NG—limited” system and is

characteristic of less polluted areas downwindityf@nters where biogenic or industrial VOC

production outpaces NGemissions from power plants and automobile exhalassuch

situations, ozone concentrations are not sengiiveduction in VOCs if it is not coupled with a

reduction in NQ. In some highly polluted urban areas with larg@/Nmissions, we see
VOC/NOx ratios less than 8:1. In these “VOC-limited” aspberes, decreasing the VOC at

constant NQ or simultaneously lowering both VOC and N@roportionately, will result in

lower peak ozone concentrations. However, dubda@bmplex photochemistry of this ozone

production, if only NQ is lowered, peak ozone concentrations will acyuaitrease until the

critical ratio is reached. The sources, concepmaand ratio of VOC and NQvary

tremendously geographically and temporally, bututhderlying photochemistry remains the

same worldwide and must be considered when tryirggphtrol ozone accumulation.

1The critical ratio may vary with the reactivity tife VOC mixture. Also, Kley et al.,1999 use a
VOC/NOx ratio of 4:1 as the ridge line between Ninited and VOC-limited regimes.
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The sources of Ngemissions into the troposphere are both naturabatitropogenic.

Lightning, naturally-occurring vegetation fires amicrobial metabolism in soils contribute the
majority of natural emissions. The contributionightning varies seasonally and may be more

important in the upper troposphere, particularlyintyisummer months. However, globally,

these natural emissions contribute less than 208teatfotal NQ emissions and in industrialized

nations may contribute a much smaller fraction (ghat al. 2003). The greater emissions are
all anthropogenic in origin and include fossil feeimbustion, biomass burning, and increased

microbial action due to fertilizer application (Klet al. 1999). Estimates for total global

emission of NQ range from about 30-45 Tg/§/2r), but most agree that over half of the total

tropospheric inventory of NQs attributable to fossil fuel combustion by chiedd electricity
production and gasoline/diesel use (Fowler et@8). The importance of the two sources
(and others) may vary regionally (http://www.epa/gir/emissions/), but over the Northern
Hemisphere, especially over the mid-latitudes ntfagority of these emissions may be attributed

to gasoline and diesel engines (Kley et al. 1999).

2 Tg=Teragram=1,000,000 metric tons



RH + OH — H,0 +R (R1)

* reactive VOCs, represented as RH, react with hydroxyl radicél$ t@form
organic radicals (R)

M

e Orgaric rduicais colnpine Wit moiecuiar oxyger o 1peroxyraaicais
(RO2), a process that usually requires an inert third body, M (e.g., N2

— 4 RO, +NO — NO,+RO (R3)
* Peroxyradicdis react witn niuric oXiae (NU) (o rornt nirogen aioxioeg (N

NO,, + hv — NO + O(3P) (R4) |

* Nitrogen UIoxiue 19hututiSSotidate by SUfai Tauiaton 10 feiease ground s
oxygen atoms, GP), and reform nitric oxic
i 0O+05 > O.+M (R5)
. < [e] AS 7

« Finally, oxygen atoms compine witn folécuiar oxygen, In tne presenc
third body, to form ozor

O, +hv — 0O, +0(D) (R6)

* Ozone iIphotodissociate by nearultraviolet solar radiation to form an excit
oxygen atom, GD)

0(D) + H,0 — 20H (R7)

* which, In turn, can react with water vapor (HZ0) to Torm two OH radic
The resulting OH radicals drive the chain process. Furthermorepres
initiated by the RO radicals formed in Reaction 1.3 can, in the presence
lead to further production of O

Fig. 1.2.Generalized reaction scheme illustrating the ingoient of VOCs in ozone producti
and accumulation.

The most recent U.S. EPA inventohttp://www.epa.gov/air/emissiondists gasoline

and diesel engines as supplying approximately 6D&eonational emissions of I, 35% of

that being due to omad vehicles. Electrical powerplantsntributed approximately 20%



Vehicle traffic has been statistically tied to oegollution in European and North American
cities (Committee on Tropospheric Ozone 1991; &raaind Brasseur 2003; Ibarra-Berastegi
and Madariaga 2003). With automobile and energyasthe rise in the U.S. as well as in
emerging economies, such as China and India, wectxp see greater overall emissions. In

regions where fossil fuel use is much less, sucheasouthern hemisphere, the other

anthropogenic sources of N@ay cause local pollution events. Burning biontasdear

croplands and forests is a common practice in d@ved countries and has been shown to
contribute significantly to ozone production (Fiateal. 2002; Kondo et al. 2003; Satsangi et al.

2004), especially over southern Africa (Thompsoale2002), the South Atlantic (Swap et al.

2003), and South America (Sanhueza et al. 2000¢n Eoil emissions of NQ from the over-

fertilization of croplands, can contribute to localone highs in areas with a ready VOC source

(Simpson 1993). Due to newly introduced regulai@ome voluntary) and demographic shifts,

there have been regional reductions ing&Mission worldwide but overall, they are on tiseri

in the Northern Hemisphere, increasing over theab& especially over China and India where
energy and automobile use are increasing dramigticain year to year (Butler et al. 2011;

Fiore et al. 2002; Meng et al. 2010; Sheel et@LQ2 Vingarzan 2004). In fact, Xing et al.
(2011) estimated, based on 2005 emission measutgntieat total NQ emissions in China will
increase 50% by 2020 if the current regulation emfdrcement remains. Also, long range
transport of NQ emissions from other areas may keep concentrahigiseven where regional

emission reductions have occurred.

Volatile organic compounds are generated both aptigenically and biogenically. In

urban and suburban areas, in the presence gfdéution, anthropogenic sources such as liquid
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fuel combustion and evaporation, industrial ussatvents, and many household organic
chemicals, such as those in some paints and ckearerthe fuel for ozone accumulation. As
with nitrogen oxides, the dominant VOC sources vagionally
(http://www.epa.gov/air/emissions/). Accordinghe EPA’s year 2008 measurements, the
largest U.S. source of anthropogenic VOCs waslfagsi combustion by on-road vehicles and
non-road equipment. The use of solvents followledety.

On average, biogenic emission of volatile orgaaidbons (BVOCSs) greatly exceeds
anthropogenic sources. In 2005, the EPA estinthitcapproximately 74% of all VOCs
released in the U.S. were biogenic (EPA 2008). stNBYOCs are produced by plants, but
bacterial releases can be significant in certagasr BVOC emission from forests alone is a
larger source of VOC than all the anthropogeniassalin the U.S. combined. Forest emissions
of BVOCs are important sources of ozone accumuatirrural areas. These compounds, in the
presence of NOx pollution downwind from urban atustrial areas, stimulate great ozone
accumulation. Although there are many differepetyof BVOCs with varying chemistry, most
are more highly reactive than anthropogenic VOUSsis fact, coupled with their high
concentrations, means that BVOCs are often thegpyirdeterminant of photochemistry in rural
and some suburban locations where vegetation &egk although others (Chameides et al.
1988; Chameides et al. 1997) suggest that BVOCgldi@ considered a potentially significant
contributor to the photochemistry above urban aasasell. This large source of biogenic
hydrocarbons sometimes leads to higher ozone levelsforested land than over large urban
centers (Bell and Ellis 2004). Even consideringdostions of fewer trees due to future
deforestation, the levels of biogenic VOCs are liypsized to rise due to increased production

by individual trees in response to increases ibgl€Q and warming temperatures.



Because of this uneven emission of ozone precuyrdwis atmospheric transport, and
local weather conditions, the spatial and tempeaahbility of ozone concentration is great.
The levels of ozone recorded in the tropospheresntly range from 10 to close to 400 ppb
(Eder et al., 1993; Bobbink, 1998; Fast and Heiln2803; Vingarzan, 2004). Spatial variability
is a function of geographic location, elevationd ameteorology, but more importantly of the
extent of anthropogenic emissions of nitrogen oxi@e they are often the “limiting factor” in
ozone accumulation in rural/suburban areas. Olswets are often the highest above urban
centers that have both large emissions of nitraggses and VOCs. Mexico City, for example,
has reached concentrations greater than 400 ppbb{Zao and Nash 2000). However, ozone
concentrations in the atmosphere above the surmogiageas may often be higher than over the
city itself. This may be due to greater emissiohgiogenic VOCs or in the following case, a
high production of industrial VOCs. Daum et alD@3) measured ozone in and around Houston,
Texas. In this case Houston was measuring 40-BGapthe same time that air above a shipping
channel outside of the city was reaching 120-20f2 @gitrogen oxide concentrations were

equivalent but ozone production efficiency was mgaater in this far less populated region

because of a ready source of industrial hydrocariiwat kept the VOC/NgEratio high.

Rural and remote areas are subject to the sametygenomenon (Brankov et al. 2003;
Chameides et al. 1997; Debaje et al. 2003; Kurgtikian e al. 2006; Metcalfe et al. 2002;

Rosenthal et al. 2003; Swap et al. 2003). Largessans of biogenic hydrocarbons from

vegetation, especially from trees, create@nsitive zones in these less-populated aredmso t

the transport of NQto these areas from urban and suburban centersienéase ozone

concentrations (Bakwin et al. 1994; Utiyama ef@D4). From 1993-1995, the air at 30-50% of



measuring stations in the rural eastern U.S. exazbdte national 8-hour standard of 80 ppb and
2-12% exceeded 120 ppb (Fiore et al. 2002). Ttreges are also seen in rural China (Cheung
and Wang 2001). Of primary ecological concerrhimt).S. is ozone pollution of national parks.
Ozone levels in these protected areas, particulatlye southwest, regularly exceed the 8-hour
EPA standard for ground-level ozone (75 ppb) ansbimmer ozone concentrations often exceed
those over urban centers. From April through Au@ii2011, ozone levels exceeded the
NAAQS (75 ppb) 222 times in national parks with oeanonitors (NPS 2011) these maxima are
often higher than those in nearby metropolitan@re@ransport from rural areas may influence
even more remote areas and threaten some faidiyr@rihabitats that are largely shielded from
non-atmospheric pollutants. For example, ozomeeotrations reaching 40 ppb were measured
in a remote Venezuelan cloud forest, where prestra levels were 4-8 ppb (Sanhueza et al.
2000).

Local and regional transport is accompanied by@mge, intercontinental transport,
which occurs in the upper, free troposphere andritanes to global background ozone (Liu et
al. 2003; Thompson et al. 2002). For example onwee the North Atlantic averages around 25
ppb in the summer and this is attributed to trarnsipom North America (Parrish et al. 1993).
The footprint of North American pollution extenasEurope as well. The air over North
America is influenced by pollution from China amdlia (some estimates of influence range
from 3-10 ppb) (Liu et al. 2003; Parrish et al. 29vhile African biomass burning may
influence ozone production over the Southern Aita@cean and Austral-Asia land masses
(Kondo et al. 2003). European emissions have bleawrsto greatly increase the background
pollution over Asia (Parrish et al., 1993). Be@uosthis transport, it has been estimated that

global background ozone levels have doubled sime¢urn of the century (Vingarzan, 2004).



Records of ozone measurements from the late 18@d\wrth America and Europe indicate

19th century background levels of 5-10 ppb (VingarZ20Q4). Current estimates indicate

background levels of 10-45 ppb (Fiore et al., 2002)
Ozone concentrations also vary temporally on sedsord diurnal scales. Seasonally,

o0zone concentrations tend to be highest in the ssemarhen sunlight is most intense and
biogenic VOCs are being produced in large quastitiBuring the day in urban areas, {N&nd

VOCs tend to rise with the increase in industriad automobile activity and, as a consequence,
ozone levels tend to be highest shortly after nodreas downwind of urban centers may peak
later in the afternoon or early evening. After@onwn, photooxidation ceases and existing
atmospheric ozone is scavenged by other chemicadsdeposited on land or surface water.
Therefore, nighttime ozone levels near the growardfall to near zero (Kley, et al., 1999)

Local production, regional and longer-distancegpanmt, and high background levels lead
to a global ozone pollution problem. Models hastneated a 100-120% increase in ozone in
the northern mid-latitudes over the past 200 yaadsan increase of 80-100% in the tropics
(Committee on Tropospheric Ozone 1991). All but snenario proposed by the
Intergovernmental Panel on Climate Change (IPCGjepts increases in tropospheric ozone
during the 21st century with projected backgrouodcentrations of 35-48 ppb by 2040, 38-71
ppb by 2060, and 42-84 by 2100 (Vingarzan, 2004)is means that background concentrations
may soon exceed internationally accepted maxinabksted to protect animal and plant health.
The increases are expected to be greatest indpiesr specifically South Asia, and also in
Central America, South America, and southern Afrielwever, the northern hemisphere will
also see arise. Since dry deposition of this apheric ozone (i.e., deposition not associated

with precipitation) is the largest sink (Fowleragt 1998), the potential for ozone damage to
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ecosystems is very real and appears to pose arb&yger threat in the future. Much of this
ozone is and will be over surface waters. Becauasee is highly soluble in water some of this
atmospheric component may be expected, throughejgsition, to dissolve into and change

the oxidative state of the water.

Tropospheric Ozone: Effectson Terrestrial Organisms

Ozone, as a highly reactive oxidant, has the pialeto react with unsaturated organic
chemical bonds, including proteins, lipids, peptijoans and enzymes, causing cellular damage
or death and inducing defensive responses thathalhge the chemical composition of cells
(Kley et al. 1999; Meehan et al. 2010). This dallwlamage results from the oxidative stress
caused directly from the ozone molecules but alsm fother reactive oxygen species (ROS)
such as hydrogen peroxide, hydroperoxide, supeepkigdroxyl, and singlet O. These oxygen
species result from ozone speciation, cellular petidn induced by the initial stress, or
oxidation of membranes (Oksanen 2003; Schraudrar £997).

Inhalation is the primary mechanism of internabimz exposure in humans and other
mammals so damage is predominantly to lung tiséueite respiratory damage and worsening
of asthma may occur at levels as low as 60 pphhagiter concentrations or chronic exposure

may lead to persistent effects on lung tissue andtion (Lippmann 1991; Tilton 1989). Studies

of reptiles and amphibians have indicated that Riglexposure may affect core body

temperature by changing thermal preferences andnpally, water balance (Dohm et al. 2001,
Mautz and Dohm 2004). Atmospheric ozone may feterdirectly with the olfactory senses of

insects or indirectly through ozone interactionhvtie signal chemicals. Several studies have
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shown that the searching efficiency of parasitoasps and the proportion of hosts parasitized
decrease as a consequence of elevated ozone (@adéset al. 1995; Mondor et al. 2004).

In addition to the few studies showing direct effecnost studies of the effects of
ambient ozone levels on wildlife show indirect eteon herbivores mediated by changes in the
chemical composition or availability of their pldiobd sources (Augustaitis et al. 2007;
Ditchkoff et al. 2009). The response varies dependn species. The growth rate and behavior
of insects, in particular, have been shown to ckangesponse to ozone-mediated increases in
leaf secondary metabolites or other physiologitralss responses (Lindroth 2010; Valkama et al.
2007). The growth of many insect species, esdggabkwers that include potential crop pests,
has been positively affected by ozone treatmettia@f host plants, showing shortened larval
development time and greater pupal mass (JoneBand 2006). Feeding preference was also
affected by ozone treatment but was dependent dyivioee and tree species, however, many
insects prefer ozone treated leaves to those raisger ambient conditions (Agrell et al. 2005;
Holton et al. 2003). These positive effects hagerbattributed to the greater concentration of
secondary metabolites or the reduction of pherghlicosides which have been shown to be
detrimental to larval performance (Holton et al020Valkama et al. 2007).

Photosynthetic cells are naturally high in reactxggen species (ROS) and therefore are
especially susceptible to oxidative overload; tfemes ozone-mediated changes to plants at the
individual and community level are common. The$blpgical changes associated with ozone
stress start with the loss of membrane integritthase chemical species attack unsaturated
lipids and proteins leading to internal productidrassorted ROS (Skarby et al. 2004). As ROS
increase, intracellular damage occurs (Kollner léradise 2003; Oksanen et al. 2004; Skarby et

al. 2004; Yamaji et al. 2003). Organelles, esgbcchloroplasts, suffer injury (Manning and
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Godzik 2004; Prozherina et al. 2008)xidative damage can be mitigated through the
production of a multitude of enzymatic and non-enatic antioxidants. This appears to be a
primary response of photosynthetic cells and sexvegsiench much of the increased oxidative
potential (Schraudner et al., 1997). The typegnhtity of antioxidants produced varies
depending upon species and may be the basis feratif tolerances observed. The metabolic
pathways associated with this physiological stresponse leads to changes in leaf
phytochemistry, specifically an increase in secopdaetabolites, such as phenolic acids and
flavonoids. At the same time, the production offary metabolites, such as carbohydrates, is
often unaffected or only slightly negatively affedt(Holton et al. 2003; Lindroth 2010; Valkama
et al. 2007). The response varies depending etiespand even genotype within a species
((Furlan et al. 2004; Oksanen et al. 2004)). imgeof the above changes in leaf chemistry,
angiosperms have been shown to be much more sildedptozone than gymnosperms (Holton
et al. 2003).

Primary producers of all types have been showretsdnsitive to elevated levels of
atmospheric ozone (Bermejo et al. 2003; Bookel. &009; Braun et al. 2004; Fiscus et al.
2005; Fuhrer 2009; Heath 1994; Morgan et al. 200®)is ozone stress causes both acute and
chronic effects in plants. Acute responses ragylit foliar injury, pigment loss and premature
senescence occur when a plant’s antioxidant resgsrepiickly overwhelmed by a large
concentration of ozone (Krupa et al. 1998). Fameple, necrotic lesions on tobacco plants have
developed within 15-72 hours after a single acuatene dose of 150 ppb (Schraudner et al.
1997). Chronic damage is a cumulative effect oltiple responses to low and high ozone
intake by a plant through its life cycle. Respantgechronic exposure vary depending on age,

species, and developmental stage but generallydech reduction of photosynthetic rate, growth
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rate and decreased root biomass due to effort@botamn above-ground growth (Chappelka and
Samuelson 1998; Schraudner et al. 1997; Valkarah 2007).

Due to these effects on plants, tropospheric obaisebeen identified as the most
damaging atmospheric pollutant to crops and forgstagle 1989).In fact, ozone is the only
major air pollutant that has been shown to inddaatglamage at ambient concentrations
(Schraudner et al., 1997Damage to potato, soybean, wheat, and tobacco du@ ozone
has been reported (Eder et al. 1993; Ishii etG042Kollner and Krause 2003; Madden and
Hogsett 2001; Schraudner et al. 1997). Avnery.€2@10) estimated “that year 2000 ozone-
induced global yield reductions ranged, dependimthe metric used, from 8 % for
soybean, 3:95% for wheat, and 2-2.5% for maize. Global crop production losses &atal9
121 million metric tons, worth $118 billion annually.” They and others (Bender akdigel
2011) predict even greater losses in the future.

In addition to reductions in crop yield, damage&bural communities has been
documented, particularly to forest trees (Broadmeatl998; Chappelka and Samuelson 1998;
Eder et al. 1993; Oksanen et al. 2004) and grasslpecies (Franzaring et al. 2000), but also to
wetland plants such &phagnum mosses (Niemi et al. 2002). It is estimated #pgaroximately
25% of the global forests are currently at riskimigithe growing season from ozone
concentrations above 60 ppb and estimates indilcatehis will rise to 50% by 2100 (Oksanen,
2003). These damage responses are species dep@uwlanink 1998; Franzaring et al. 2000;
Novak et al. 2003) and this differential speciespmnse may lead to compositional shifts in
natural communities, even if community biomassaokatfected.

The study of the response of terrestrial algakdellatmospheric ozone has been limited

to lichen cells and symbiotic cyanophytes. Nitmodiging cyanophyte symbionts were shown

14



to have inhibited growth, nitrogen fixation, anddrecyst formation when exposed to ozone
concentrations as low as 30 ppb for one week (HdN&ellburn 1994). Lichens have long been
used as indicators of air pollution and studiesshadicated that a response to ozone stress has
led to precipitous declines in lichen species redmand cover in areas outside of Mexico City
and in coniferous forests in California (Canas Bighata 2000; Garcia et al. 2000; Scheidegger
and Schroeter 1995; Sigal and Johnston 1986; Zamlaznad Nash 2000; Zambrano et al. 1999).
This decline has been attributed to a loss of dployll a by the algal symbiont and the
subsequent reduction of photosynthetic rate, eorespsimilar to that of plants. Also, a primary
response of lichen algae appears to be an inciedise antioxidant, superoxide dismutase

(Calatayud et al. 2000).

Tropospheric Ozone: Hypothesized Effects on Aquatic Ecosystems

There has been almost no research oeffibets of atmospheric ozone on aquatic
communities, but we may hypothesize similar effec@hanges to olfactory chemicals in the
water, behavioral changes as a response to oxadsttigss (i.e. drift), and changing algal
community composition or chemistry may influence #ibundance and types of invertebrates in
the affected area. Studies of wetland plants halieated a greater sensitivity to ozone than
plants not associated with water-logged soils (Faang et al. 2000; Power and Ashmore 2002;
Williamson et al. 2010). This is attributed to thigher rates of growth, stomatal conductance,
and leaf area associated with wetland plants (PamgrAshmore 2002). Given the high
surface-to-volume ratio and thin cuticle of modimerged angiosperms and mosses we may
hypothesize a greater potential for response ds Wealone effects on aquatic algae have been

studied only in regards to wastewater treatmehit sufficiently high ozone concentrations, algal
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cells are “oxidized to death” and even their bypcid may be destroyed (e.g. cyanotoxins) (Yun
et al. 1997). There are differences in the way ¢kaain algae respond to ozone, and different
concentrations and exposures times are necessaliyiaate different species (Hoeger et al.
2002; Lai et al. 2002; Paralkar and Edzwald 1996Jriy et al. 1996). Although photosynthetic
rates of algae after ozonation were severely rethrelven by short ozone contact (Yun et al.,

1997), studies of the longer-term sub-lethal effettozone are few.

Studies of heavy metal and hydrogen peroxidgOg) induced oxidative stress may

serve as models of potential ozone damage. Tliatwe stress created by these factors works
much the same way that ozone-induced stress daes@strial plants; a direct oxidation of

lipids and proteins and increased cellular produnctf reactive oxygen species which may lead
to a saturation of antioxidant capacity (Pintole2@03). Algal cells show an immediate
increase in both enzymatic and non-enzymatic aiatéons, superoxide dismutase being primary
in most species (Leitao et al. 2003; Pinto et@03). Where reactive oxygen species production
overwhelms the antioxidants, membrane damage (edlpen chloroplasts), pigment loss, and

even cell death have occurred (Mallick and Mohn@O0GIgal species differ in their response to

H-O»-induced stress (Barroin and Feuillade 1986; Kagl.€t984). Drabkova et al. (2007)

found that photosynthesis was inhibited by ozone goeater extent in five cyanophyte species

than three green algal species and one diatomespeEbr examplévlicrocystis aeruginosa, a

cyanobacterium, was negatively affected at tenditoeer HO> concentrations than that of the

green algaPseudokirchneriella subcapitata. Using these responses as a model, we may
hypothesize that the oxidative damage and defeasgmnse caused by ozone exposure may lead

to a reduction of algal photosynthetic rate anchgezof cellular chemistry. These may in turn
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lead to ecologically relevant changes in biomassjmaunity composition, as well as algal
nutritional value and palatability to herbivores.

Algal communities also may be indirectly affectsdthe response of other organisms
and/or dissolved substances to the increased d{delseis (Fig. 1.3). Ozone stress may change
inter-species interactions within the biofilm byfdrentially affecting various algal groups or
heterotrophic bacteria, changing community dynaraias potentially changing algal community
composition or total biomass. Bacterial, viralddangal pathogens are common to all types of
algae and may have significant impacts on algalrsamty composition, development, and
senescence (Hewson et al. 2001; Peterson et &; P@ard and Ducklow 2011; Proctor and
Fuhrman 1991; Vandonk and Ringelberg 1983; Vanedteh. 1991). Viruses have been shown
to be vulnerable to light (Suttle and Chan 1993) alhthree pathogens are inactivated by ozone
during wastewater treatment and also by gaseousedreatment of surfaces (Goncalves and
Gagnon 2011; Hudson et al. 2009; Lenes et al. 20abfoudh et al. 2010; Tseng and Li 2008;
Zhang et al. 2011).

Ozone and its dissolution species react with ragginic molecules that they contact
and, in natural waters, an important componenisisodved organic carbon (DOC). Up to 20%
of terrestrial primary production can be exportedissolved organic carbon, making it very
important to aquatic communities (Lennon 2004; leanand Pfaff 2005; Wetzel 2001a). DOC
molecules such as amino acids, carbohydrates, siarghnic acids, and lipids are very labile
and assimilated readily by bacteria, and so hawehgh turnover rates (Wetzel, 2001a). Their
instantaneous concentration in the water colunwetg low. The remaining DOC, composing as
much as 80% of that dissolved in inland waterbuisiic in nature; made up of complex organic

acids (humic and fulvic), that are mostly terredtm origin (Rosenstock et al. 2005). Humic
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and fulvic acids are also the primary contributorghe te-like color in high DOC wters.
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Fig. 1.3 Hypothesized direct (solid line) and indirect (@dtline) effects of atmospheric ozc
on aquatic algae.

andaromatic carbon rings, humics are more recalcititzam other DOC and thus are only v
slowly assimilated by bacteria. They tend to hiavg residence times in the water colu
(Wetzel 2001a; Yu et al. 2002) and will be avaiafdr interactions wh dissolved oxidants. |
fact, they are often the primary sink for ozonevater treatment (Cho et al. 2003). Becaus
its primary and almost immediate reaction with diged oxidants, DOC may serve to prot

algal cells from direct oxidative dam: by quenching the oxidative potential.
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The oxidative breakdown of humic substances léatlse formation of more labile
organic compounds such as aldehydes, polysacchaddd fatty acids that are more
bioavailable to bacterial communities (Fahmi eR803; Freese et al. 1999; Goldstone et al.
2002; Lennon 2004, Levine et al. 2000; Romani e2@04; Swietlik and Sikorska 2004,
Westerhoff et al. 1999). Oxidation of humic salpsies can also lead to a release of iron and
other trace metals, ammonium, amino acids, andghtates as they often form complexes with
these molecules (Ellis et al. 1999; Engelhaupt.2tG03; Stewart and Wetzel 1982; Wetzel
2001d). Iron oxide forms a particularly tight bonih fulvic acids and there are data to suggest
that this may cause iron limitation in humic wat@rsai et al., 1999; Guildford et al. 1987,
Kerndorff and Schnizer 1980; Jackson & Hecky 198igsy 1976).

Liberation of labile DOC and inorganic nutrientsdugh the action of ozone on humic
substances should serve to stimulate heterotrdgatuterial growth if direct oxidative stress on
cells is not too great. There is ample evidencanohcrease in bacterial growth rate after
breakdown of recalcitrant molecules in certain ays, via uptake of labile DOC (Anesio et al.
2004; Engelhaupt et al. 2003; Lennon 2004; Middeland Lundsgaard 2003; Romani et al.
2004). Natural ultraviolet light has been obserteedartially oxidize humic substances
generating large amounts of simple fatty acids wikhiserve as ready metabolic substrates by
bacteria (Volk et al. 1997). Many studies havenid that DOC exposed to natural UV radiation
leads to an immediate and sustained increase tdrilgrowth (Lindell et al. 1995; Moran and
Zepp 1997; Rosenstock et al. 2005; Stewart and &V&881; Wetzel et al. 1995). Ozone
oxidation may do the same, changing algal/bacteratactions.

The breakdown of aromatic bonds and depolymeriraifanolecules also leads to a

strong decrease in color and UV absorbance (Ari®84; Freese et al. 1999; Graham 1999).
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Indeed, my preliminary research, in which algae grasvn continuously in one of three ozone
atmospheres (0, 80, and 300 ppb) led to an unpatex difference in water color between
ozone treatments, that was visible to the naked &ye clearing of the water and resulting
increase in light penetration may have been thalysitof an observed change from diatoms to
green algae in the ozone treatment. In humicsystems, ozone may release algae from light
limitation through added oxidation of light-absarimolecules leading to a potential increase in
benthic and phytoplankton production or a shifaligal species composition.

The hypothesized and observed effects of humigoomds on microorganisms are
complicated and may be positive or negative. Timetional groups on many humic substances
may react with biomembranes leading to increaseagability (Visser 1985). There are some
data to indicate a unimodal response of cell mends&o humic effects. Lower amounts of
humics can stimulate growth with the consequentmged permeability to essential molecules,
but as concentrations increase, growth inhibitiosues (Steinberg et al. 2003; Wang et al.
1999). There is argument over whether or not higulistances are actually taken into cells;
however, smaller fractions of humics have beendaunside cells and humic substances < 3.5
kDa are known to pass through plant cell membr@Nesdi et al. 2002; Wang et al. 1999).
Once inside, these molecules tend to have negatfieets on algae, reducing photosynthetic
oxygen release and cell yield. The mechanism eicetias not been well discerned but there are
two accepted hypotheses: 1) that humic substantlg quench electrons or 2) that they bind
to the bioquinones in photosystem Il and therelogloklectron transfer. Either way, ozone
may affect photosynthetic processes.

Prokaryotic algae appear to be more sensitive toichigubstances than other algae.

Studies have shown cyanophytes reacting to lowecartrations of humics than other algal
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groups (Bahrs and Steinberg 2012; Prokhotskaysségidberg 2007). Park et al. (2009) found
a 24% reduction of green algal cell density atdtume concentration of rice hull extract that
reducedMicrocystis densities by >98%. Prokhotskaya and Steinberg7AR8attribute this greater
sensitivity to the simpler cell structure of cyahgfes —lacking membrane-bound organelles may
leave internal apparatus susceptible to extermatifgduced substances-- and a smaller suite of
antioxidant enzymes. Other studies have indictitatthe differential response to these
compounds may be species and molecule specificthatifinding that genera within the
cyanophytes, green algae, diatoms and euglenoidd be “very susceptible” to humic plant
leachates (Martin and Ridge 1999). However, there been studies that also indicate that
humic substances in low concentrations may actséihyulate growth of algae, including some
cyanophytes (Fagerberg et al. 2009; Sun et ab)20@ dissolved humic substances do limit or
promote the growth of different algal taxa in natigystems, then ozone breakdown of these
substances may change competition dynamics andtg@ilg cause a shift in algal community

composition.

Synthesis

Tropospheric ozone levels over extensive regiortk@fivorld are much higher than the

natural concentrations expected from stratosphienmsfer and oxidation of natural NO

During warm seasons, regions all over the worldhlezoncentrations that exceed the US EPA’s
national health-based standard of 80 ppb and maxifeuels could reach over 400 ppb.
Perhaps more important is the prediction that antlmeone concentrations will increase in the
future, as well as the extent of regions affectgthigh ozone days. These levels have and will

significantly change the oxidative potential of dtenosphere. Considering the relative ease of
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dissolution into surface waters, we must turn dtargion to the potential of tropospheric ozone
as an aquatic pollutant.

The myriad of documented effects of ozone pollutarterrestrial primary producers
through damage to membranes and proteins (espettiale of the photosynthetic apparatus)
and pigment loss, suggest a potential effect omtagjphotosynthesizers and heterotrophic
microbes that depend on that production. My prelary research on periphyton grown in a
continuous 300 ppb ozone atmosphere demonstratetsan-level community shift and the
many studies showing strong oxidative stress comaib this hypothesis and indicate the need
for research on algal communities. Thus, | hypsittes a shift in algal taxonomic composition
and related ecosystem processes as a result efaiffal tolerances to oxidative stress by ozone.

Ozone and its dissolution species react with magmc molecules that they contact and
humic substances, which are not readily taken updayeria, are available for oxidative
breakdown and are often the primary sink for ozongater treatment. As discussed, this
oxidative breakdown leads to the creation of loweunolar weight, bioavailable molecules and a
loss of water color and hence reduced light attemwa The effects of these changes on light
penetration and bacterial production and the ptetat ameliorate the negative effects of
humics may be indirect factors affecting algal caimies (Fig. 1.3). Thus | hypothesize
dissolved organic carbon will mediate ozone-algtdriactions.

The objectives of my dissertation are to manipusdieospheric ozone concentration and
DOC concentrations and determine their interacti¥ects on algal and bacterial communities.
Given the absence of detailed research on ozogetefbn aquatic ecosystems in ranges
expected for tropospheric ozone pollution, my redeavill provide the foundation for future

studies of the effects of ozone pollution on aguatid semi-aquatic ecosystems. Specifically,

22



Chapter 2 focuses on the community-level respoofeatural, multi-division periphytic algal
assemblages to three different ozone levels andliffeyent dissolved organic carbon
concentrations. Chapter 3 is a study of the efféelevated atmospheric ozone levels on
heterotrophic bacteria within the original peripdrytmatrix and in the absence of algal
interactions. Finally, Chapter 4 explores the palalent responses of diatom and cyanophyte
communities to ozone pollution without interdivisa interactions or resource competition. The
potential for further research on atmospheric ozffexts on algae, other aquatic communities,
and ecosystem functions is great. Invertebrams$ebrates, and aquatic plants are all potentially

affected either physiologically or behaviorally.
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Chapter 2: Impacts of elevated atmospheric ozone and the interactive effects of dissolved

organic carbon content on benthic algal community composition and biomass.

Abstract
Atmospheric ozone concentrations are increasimgany parts of the world. Ozone
dissolution into surface waters may directly inflae algal growth through oxidative stress or
indirectly through changes to water chemistryseédimicrocosms to address how atmospheric
ozone concentrations, independently and interaetitiydissolved organic carbon (DOC, in the
form of humic substances) may change benthic algsémblages. My results clearly indicate
that both DOC concentration and atmospheric ozewel$ affect algal assemblage composition
and biomass. DOC concentration had a large inadkpereffect on total algal biovolume but the
direction of effect was dependent on algal taxomoaivision. Ozone effects were significant
but also varied with algal division and DOC treainel suggest that atmospheric ozone is a
potential aquatic pollutant, but that the degreetich it affects benthic algae will depend on

initial assemblage composition and the amount aradity of DOC.

Introduction
Ground-level concentrations of the oxidizing palit, ozone, are on the rise as fossil
fuel consumption and vehicle use increase world@t@anier and Brasseur 2003; Ibarra-
Berastegi and Madariaga 2003). The levels of ozeoerded in the troposphere currently range
from 10 to close to 400 ppb (Bobbink 1998; Edealefl993; Fast and Heilman 2003; Vingarzan
2004; Zambrano and Nash 2000). During the warrasses regions all over the world regularly

reach tropospheric concentrations that exceed ghélational Ambient Air Quality Standard
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(NAAQS) of 75 ppb. Perhaps more important is tredltion that background ozone
concentrations and the extent of regions having bigpne days will continue to increase in the
future. In fact, some models predict that sumbamkground levels, generally defined as the
concentration attributable to long-range transgeguspension of previous emissions, and
nonanthropogenic sources, will regularly exceedNAAQS standard within 100 years
(Vingarzan 2004).

Due to the long-range transport of ozone precuifsors their source and the nature of
the chemical reactions that create ozone in th@gphere, emissions in one area may change
ozone levels long distances away (Kondo et al. 2D0Bet al. 2003; Parrish et al. 1993;
Thompson et al. 2002) and concentrations may Igasor higher in rural areas downwind of
precursor sources than in urban areas (Chamei@sl®97; Debaje et al. 2003; Metcalfe et al.
2002). In fact, higher ozone levels are routinmelyorded in national parks downwind of urban
areas than within urban areas (N.P.S. 2011).

Considerable research has been done showing tla¢ivesgffects of ozone pollution on
terrestrial systems, which can be great (Berme@.€2003; Braun et al.; Heath 1994; Wonisch
et al. 2004). Photosynthetic cells are naturailiyh in reactive oxygen species (ROS) and very
sensitive to oxidative overload, thereby makingriteesensitive receptor of ozone stress.
Primary producers of all types, in agriculturabad| as natural settings, are sensitive to elevated
levels of atmospheric ozone, resulting in foligurg, pigment loss, premature senescence, and
decreased photosynthetic/growth rates (Bermejb 2083; Braun et al. 2004; Heath 1994;
Wonisch et al. 2003)In fact, ozone is the only major air pollutant thas been shown to induce

plant damage at commonly measured concentratiamsdGdner et al. 1997). These negative
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effects are obvious at the organism scale but hesgebeen shown to affect overall crop yield
and forest function (Avnery et al. 2010).

The study of the response of algae to atmospbedne has been limited to lichen cells
and symbiotic cyanobacteria. Lichens have longnhesed as indicators of air pollution. Recent
studies have indicated that a response to ozoessdid to precipitous declines in lichen species
richness and cover in areas outside of Mexico &1ty in coniferous forests in California
(Avnery et al. 2010; Canas and Pignata 2000; Gatcah 2000; Scheidegger and Schroeter
1995; Sigal and Johnston; Zambrano and Nash 208)@prano et al. 1999). This decline has
been attributed to effects on the algal componaattd a loss of chlorophydl and the
subsequent reduction of photosynthetic rate. §émsfixing cyanobacterial symbionts have
shown inhibited growth, nitrogen fixation, and hietgyst formation when exposed to ozone
concentrations characterized as being “below antbiensemi-urban conditions (Hur and
Wellburn 1994).

These negative responses of terrestrial algaedoneogollution suggest a potential impact
on aquatic algae, as ozone may readily dissolwesatface waters. Dissolved ozone may
directly react with ecosystem constituents or tifiece may be through secondary oxygen species
created during dissolution, such as hydrogen pdeocand the hydroxyl radical. Algal
communities may be directly affected by the oxmastress caused by these ROS. The
response of aquatic algae to ozone has only badredtin regards to wastewater treatment.
These studies pumped ozone, in very large quastdiesctly into the water as a means of
disinfection. At sufficient levels, algal cellseaoxidized to death and even their byproducts
may be destroyed (e.g. cyanotoxins) (Yun et al7) 99 here are documented differences in

algal response to ozone and different concentraoi exposures times are necessary to
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eliminate different species (Hoeger et al.; LaaleR006; Lai et al. 2002; Paralkar and Edzwald
1996; Widrig et al. 1996). Although it has beened that photosynthetic rates of algae after

ozonation were severely inhibited even by shornezoontact (Yun et al. 1997), studies of the

sub-lethal effects are virtually non-existent.

Algal communities may also be indirectly affectgdthe response of other organisms
and/or dissolved substances to the increased ddelagls. Ozone stress may change inter-
species interactions within the biofilm by diffetetly affecting various algal groups,
heterotrophic bacteria, and algal pathogens. Adgone and its dissolution species react with
most molecules that they contact and humic subsgamehich are not readily taken up by
bacteria, are available for oxidative breakdown aredoften the primary sink for ozone in water
treatment (Cho et al. 2003). This breakdown ajdacompounds of DOC changes the light
regime by reducing light attenuation, produces nhainde carbon compounds and potentially
liberates inorganic nutrients that may be utilibgdalgal cells (Freese et al. 1999; Lindell et al.
1995; Tranvik 1988; Wetzel 2001a).

This study is the first to investigate the potdritifaatmospheric ozone as an aquatic
pollutant and the potential mitigating effects ohtic substances. The experimental approach
consisted of a three (0, 80, 250 ppb ozone) by(lwgh and low DOC) factorial design testing
the independent and interactive effects of atmaspleone level and initial DOC concentration
on periphyton assemblages. My objectives were Igdk for evidence of ozone or DOC effects
on total algal biomass and algal assemblage cotnposand 2) to determine if ozone effects

were mediated by DOC concentration in the wateurool.

27



Methods
Overall Experimental Set-up

Three ten-gallon glass aquaria were used to ctesgtement chambers (Fig. 2.1), each having a

different atmospheric ozone concentration: a comteatment with O ppb § a medium

treatment with about 80 pphbsand a high treatment with about 250 pph @quarium lids

were sealed with weather-stripping and lined willirB sheeting to maintain the treatment
atmospheres. Chemically non-reactive PTFE and pl&stics were required for this experiment

to resist corrosion by the large ozone concentmatmumped into the experimental chambers.

Ozone was created and measured using a Thermdifcislodel 49™ Oz analyzer. The air

used to generate the ozone was ambient air filttmedigh a carbon filtration unit prior to
entering the generator. PFA tubing conducted#ume from the generator into two of the
aquaria and back from all three to the sample aealyFlow into each aquarium was controlled
using a PTFE ball valve and manipulated until Hrget ozone concentration was measured in
the chamber air. The control treatment was sugpli¢h air from an aquarium bubbler filtered
through another carbon filtration device. Ozoneach chamber was monitored and
manipulated daily to insure an atmospheric cone#intr above the microcosms that was

consistently + 10 ppb of the target concentratiddzone levels in the control never measured

above 0 ppb. All three chambers were placed detambach EL60OM Orbital-Reciprocal

Shaker Table to create water motion, set to 9Gionts per minute.

Light was provided by fluorescent, natural-spectiwlbs mounted above the chambers,
which generated 63.65 + 2.16 uE/ZdBec. To simulate natural, summer, diurnal cyaesne

generation and light were on a timer, producingnffa00 a.m. to 9:00 p.m. daily. All three
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chambers were placed on an Eberbach E[B00rbital-Reciprocal Shaker Table to create

water motion, set to 96 rotations per minute.

Air

Ozone
Generator/Monitor

Carbon Filter

250 ppb Ozone

80 ppb Ozone

0 ppb Ozone

Fig. 2.1. Experimental set-ufRectangles represent individual chambers and sireleresent
microcosms within each chamber.

Water, for use in the experiment, was taken froennMllion Creek, Rose Lake Wildlife
Area, Clinton County, Ml and an adjacent, partidlymed oxbow wetland. The two water

sources are separated by sediment on one arm okbiwsv and a beaver dam on the other.
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When water levels are low, exchange between thestwieces is limited. Each source constituted
a different “DOC water treatment.” However, eaolrse differed greatly in the concentrations
of dissolved organic carbon (DOC). Other primaryers of algal growth, such as pH and
temperature, did not differ greatly between the.twéacronutrients (silica, nitrogen, and
phosphorus) were directly measured and addreSdezicreek water served as the growth
medium for the “low doc water” treatment and thelard water served as growth medium for
the “high doc water” treatment. Initial DOC contation for the high DOC water was 25.1 mg
C/L and that for the low doc water was 14.152 mig, Gieasured as nonpurgable organic carbon
(NPOC), and the high- and low-DOC sites had pHeslof 7.4 and 8.2, respectively.lhese
DOC concentrations are both high by global starglatd represent common levels for rivers in
our area.The high DOC water was noticeably stained with lustibstances from leaf
decomposition, and the low DOC water was visibbacl

Benthic and epiphytic algae were collected byIsioing biofilms from numerous
substrates in each habitat. These samples waretmebined into one suspension that was used
as the seed population for both DOC water treatsnedalf of this composite algae sample was
added to the low DOC source water and the othee tathe high DOC source water before
commencement of the experiment. Therefore thé gepulations for both treatments were
very much the same, differing only in the susperalgdl cells that may have been present
during initial water sampling.

Eight 4-inch diameter ceramic dishes were usediascosms, each containing 150 mL
of source water and an inoculum of algae from tiraosite sample. Each dish contained five
2.5 x 2.5 cm unglazed ceramic tiles. Four of tightemicrocosms in each of the three ozone

chambers (0, 80 ppb, and 250 ppb) were designatezither low or high doc water treatments.
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Fresh source water was added to the microcosrrh;eo'ﬁht 14t h, and thdays of the growth

period, to refresh nutrients and keep the watezlleonstant. Water temperature stayed at a
constant 23-24°C for the four-week duration ofélxperiment.
Sample Collection

The first sampling date was determined by the apgree of a visible algal filmon the
tiles. Periphyton mats and water samples werec@d after two and four weeks of treatment.
Two tiles were sampled from each replicate durirgyfirst sampling period and the remaining
three tiles were sampled at week 4. Periphytonrem®ved from each tile using a toothbrush
and deionized (DI) water from a squirt bottle. ipleyton samples from individual tiles were
pooled by replicate and date. Subsamples wera fake the homogenized, composite sample
for chlorophylla measurement, algal biovolume estimate, and battunts. Algal samples
were preserved with gluteraldehyde (2%).

Water samples were filtered through Whatiglass fiber filters, type GF/F, for

analysis of dissolved organic carbon, total dissdlaitrogen (TDN), and soluble reactive
phosphorus (SRP). All water samples were frozsit analysis.
Laboratory Analyses

Soft algal cells were identified and counted ihadmer-Maloney counting cell at 400X
until 400 natural units were counted. This is aification of a standard method for assessing
taxonomic composition and cell density of algal pls used in national ecological assessments
(Lowe and Laliberte 1996). | modified the countmgthod by increasing the number of natural
units counted to increase precision of taxonome @il density measurements. Natural units
are defined as the normal growth form of the adgh as single cells, filaments, or colonies.

The number of cells composing each natural unitalss recorded. Measurements were made
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of each taxon during identification for calculatitagal biovolume as an estimate of algal
biomass (Hillebrand 1999).

Diatom frustules were cleaned using nitric aciddgioplasm digestion. A ratio of one
part sample to two parts nitric acid was addedheaker and simmered on a hot plate for one
hour. Samples were rinsed several times withlididtiwater until the pH was neutral by
allowing frustules to settle for 24 hours, siphanoif the supernatant, and adding more water.

Neutral samples were concentrated, and then sulbssampre dried onto coverslips and

subsequently mounted on microscope slides usingnfdap" mounting medium. Diatom

identifications were made on clean frustules atXL6f a Leica compound microscope to a total
of 600 valves.

Chlorophylla (chl a) concentrations were also used as a measureabfitgal biomass.

Algae from each chlorophyll subsample were filteoatb Whatmah™ GF/C glass fiber filters,

extracted overnight in ethanol, diluted if necegsand analyzed fluorometrically before and
after acidification to correct for pheopigments {4 1998).
Total dissolved carbon (DOC), measured as non-pibtgeorganic carbon, and total

nitrogen concentrations were measured in filteratewsamples by Dr. Stephen Hamilton’s lab

at Michigan State University using a Shimadzu TOCPH™ Carbon Analyzer with a total

nitrogen module (TNM-1) and an ASI-V Autosampl&ecause the water samples were filtered
prior to analyses, the TN readings did not inclpddiculate nitrogen and were a measure of
total dissolved nitrogen (TDN).

Soluble reactive phosphorus (SRP) was analyzeshmples that had been frozen. Due

to a freezer malfunction, filtered water samplesfrweek 2 were lost; therefore, SRP
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measurements for the week 2 samples were doneetnoh samples filtered after freezing. SRP

concentration was measured manually following s@ebic acid method (APHA. 1998) on a

Spectronic® Genesy¥ 2 Spectrophotometer by Spectronic Instruments.

Satistical Analysis

To test whether DOC, ozone, and sampling datekesd an effect on total algal
biovolume, chh, or division-level biovolume, | conducted threeysNOVAs using the GLM
function in SYSTAT Version 12.0. To better undarsl the relationships between independent
and dependent variables, in the case of a signifiteiee-way interaction, two-way ANOVAsS
were conducted on the 0zone/DOC interaction at emak. Two-way ANOVAS on ozone and
week at each DOC treatment were also done to itedgsgnificant changes from week 2 to week
4 and to identify any significant relationships argdhe dependent and independent variables
that were not found in the former two-way ANOVA.ll Avo-way ANOVA results may be
found in Appendix 1. Tukey's HSD tests were uk®dair-wise comparisons of independent
and interaction effects when ozone was a signifiganable. All continuous variables were log-
transformed prior to analysis. Because of potergsaies with non-normality and some unequal
variances, the ANOVA results were corroboratedhgyrion-parametric Kruskal-Wallis One-
way Analysis of Variance (KW). Results did notrsfggcantly differ between the parametric and
nonparametric tests.

To determine if nutrient concentration differedaafsinction of DOC, ozone, week, and
resulting responses of algae, | once again uskeka-ivay ANOVA with subsequent Tukey’s
HSD pairwise comparisons. Correlations served¢atify significant bivariate relationships

between measured nutrient concentrations and berhagrient data were log-transformed.
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Results

Dissolved Organic Carbon

DOC treatment, ozone, and week each independaifitlgted measured DOC

concentration (2r=0.869) (Fig. 2.2). The concentration of total D{dCreased from week 2 to
week 4 in all samples {F3429.133; p=0.000), however, it was higher in thghHDOC than in

the low DOC source water at both sampling date££170.498; p=0.000).

High DOC Low DOC
50 ‘ N N I
43+ -+ -
)
g 36 a 1 r -
O b
Q 291 b S .
0 OZONE
22 - +4 - @ O ppt
A 30 pp!t
5L

\4% B 250 ppl
Weel Weelk

Fig. 2.2. Measured DOC concentration by ozoneveeek, for each DOC treatment. Lower-
cased letters indicate significant differences leetfwozone treatments at Week 2. Upper-case
letters, differences at Week 4. An asterisk denatsignificant change from Week 2 to Week 4.
Error bars represent one standard error above elod/ lthe mean.

*For interpretation of the references to colorhistand all other figures, the reader is referced t
the electronic version of this dissertation.

Ozone had a negative effect on total DOC as DOClevasr in both medium and high ozone

treatments than in the zero ozone treatmeng4£8.099; p=0.002 and p=0.008, respectively).
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These differences were also visible in the watércaOver the first two weeks of the
experiment, in the high DOC water, water color dased greatly in the high and medium ozone
treatments but not in the zero ozone treatment.
Total Algal Biomass

Ozone, DOC, and week complexly affected total lddgamass, with all interaction
effects being significant (Table 2.1). Subseqtentway ANOVAS on the interaction between
DOC and ozone at each week indicated that DOCteffeere dependent on ozone treatment and
this effect varied with week.

Table 2.1. ANOVA table for log-transformed values of total biass (as measured by
biovolume and chlorophyH) as a function of DOC, ozone, and week.

Sour ce df M ean sqr F-ratio P

Total Biovolume (r 2=O.782)
Ozone 2 0.307 1.762 0.187
DOC 1 8.021 46.050 0.000
Week 1 0.073 0.419 0.522
Ozone*DOC 2 0.881 5.060 0.012
Ozone*Week 2 2.033 11.672 0.000
DOC*Week 1 2.462 14.136 0.001
3 way 2 2.162 12.412 0.000
Error 35 0.174

Chlorophyll a (r2=0.705)

Ozone 2 1.68 2.175 0.129
DOC 1 0.397 0.514 0.478

Week 1 1.601 2.072 0.159

Ozone*DOC 2 2.128 2.755 0.077
Ozone*Week 2 8.587 11.114 0.000
DOC*Week 1 26.151 33.848 0.000
3 way 2 5.910 7.649 0.002

Error 35 0.773
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At week 2, the effect of DOC on total biovolume aindla was dependent on ozoné=(f).883;

F2 1g= 3.553, p=0.05 and?4=0.907; kR 1¢ 4.337, p=0.029, respectively). Atweek 4, thees

once again a significant interaction of DOC andrmezon both total biovolume and el

(r2=0.632; > 1¢= 10.884, p=0.001 an§10.627; K 1 5.141, p=0.018, respectively).

In the absence of ozone, DOC had a negative affetital biomass over the entire study
period as total biovolume was three times gredtereagk 2 and five times greater at week 4
(p=0.002 for both weeks), Chlwas also significantly greater in low than high O@ater at
week 2 (p=0.004) (Fig. 2.3). In the medium arghtozone, DOC initially had a negative effect
on total algal biomass but a positive effect lat&t.week 2 in the high DOC water, total
biovolume and chlorophyH were six times lower in high ozone (p=0.000 foth)@and three
times lower in the medium ozone (p= 0.006 and p3@®.0Gespectively). However, due to a
three-fold increase in biomass in the high and oradvzone treatments in the high DOC water
but not in the low DOC water, by week 4 biovolume wlot statistically differ between high and
low DOC water. Chlorophykh was greater in high DOC water with the high oztveatment

(p=0.016).
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Fig. 2.3. Measures of total algal biomass by ezamd week, for each DOC treatment. Lower-
case letters indicate significant differences betwezone treatments at week 2. Upper-case
letters, differences at week 4. An asterisk denatsignificant biomass change from week 2 to
week 4. Error bars represent one standard eraweadénd below the mean.

Ozone effect in the low DOC water was negativelipuited to the medium ozone
treatment and was only significant at the first pang date (Fig. 2.3). Biovolume was three

times lower in medium ozone than in either the z@rbigh ozone treatments (p=0.004 and

p=0.002, respectively) at week 2. There was noifsignt difference in chh concentration at
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week 2. Between sampling times, algal biomasse@sed in zero and high ozone but not in
medium ozone. Biovolume significantly decreasetth\wigh ozone over this period (p=0.005)

but did not significantly change in the medium er@ozone treatments. Ghbignificantly

decreased in both zero and high ozone treatmezmﬁ.ml; R,1¢= 50.733, p=0.000 and

p=0.001, respectively).

In high DOC water, ozone had a negative effeciotal aalgal biomass early in the study
period but a positive effect later (Fig. 2.3). wek 2, total biovolume was greater in zero ozone
than in medium ozone (p=0.011) and also high ozaltleough not significantly (p=0.129). Chl
awas significantly greater in zero ozone than thezihigh or medium ozone treatments
(p=0.001 for both). As mentioned above, from w2dk week 4, total biovolume increased
threefold in the high and medium ozone treatmgm®.019 and p=0.011, respectively) but
decreased in zero ozone (p=0.019). &bhanged in the same direction but the change was
significant only for the high ozone treatment (381). By week 4, the zero ozone assemblages
had less biovolume than those in high and medivom®%p=0.001 and p=0.041, respectively).
Chl a shows the same trend but only the difference bextwilee high and zero ozone treatment
was significant (p=0.003).

Division-level Biomass

Assemblages were composed of three major divsstbalgae: diatoms, cyanophytes
and chlorophytes. The DOC and ozone treatmentyé&ryddifferent effects on each division.
Early assemblages in all treatments were diatomuuied by biovolume but, by week 4,
cyanophytes were dominant in the high and mediuom@en the high DOC water.

Chlorophytes were second by biovolume across treaisrand sampling date.  As with total

38



algal biomass, all interactions among DOC, ozond,veeek significantly affected both diatom

and cyanophyte biovolume (Table 2.2).

Table 2.2. ANOVA table for log-transformed valu#glivision-level biovolume as a function

of DOC, ozone, and week.

Sour ce df Mean sqr F-ratio
Diatom Biovolume (r 2:0.853)

Ozone 2 0.257 1.273 0.293
DOC 1 14.590 72.358 0.000
Week 1 10.928 54.196 0.000
Ozone*DOC 2 0.795 3.944 0.029
Ozone*Week 2 2.961 14.686 0.000
DOC*Week 1 1.237 6.134 0.018
3 way 2 2.595 12.412 0.000
Error 35 0.202

Cyanophyte Biovolume (r 2:O.722)
Ozone 2 6.558 3.107 0.057
DOC 1 98.422 46.623 0.000
Week 1 52.478 24.859 0.000
Ozone*DOC 2 0.018 0.009 0.992
Ozone*Week 2 1.178 0.558 0.577
DOC*Week 1 14.281 6.765 0.014
3 way 2 11.133 5.274 0.010
Error 35 2.111

Chlorophyte Biovolume (r 2:O.481)
Ozone 2 0.771 0.830 0.445
DOC 1 2.216 2.385 0.131
Week 1 14.890 16.026 0.000
Ozone*DOC 2 0.327 0.352 0.705
Ozone*Week 2 0.226 0.243 0.785
DOC*Week 1 9.291 9.999 0.003
3 way 2 0.200 0.215 0.808
Error 35 0.929
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Subsequent two-way ANOVAs (DOC water and ozone/bgk) indicated independent

effects of DOC treatment and ozone on diatom biova at week 2 %F0.894; h,1¢= 107.064,
p=0.000 and § 1= 19.656, p=0.000, respectively). In additionréheas a significant

interaction effect of ozone and DOC water at we(ék2740.708; > 1¢= 10.446, p=0.001) (Fig.

2.4). Inthe absence of ozone, DOC had a negatiget on diatom biomass over the entire
study period. Diatom biovolume was lower in higf© water in zero ozone at both week 2 and
week 4 (p=0.001 for both). In the medium and loghne treatments, DOC initially had a
negative effect on diatom biomass (high ozone: @3®@and medium ozone: p=0.001) but by
week 4, there was no significant difference betwB@tC treatments.

From week 2 to week 4, diatom biovolume eithmerdased or remained the same in both

high and low DOC water and this response was degpgrmh ozone %:0.734; .1¢= 15.139,

p=0.000 and2r:0.814; F.1¢= 3.083, p=0.000, respectively). In the high DO&tev, diatom

biovolume significantly declined in the zero ozdreatment (p=0.000) but was maintained in
high and medium ozone treatments. In the low DGy diatom biovolume significantly
declined in both the zero (p=0.023) and high ozoe&ments (p=0.000) but was maintained
with medium ozone. By week 4, the negative eftdddOC was only significant in the zero

ozone treatment (p=0.001).

Medium ozone had a significantly negative effatiearly diatom biovolume g g=

19.656, p=0.000) in both high and low DOC water deer this difference was greater in the
low DOC water. By week 4, in high DOC watel trero ozone assemblages had

approximately a quarter of the diatom biomasswea present in the high or medium ozone
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treatments (p=0.013 and p=0.022, respectively)ownDOC water, diatom biomass was 70%
lower in the high ozone than in either the mediummeyo ozone treatments (p=0.026 and

p=0.029, respectively).
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Fig. 2.4. Measures of division-level biomass bgrezand week, for each DOC treatment.
Lower-case letters indicate significant differenbesnveen ozone treatments at week 2. Upper-
case letters, differences at week 4. An astemsiotes a significant biomass change from week
2 to week 4.Error bars represent one standard error above elod/ lthe mean.
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Cyanophytes were also significantly affected lyyititeractions of DOC, ozone, and
week (Fig. 2.4). Subsequent two-way ANOVAS (ozand DOC by week) indicated that DOC

had a positive effect on cyanophyte biomass at sathpling dates. At week 2, cyanophyte

biovolume was 3 times greater in the high DOC wttan in the low DOC Wate{r2=0.508;
F1,16= 10.579, p=0.004). By week 4, the difference imadeased to two orders of magnitude
(r2:0.731; R 1g= 37.976, p=0.000). This great difference betwegmophyte biovolume in the

high and low DOC waters at week 4 can be explanyed cyanophyte “bloom” that occurred
only in high DOC water in the high and medium oztreatments. A two-way ANOVA

(ozone and week by DOC) verified the significarteéraction of ozone and week on cyanophyte

biomass in the high DOC water2#|0.821; K 1 9.025, p=0.002). Indeed, cyanophyte

biovolume increased by two orders of magnitude betwweek 2 and week 4 in the high and
medium ozone atmospheres (p=0.000 and p=0.00Zawagly). Consequently, cyanophyte
biovolume at week 4, in the high DOC water, wasrapinately 10 times greater in the high and
medium ozone treatments than in zero ozone (p=GA#Z2=0.026, respectively). There was no
significant ozone effect on cyanophyte biomasfienlow DOC water.

Chlorophytes were also a major constituent oassemblages throughout the
experimental period. Chlorophytes were unaffetigdzone treatment but were positively
affected by DOC at week 4 (Table 2.2). At week&¢ was no difference between chlorophyte
biovolume in the low DOC or high DOC waters. Chblanyte biovolume significantly increased
during that time in the low DOC water (p=0.000) hat in the high DOC water. Consequently,

at week 4 chlorophyte biomass was significanthyaggein low DOC water than in the high DOC

water (r2:0.481; F1,18=9.999; p=0.003).
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Nutrients

DOC, ozone, and week were all independently sicauifi factors affecting total dissolved

nitrogen (r2=0.696) (Fig. 2.5). TDN waswer in the low DOC water @F3421.710, p=0.000)

than in the high DOC water across all ozone treatmelt was also lower in the medium ozone
than in the high or zero ozone treatments4£13.099, p=0.000 both) in both the low and high
DOC waters. From week 2 to week 4, TDN increasedss DOC and ozone treatments
(F1,348.377, p=0.007).

SRP concentrations were independently affected®¢ and ozone treatment but the

ozone effects varied with Week2#|0.724) (Fig. 2.5). SRP concentrations were highéhe
high DOC water throughout the study (§7=14.96; p=0.001). At week 2, SRP was higher in
the high ozone treatmentyf7=5.504; p=0.014). From week 2 to week 4, SRP énhigh and

medium ozone treatments decreased significanily {£4.580; p=0.001 and p=0.006,

respectively) and at week 4 SRP in the zero oz@ament was higher than in both the high and
medium ozone (p=0.018 and p=0.05, respectively).
Silica concentrations did not differ significantdgtween the two DOC waters but

significantly varied with ozone treatment (Fig. 2.%ilica was higher in the zero ozone than in

the high or medium ozone treatments §6=8.068; p=0.013 and p=0.002, respectively) and

increased significantly from week 2 to week 4 asrpeatments.
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Fig. 2.5. TDN, SRP, and silica concentration (Mddiz ozone and week, for each DOC
treatment. Lower-cased letters indicate significhifierences between ozone treatments at week
2; upper-case letters, differences at week 4. fersk denotes a significant biovolume change
from week 2 to week 4. Error bars represent caledstrd error above and below the mean.
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Total algal biomass (as biovolume or ahlwas not correlated with nutrients across
treatments and sampling periods. Cyanophyte hiowelwas positively correlated with TDN
(r=0.390; p=0.001) and diatom biovolume was neg#ficorrelated with silica concentration
(r=-0.341; p=0.027). However, when analyzed s#pdy at each week, there were no

correlations between nutrient concentrations atal &dgal biomass or division-level biomass.

Discussion

Our results clearly indicate that both DOC conigion and atmospheric ozone levels
affect algal assemblage composition and biomags.sttddy presents the first evidence that
atmospheric ozone, at levels measured in the tpdwoe and allowed to dissolve naturally into
the water column, may cause changes to aquatimassges. Our results also indicate that algal
divisions (diatoms, cyanophytes, and chlorophytespond differently to the independent and
interactive effects of DOC concentration and elegtaizone.

After 2 weeks of exposure, total algal biomass,clwvlwas dominated by diatoms, was
negatively affected by DOC. This appeared torneed by the diatom response, as DOC had a
negative effect on diatom biomass, no effect oordghytes, and a positive effect on
cyanophytes. This negative effect of DOC on dregavas mostly likely indirect as few studies
have shown direct negative effects of DOC on diagwowth. TDN did vary statistically with
DOC treatment but there was no significant correhatvith total or diatom biomass at this
sampling date. Also nitrogen levels were high gmoto not be a limiting factor for diatom
growth (Rier and Stevenson 2002). Light attenuatiay have limited total diatom growth in
the colored, high DOC water, although diatoms Hzeen shown to be very tolerant of low light

conditions (Steinman et al. 1989; Pillsbury and ed®99).
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Although different source waters were used in tl¥CDwvater manipulation, DOC
concentration itself, most likely regulated theetved effects of water treatment. The two
treatment water sources were from a connectedmystparated only by sediment and a beaver
dam so some water flow was maintained throughauyéar and catchment geology was the
same. The primary difference between the two ameasretention of leaf litter which led to a
higher DOC concentration in the wetland area. pféred slightly but, based on autecological
similarities of the diatom taxa in samples, théedd@nce in pH was most likely not great enough
to cause a significant shift in the division leteetonomy. In fact, cyanophytes, which are
generally more sensitive to low pH (Wetzel 2004®re in greater abundance in the lower pH
water. Also, any pH differences between the meatments would most likely have been a
secondary effect of DOC concentration since DOGItsn a primary source of acidity in aquatic
ecosystems. The algal seed populations for expetsnwere the same for each treatment so
initial source water communities should not bedaese of any differences among treatments.
During the experiment, microcosms warmed to roampierature and were maintained at that
temperature, in both treatments, throughout thegxyent. Macronutrient concentrations were
measured directly during the experiment and acealfdr during analysis. Light attenuation
differed in a small amount, initially, between tine treatments but this difference would have
been a secondary effect of humic DOC content imthier. Thus | argue experimental effects in
DOC water treatments were likely the direct or iadi effects of DOC because the most
important factors ecological factors that couleaffalgal biomass and composition were
measured directly for comparison or held constadtdo not provide plausible explanations for

observed effects of DOC water treatments
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| did not measure iron concentration, but humicssatices are known to chelate iron,
potentially reducing its availability to photosya#izers (Imai et al. 1999; Wetzel 2001a).
Although speculative, iron limitation would explamoth the lower diatom and greater
cyanophyte biomass at week 2 in the high doc wa¥any cyanophyte species will produce
soluble, iron-chelating compounds (siderophoresgaponse to iron limitation which have been
shown to give them a competitive advantage ovegratgal groups (Murphy 1976; Mahasneh
and Tiwari 1992; Imai et al. 1999). Simultaneousign limitation of diatom biomass would
reduce competition for other nutrients, particylgghosphorus, explaining the greater
cyanophyte biomass in the high DOC than in thedow water. However, cyanophytes have
been shown to be inhibited by the light attenuagéfigcts of humic acids (Jackson and Hecky
1980; Sun et al. 2006). Although the water depdis quite shallow, the intensity of water color
at the beginning of the experiment may influendezllight regime enough to give diatoms the
overall competitive advantage at week 2.

Ozone effects at week 2 were influenced by DOC entrations. In the high DOC water
there was more total algal biomass with zero ozimakgating a direct negative effect on algal
growth. However, in the low DOC water, only theden ozone treatment showed a
statistically significant growth effect. This mhgve been an anomaly, however, but evidence
indicates it was not. If we look at the divisi@avél results, diatoms were the only algal group
significantly affected by ozone at this samplingedand only medium ozone had a negative
effect on their growth. It is possible that thedative stress caused by medium ozone levels was
enough to slow diatom growth but was not a stramgugh stressor to induce cellular defense

mechanisms that would then ameliorate the negatfeets at higher levels of ozone.
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Alternatively, there was an indirect effect cauaedhedium ozone that was mitigated at high
ozone levels.

Algal assemblage changes from week 2 to week daapp show both senescence and
succession. By week 4, the high biomass diatormassges (high and zero ozone treatments in
the low DOC water and zero ozone in the high DO@warecipitously declined while the
lower biomass diatom assemblages were maintainelds# to the initial biomass. These
diatom assemblages most likely reached peak bioarakgvere experiencing density-dependent
stressors that led to autogenic community succesdi@nsity-dependent periphyton senescence
is common and may be precipitated by low nutrierels, toxin build-up within the algal film,
or an increase of pathogen/cell interactions (Bardh1996; Hewson et al. 2001; Peterson et al.
1993; Wetzel 2001c). The diatom communities thétnot reach that “peak” did not crash and
were maintained at close to their original biomass.

From week 2 to week 4, in the high DOC water ptligre was an ozone correlated
succession from diatom dominance to cyanophyte ange. Chlorophyte and diatom biomass
did not significantly change, while cyanophyte bass increased greatly in ozone-treated
microcosms.That this is a direct stimulation of cyanophytewgtto by ozone or humic DOC is
unlikely, since there was no such stimulation aékv2 and since previous studies indicate
negative direct effects of humic substances onayayte growth (Bahrs and Steinberg 2012,
Kosakowska 2007; Pflugmacher 2001).

A clearly visible reduction of water color coided with the cyanophyte increase. This
loss of water color can be considered indicativihefbreakdown of DOC as many studies have
shown the strong relationship between color umtsdissolved organic matter (Wetzel 2001b).

Since color is produced by chromophoric compoundisch are comprised primarily of high to
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medium molecular-weight dissolved humic and fulwids (Wetzel 2001b), we may assume
that an oxidative breakdown of complex humic sutxsta took place in the ozone treatments
during the course of the experiment. It is thisaldown of humic substances that may have
been the indirect mechanism of ozone effect orcylamophyte populations in the high DOC
water.

The color reduction in the ozone-treated waterld/bave increased available light and
may have released cyanophytes from light limitatiéw the same time, this breakdown of
humic substances may have released chelated meneasing bioavailability. Cyanophytes have
been shown to quickly respond to iron addition$dmylitated production of siderophores (Imai
et al. 1999) and so the coupling of a more favardéight regime with an increase in nutrients
may have been sufficient to stimulate the cyanophlytoom” that occurred by week 4.
Competition for iron would also explain why chlohypes did not take off, as well, when light
increased.

Finally, humic substances are complex moleculéls greatly varying molecular weights
and chemical characteristics and studies have shotimstimulation and reduction of algal
growth as a response to added humic compoundsrifaagest al. 2009; Steinberg et al. 2003;
Sun et al. 2006; Wang et al. 1999). The bloom b®aindicative of a stimulation of
cyanophytes by heterotrophy. Studies have shoatmtiany types of algae exhibit heterotrophic
use of photolytic degradation products of recanitthumic substances and even aromatics
(Larson et al. 2002; Semple et al. 1999; Tittel Kadhjunke 2004) as a survival mechanism in
extremely light-limited situations. These orgacécbon substrates may be utilized by algae at
natural concentrations and in the presence of bactnd it has been suggested that

heterotrophy may also be an efficient mode of n@tsim in systems with high levels of labile
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dissolved organic compounds even in the presenbghdf(Tittel and Kamjunke 2004; Tittel et
al. 2009) It is possible, then, that the abundance of latnigmnic compounds being produced
through the oxidation of humic compounds in thereztveatments may have stimulated
facultative heterotrophy in the cyanobacteria.

Chlorophytes appear to be unaffected by ozonéntieset and the significantly lower
chlorophyte biovolume in the high DOC water at wdakay have more to do with a reduction
of competition with diatoms after the diatom commties declined in the low doc water. This
hypothesis is corroborated by the fact that thiledknce between DOC treatments was only
significant in the zero and high ozone treatmehts treatments that witnessed the diatom crash.

These complex responses of algae to ozone andrtexiactions with DOC indicate
many direct, indirect, and interactive causal paysv In the absence of ozone interactions,
assumed humic DOC generally had a negative effeelgal biomass with the exception of
cyanophytes that were unique in their positive oesp to higher DOC concentration. These
results support previous research that showed hoomtol of algal biomass through altering the
light and/nutrient regime in aquatic systems.s Wifficult to specifically isolate the role of
ozone when comparing the effects of ozone in dogthigh and low DOC waters but its effect
was generally greater in high DOC water, negativihe short-term, and positive in the long—
term, and was dependent on algal taxonomic division

In conclusion, my results indicate that ozone Wkily have a greater effect in high DOC
waters, by breaking down complex molecules whidhehiange the light and nutrient regime
and, at least for cyanophytes, this interactiveaféppears to be positive. However, the
response of phytoplankton assemblages, which ssepleysically complex, may be very

different. The interaction of ozone and DOC wdluse changes in algal function in ecosystems
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because their effects differ across divisions géalwith varying nutritional content for
herbivores, nutrient and light requirements, arldsa biochemical cycling. This study
indicates the potential of atmospheric ozone asg@mt of change to aquatic algal assemblages,
especially in humic waters, and underscores th@itapce of considering species interactions

and other complex indirect responses when detengithie potential impact of a given stressor.

52



Chapter 3: Mediation of atmospheric ozone effects on benthic heterotrophic bacterial
biomass by dissolved organic carbon and algae

Abstract

Ozone is an EPA regulated atmospheric pollutaatthias been shown to greatly damage
human and ecosystem health. Few studies havessedréhe potential of atmospheric ozone as
an aquatic pollutant through dissolution into scefavaters. The objective of this study was to
examine the direct and indirect effects of dissdlaemospheric ozone on aquatic heterotrophic
bacteria. Ozone effects on bacteria-only asserablagd bacteria/periphyton assemblages were
assessed using microcosms. In the absence ofcalgstituents, heterotrophic bacteria were
stimulated by ozone treatment. When bacteria gnetve presence of algae, ozone also had a
significant effect on bacterial biomass but thds@nges were better explained by total algal
biomass than ozone treatment. These results tedacaindirect effect of ozone on heterotrophic
bacteria in benthic periphyton, likely through acbe in the availability of organic carbon

and/or altered interspecific interactions.

Introduction

Ozone (@) is a primary constituent of photochemical smod @noften considered a

pollutant of serious concern because of the gretnpial for damage to human and ecosystem
health. During summer, regions all over the woeach concentrations that exceed the U.S.

national health standard of 75 ppb, with recordastimum levels reaching 400 ppb (Vingarzan
2004, Sanchez and Ayala 2008). Tropospheric omosigatially and temporally heterogeneous

and while maximum levels have decreased in sonasaseich as North America and Europe,
global background ozone concentrations are inangaseadily. Background4{Dgenerally
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defined as the concentration attributable to lcemge transport, resuspension of historical
emissions, and non-anthropogenic sources is pegtitotincrease by 0.5-2% per year over the
next century, and some models predict that backgt@oncentrations will reach 75 ppb by the
end of the this century (Vingarzan 2004).

Ozone damage to terrestrial ecosystems has béemsesely studied and damage to
crops, forests, and other natural systems is widglgrted (Broadmeadow 1998, Madden and
Hogsett 2001, Niemi et al. 2002, Oksanen 2003, Aveeal. 2010). Considering the extent of
surface waters globally and that ozone readilyalv&s in water, we should consider the
potential of atmospheric ozone as an aquatic @oitut

Heterotrophic bacteria are primary constituentseghwater plankton and benthos,
where they contribute to the base of the food webiateract complexly with algg&vetzel
2001a). They are integral to the aquatic carbatecyChanges in the quantity and health of
aquatic bacteria may greatly affect ecological fioms from the biofilm to the ecosystem scale.
Wastewater treatment and food preservation stindies repeatedly shown the antibacterial
potential of high concentrations of dissolved oz(fae exceeding atmospheric levels) to both
Gram positive and Gram negative bacteria (Tannal. 2004, Voidarou et al. 2007, de
Velasquez et al. 2008, Gerrity et al. 2011, I1zdebskl. 2011) Primary damage results from
degradation of lipids in the cell wall and membrgperticularly the double bonds of unsaturated
lipids, resulting in membrane disruption, leakageytoplasm and eventually cell lysis (Guzel-
Seydim et al. 2004)However, we have little knowledge of the directralirect effects of dissolved

0zone on aquatic bacteria in the ranges obsernéxpected under ambient and elevated atmospheric
ozone concentrations, and the degree to which adisens from ozonation treatment of water can be

extrapolated to lower exposures is unknown.
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Dissolved ozone may also caundirect effects on bacterial biomass if the inceglas
oxidative stress affects other biota in the ec@systHeterotrophic bacteria and algae form tight
relationships in the plankton and benthos that beagither facilitative or competitive (Wetzel
2001d). Whether the relationship is negativeasifpve largely depends upon the supply of
inorganic nutrients and organic carbon availabtebfcterial use. Natural bacterial communities
are commonly limited by phosphorus and/or orgaaiben concentrations and, since they are
much better competitors for phosphate than aldpy, are expected to outcompete algae in low
phosphorus situations leading to a decline in dgahass as bacterial biomass increases
(Jansson et al. 1996). However, algae and bacensnonly coexist and their relationship is
often found to be mutually positive. It is widelgcepted that algae provide, through exudates,
labile organic carbon for use by bacteria and stithulate bacterial growth when phosphorus is
not limiting (Klug 2005, Rier, 2002). Benthic algaats may also provide greater physical
substrate for bacterial colonization, facilitateermal nutrient cyclingRier and Stevenson 2002),
and act as protection for the bacterial communitiElsese bacterial/algal interactions will be
affected by any environmental variables that altgal biomass and composition or the
availability of organic carbon. My research in @tea 2 showed a change in both biomass and
species composition of algal communities after sype to high ozone atmospheres

Dissolved organic carbon (DOC) may also mediateetifiect of ozone on bacterial
communities. Most DOC in the water column is cosgzbof large, complex, and more
recalcitrant substances, such as humic and fubrdsas well as lignocelluloses (Wetzel 2001a).
These are utilized slowly by bacteria and therebm@umulate in the water column; whereas
small and simple organic molecules, like amino fatty acids and simple carbohydrates, have a

very high turnover rate because they are prefeintaken up by bacteri@gMoran and Hodson
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1990, Ellis et al. 1999, Wetzel 2001a, Rosenstock@imon 2003). Oxidation of large,
complex DOC molecules by UV-B and ozone resultrmdpction of smaller more labile
molecules such as aldehydes, ketones, fatty amndsamino acids (Mann and Wetzel 1995,
Moran and Zepp 1997, Volk et al. 1997, Escobat.é1091, Judd et al. 2007An increase in
bioavailable molecules may lead to greater badtergabolism and biomass. Indeed, many
studies have shown the stimulation of bacterialwincafter photooxidation of humic substances
(Engelhaupt et al. 2003, Middelboe and Lundsga@fiB2Anesio et al. 2004, Lennon 2004,
Romani et al. 2004). Oxidation of humic substara@sbe an important sink for ozone (Cho et
al. 2003). If the concentration of humic substanisesufficiently high, oxidation of humic
substances may ameliorate the oxidative potentiazone and protect aquatic biota from much
of the direct oxidative stress.

The objective of this study was to examine thediand indirect effects of dissolved
atmospheric ozone on aquatic heterotrophic bactéiastudy consisted of two experiments,
the first being a “bacteria only” study in whichdberia were grown in the absence of algae, in
three different ozone atmospheres. This experimastintended to discern direct effects of
ozone concentration. The second was a “periphgihohbacteria experiment” in which natural
algal/bacterial assemblages were grown in the sperimental ozone conditions as the
previous experiment with the additional variabldd@C concentration. This experiment was
meant to simulate a more natural system in whichpstition with or facilitation by algae may
influence bacterial response to ozone treatmehypbthesized that high and medium ozone
levels would reduce bacterial biomass in the alsehalgae due to oxidative stress. In the

bacterial and algal assemblages, | expect indoeahe effects, such as a facilitation of internal
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organic matter and nutrient recycling through there-mediated breakdown of periphyton

mucilage or altered algal/bacterial interactions.

Methods
Bacteria only experiment

Three covered, ten-gallon glass aquaria were wserkate the treatment chambers, each

having a different atmospheric 0zone concentratiocontrol treatment with O ppbzCa

medium treatment with about 80 ppl;@nd a high treatment with about 250 ppiXEg. 3.1) .

Each chamber was completely covered in reflectaygep to exclude ambient light and thus
prevent algal growth. Aquarium lids were sealethwieather-stripping and lined with PTFE
sheeting to maintain the treatment atmosphereem@ally non-reactive PTFE and PFA
plastics were required for this experiment to tesisrosion by the large ozone concentrations

pumped into the experimental chambers. Ozone veaderl and measured using a Thermo

Scientific Model 49M Ozanalyzer. The air used to generate the ozoneambgent air filtered

through a carbon filtration unit prior to enterithgg generator. PFA tubing conducted the ozone
from the generator into two of the aquaria and Hemk all three to the sample analyzer. Flow
into each aquarium was controlled using a PTFEuadlle and manipulated until the target
0zone concentration was measured in the chambeil & control treatment was supplied with
air from an aquarium bubbler filtered through amottarbon filtration device. Ozone in each
chamber was monitored and manipulated daily torenan atmospheric concentration above the

microcosms that was consistently + 10 ppb of thgetaconcentration. Ozone levels in the
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control never measured above 0 ppb. All three dfeaswere placed on an Eberbach ELB}0

Orbital-Reciprocal Shaker Table to create wateriongtset to 96 rotations per minute.

Water samples were taken from Vermillion Creek,dloake Wildlife Area, Clinton
County, MI. This supply water served as the gromtdium and provided the bacterial seed
populations for the ozone experiments. The DO@efsource water was 19.7 mg C/L. Before
ozone treatment, the inoculum of bacteria was ecely filtering the supply water through a
three um mesh plankton net to remove zooplankt@tppoans, and most of the existing algal
community.

Eight 4 inch diameter ceramic dishes were usadiacosms. Each dish contained five
clean 2.5 x 2.5 cm unglazed ceramic tiles. 150afthe filtered source water were added to
each microcosm and bacteria grew for two weeksrbefampling. . To simulate natural,
summer, diurnal shifts, ozone generation was emert producing ozone from 7:00 a.m. to 9:00

p.m. daily. Water temperature stayed at a con2&#4°C for the duration of the experiment.
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Ozone
Generator/Monitor

Carbon Filter

250 ppb Ozone

80 ppb Ozone

0 ppb Ozone

Carbon Filter

Fig. 3.1. Experimental set-upRectangles represent individual chambers and sireleresent
microcosms within each chamber. *The high and WC water treatments only pertain to the
periphyton/bacteria experiment.

At the end of the experiment, all tiles and thererwater volume were sampled.
Bacteria were removed from each tile using a rafamte and rinsed into 20 mL of DI water.

Samples from individual tiles from a microcosm wpomled. Bacterial films were
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homogenized using a BiosSDeM 133/1281-0 2-speed biohomogenizer, preservell wit

gluteraldehyde (2%), and refrigerated until counted

Water samples were filtered through Whatffamglass fiber filters, type GF/F, for

analysis of dissolved organic carbon, total dissdlaitrogen (TDN), and soluble reactive
phosphorus (SRP). All water samples were frozsit analysis.
Non-purgeable organic carbon (NPOC) and total g@roconcentrations were measured

in filtered water samples by Dr. Stephen Hamiltdals at Michigan State University using a

Shimadzu TOC-VCPIM Carbon Analyzer with a total nitrogen module (TNIYland an ASI-

V Autosampler. Because the water samples wegdilt prior to analyses, the TN reading did
not include particulate nitrogen and were a meastitetal dissolved nitrogen (TDN).

Soluble reactive phosphorus (SRP) was analyzdtbaan samples. Due to a freezer
malfunction, filtered water samples from week 2 eviaist; therefore, SRP measurements for the

week 2 samples were done on a set of samplesil{@ost-freezing. SRP concentration was

measured manually following the ascorbic acid metkPHA 1998) on a Spectrofi

Genesy$M 2 Spectrophotometer by Spectronic Instruments.
Bacterial abundance was estimated by direct oeihts at 1000x magnification on a
Nikon Eclipsé™ E800 epifluorescent microscope using 4’, 6’ —didimi-2-phenylindole

(DAPI) dye. Samples were variously diluted, toemsity of 30-300 bacteria in the viewing grid,
in a phosphate buffer solution (PBS) to a finalwvoé of 5 mL. Forty microliters of 0.25 mg/mL

DAPI stock solution was then added to each samBR/iRixture and allowed to stain cell DNA

for 6 minutes. Using a MilliporE" filtration system 2 mL of PBS and then 1 mL ofirs¢al
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sample were filtered onto a 0.2um black, membrdige With a white grid. The membrane
filter was then mounted on a microscope slide usmgtfluorescent immersion oil. All bacteria
in a viewing grid were enumerated to a total of#ds, dispersed over 5 transects.
Periphyton and Bacteria Experiments

The physical set-up was the same as the previqeyienent with the exception that

chambers were not covered with reflective paperlghtd was provided by fluorescent, natural-

spectrum bulbs mounted above the chambers. Tigykge provided 63.65 + 2.16 uE/cZ;r‘eec,

which is similar to common conditions for periphytim streams. To simulate natural, summer,
diurnal shifts, ozone generation and light wereadimer, producing ozone and light from 7:00
a.m. to 9:00 p.m. daily.

Water was taken from Vermillion Creek, Rose Lak#diife Area, Clinton County, Ml
and an adjacent, backwater wetland for use inxpereament. Each source constituted a
different “DOC water treatment.” The two water Exsiwere physically connected by a beaver
dam that allowed continuous water exchange. Howeaeh source differed greatly in the
concentrations of dissolved organic carbon (DOQ)ther primary drivers of algal growth, such
as pH and temperature, did not differ greatly betwéhe two. Macronutrients (silica, nitrogen,
and phosphorus) were directly measured and addres$be creek water served as the growth
medium for the “low DOC water” treatment and thelleued water served as growth medium for
the “high DOC water” treatment. Initial DOC contetion for the high DOC water was 25.1
mg C/L and that for the low DOC water was 14.152@fg as nonpurgable organic carbon
(NPOC) with pH 7.4 and 8.2, respectivel{the high DOC water was noticeably stained with
humic substances from leaf decomposition, andatweDOC water was visibly clear. These

DOC concentrations are both high by global starglatd represent common levels for rivers in
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our area.The DOC treatments of this experiment were appraiety 5 mg C/L less or greater
than the 19.661 mg C/L in the bacteria only experitn This difference in DOC between the
two experiments was due to seasonal changes sotlree water, making direct replication
impossible

Benthic and epiphytic algae were collected byIsioing biofilms from numerous
substrates in each habitat. These samples waretmebined into one suspension that was used
as the seed population for both DOC water treatsnedalf of this composite algae sample was
added to the low DOC source water and the othee tathe high DOC source water before
commencement of the experiment. Therefore the gepdlations for both experiments were
very much the same, differing only in the susperalgdl cells that may have been present
during water sampling.

150 mL of each source water and an inoculum aebnd bacteria from the composite
sample were added to each microcosm. Four ofitfim enicrocosms in each of the three ozone

chambers (0, 80 ppb, and 250 ppb) were designatezither low or high DOC water treatments

(Fig. 3.1). Fresh source water was added to tleeognsms on theth/, 14th, and thdays of the

growth period, to refresh nutrients and keep theemnlavel constant. Water temperature was
maintained at a constant 23-24°C for the four-weatation of the experiment.

Periphyton and water samples were collected afterand four weeks of treatment. The
first sampling date was determined by the appearaha visible algal film on the tiles.
Periphyton mats and water samples were collected &fo and four weeks of treatment. Two
tiles were sampled from each microcosm during itise€ $ampling period and the remaining
three tiles were sampled at week 4. Periphytorewemoved from each tile using a toothbrush

and deionized (DI) water from a squirt bottle. ipleyton samples from individual tiles were
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pooled by microcosm and date. Subsamples were fab® the homogenized, composite
sample for algal biovolume estimation and bacteaaints. Algal samples were preserved with
gluteraldehyde (2%).

Algal cells were identified and counted in a Pakikaloney counting chamber at 400X
until 400 natural units were counted, which is arfication of a standard method for assessing
taxonomic composition and cell density of algal pes used in national ecological assessments
(Lowe and LaLiberte 1996). | modified the countmgthod by increasing the number of natural
units counted to increase precision of taxonoma @il density measurements. Natural units
are defined as the normal growth form of the adgigh as single cells, filaments, or colonies.
The number of cells composing each natural unitalss recorded. Measurements were made
of each taxon during identification for calculatitagal biovolume as an estimate of algal
biomass.

Bacterial cell enumeration and water sample pingdor this experiment were done as
described in the previous experiment.

Satistical Analysis

A one-way ANOVA was used to determine if ozonatimgent had an effect on the
density of the bacteria-only assemblages or medsw#ient concentrations. To test whether
DOC, ozone, and sampling date (week) had an effetdtal algal biovolume, bacterial density,
or the ratio of bacteria biomass to algal biomagki& periphyton/bacteria experiment, |
conducted three-way ANOVAs using the GLM functiorlSYSTAT Version 12.0. To better
understand the relationships between independendgmendent variables, two-way ANOVAs
were conducted on the 0zone/DOC interaction at e@ak. Two-way ANOVAS on ozone and

week at each DOC water treatment were also domglicate significant changes from week 2 to
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week 4 and to identify any significant relationghgmong the dependent and independent
variables that were not found in the former two-wyOVAs.

Tukey’'s HSD tests were used for pair-wise compasgsof independent and interaction
effects. All continuous variables were log-tramsfed prior to analysis. Because of issues with
non-normality and some unequal variances, the AN@&RAllts from the periphyton/bacteria
experiment were corroborated by the non-paramituskal-Wallis One-way Analysis of
Variance (KW). Results did not significantly diffieetween the parametric and nonparametric
tests.

To determine if nutrient concentrations differesdeafunction of ozone, DOC water, or
week, | once again used a three-way ANOVA with sgoent Tukey’'s HSD pairwise
comparisons. Nutrient data were log-transformed.

Correlations were used to identify significantdrate relationships between measured
nutrient concentrations and algal or bacterial l@ssa Correlations were also used to determine

if bacterial density was correlated with algal bass.

Results
Bacteria only experiment

Ozone had a positive effect on bacterial biomagdke absence of algae. Bacterial

density (cells/cr%) was greater in the high and medium ozone thadhndrzero ozone treatment
(F2,21=5.367, p=0.071, p=0.012 respectively) (Fig. 3.8lthough the mean (20509 cells/%)’n
and maximum (36569 cells/czmbacterial densities in the high ozone treatmesreviower than

in the medium ozone treatment (Mean: 26613; Ma83«94cells/cn%), this difference was not

statistically significant.
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Bacterial films on many tiles consisted of a styombbery, polysaccharide matrix that
maintained its integrity after removal from thetilAlthough not statistically verifiable, this
thick biofilm appeared to be more prevalent inadzene treatments than the control. Five of
eight microcosms in the high and medium ozonernreats contained this matrix while only
three of eight had it in the zero ozone treatméiso, the number of tiles within each
microcosm containing this rubbery biofilm was gegah the high and medium ozone treatments

than in the zero ozone treatment.
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Fig. 3.2. Bacterial biomass as represented by cells/anmd DOC for each treatment in the
bacteria-only experiment. Lower-case letters desanificant differences. Bars are means of
eight replicates + SE

After two-week exposure to the ozone treatmenta] DOC was greater in all three

treatments than in the inoculum. However, the Ds0Gcentration was significantly lower in

high and medium ozone than in the zero ozone teatfy »1=11.345, p=0.000, p=0.011
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respectively) (Fig. 3.2). There was no observabler difference between the treatment water
and the control at the end of the experiment.

Soluble reactive phosphorus (control=0.016 + 0,@i&dium=0.012+ 0.012; high=0.014
+ 0.007 mg/L)did not statistically differ among treatments. Magiance was very high for

these measurements. Total dissolved nitrogen vesgeay in the control than in the high and

medium ozone treatmentsy(k1=5.147, p=0.018, p=0.055 respectively), althoughdifference

was slight (control: 3.592 + 0.667 mg/L; mediundZ3 + 0.322 mg/L, and high: 2.899 + 0.300
mg/L). Bacterial abundance was not correlated witier SRP or TDN.
Periphyton and bacteria experiment

DOC treatment, ozone, and week each independaifidlgted measured DOC

concentration (2r=0.869) (Fig. 3.3). The concentration of total D{dCreased from week 2 to
week 4 in all samples {F3429.133; p=0.000), however, it was higher in thghHDOC than in

the low DOC source water at both sampling datgs4£170.498; p=0.000). Ozone had a
negative effect on total DOC as DOC was lower ithbonedium and high ozone treatments than
in the zero ozone treatmenb(g+8.099; p=0.002 and p=0.008, respectively). Thi#erences

were also visible in the water color. Over thetfiwo weeks of the experiment, in the high
DOC water, water color decreased greatly in thé laigd medium ozone treatments but not in
the zero ozone treatment.

Ozone, DOC water, and week complexly affected &dtml biomass, with all interaction

effects being significant. At week 2 and weekh#, ¢ffect of ozone on total biovolume was
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dependent on DOC water treatmer%t:(}.883; .1¢= 3.553, p=0.05 anc?¥0.632; Bag

10.884, p=0.001, respectively).
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Fig. 3.3 Measured DOC concentration by ozone aeekwfor each DOC watéreatment.
Lower-cased letters indicate significant differembetween ozone treatments at Week 2. Upper-
case letters, differences at Week 4. An astemslotes a significant change from Week 2 to
Week 4. Error bars represent one standard error above elod/ibthe mean.

In the absence of ozone, DOC had a negative affetital algal biomass over the entire
study period as total biovolume was three timeatgran low DOC water at week 2 and five
times greater at week 4 (p=0.002 for both weekig). @4). In the medium and high ozone,
DOC initially had a negative effect on total alpadvolume but a positive effect later. At week
2 in the high DOC water, total biovolume was siméds lower in high ozone (p=0.000) and three
times lower in the medium ozone (p= 0.006). Howgettae to a three-fold increase in biomass
in the high and medium ozone treatments in the BIGIC water but not in the low DOC water,

by week 4 biovolume did not statistically differttveen high and low DOC water.
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Ozone effect on algal biomass in the low DOC wai@s negative but limited to the
medium ozone treatment and was only significathafirst sampling date (Fig. 3.4).
Biovolume was three times lower in medium ozone tineeither the zero or high ozone
treatments (p=0.004 and p=0.002, respectively)estki2. Between sampling times, algal
biomass decreased in zero and high ozone but me¢dium ozone. Biovolume significantly
decreased with high ozone over this period (p=0,d0% did not significantly change in the
medium or zero ozone treatments.

In high DOC water, ozone had a negative effeciota tlgal biomass early in the study
period but a positive effect later (Fig. 3.4). wek 2, total biovolume was greater in zero ozone
than in medium ozone (p=0.011) and also high ozaltleough not significantly (p=0.129). As
mentioned above, from week 2 to week 4, total biwve increased threefold in the high and
medium ozone treatments (p=0.019 and p=0.011, céeply) but decreased in zero ozone
(p=0.019). By week 4, the zero ozone assemblagedess biovolume than those in high and
medium ozone (p=0.001 and p=0.041, respectively).

Bacterial biomass was not significantly affectgdd®DC water treatment. Ozone had a

significant effect on bacterial biomass, as measbyecell density, but the direction of effect

was dependent on sampling dat2e=0.502; B.1g= 9.367, p=0.001) (Fig. 3.4). In high DOC

water, medium ozone initially had a negative effatbacterial biomass. At week 2, bacterial
density in the medium ozone treatment was rougaliythat in either the high or zero ozone

treatments (p=0.002 and p=0.04, respectively).irguhe next two weeks, bacteria in the high

and medium ozone increased, but only significaintihe medium ozone2(4=0.385;

F2 1613.844, p=0.014), and by week 4 bacterial demiynot significantly differ among the
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ozone treatments. The bacteria:algae ratio waderen the ozone treatments at week 2

(F2,166.916, p=0.015and lower at week 4 ¢ g=7.964, p=0.012). This decrease in

bacteria:algae ratio coincided with a change inidamt algal taxa from diatoms to cyanophytes
in the ozone treatments (Chapter 2).
In the low DOC water, at week 2, ozone had a peséffect on bacterial biomass as

bacterial density was approximately twice as gie#te high ozone treatment than either the
medium or zero ozone treatment%:0.724; > 1629.044, p=0.004 and p=0.000, respectively).
Bacteria numbers then declined precipitously irhtogone (B 16=22.357, p=0.002), but did not

significantly change in zero or medium ozone. @opently, at week 4, bacterial biomass did

not statistically differ among treatments and tbetool. The bacteria:algae ratio in the high and

medium ozone was roughly twice that in the zermezoeatment at week 24{kg=3.925,

p=0.05)and at 2-3 times greater at week 4 {g6.832, p=0.016). Total algal biovolume and

bacterial density were significantly positively celated in both high and low DOC water (r=

0.0.647, p=0.001 and r=0.454, p=0.026, respecfiively
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week 4. An asterisk denotes a significant bioncassge from week 2 to week Error bars
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DOC water, ozone, and week were all independeiglyificant factors affecting TDN

(r2=0.696) (Fig. 3.5). Total dissolved nitrogen w@ser in the low DOC water treatment
(F1,3421.710, p=0.000) than in the high DOC across ozm@ments. It was also lower in the

medium ozone than in the high or zero ozone treatisn@; 3413.099, p=0.000 both) across

DOC water treatments. From week 2 to week 4, Tiddaased across DOC water and ozone

treatments (fF348.377, p=0.007).

Soluble reactive phosphorus concentrations wdeetafl by DOC water and ozone

treatment but the effects varied with wee%¢0.724) (Fig. 3.5). At week 2 there was no

statistical difference in SRP concentration amdmggtteatments. However from week 2 to week
4, SRP in the high and medium ozone decreasedisantly (> 37=4.580; p=0.001 and
p=0.006, respectively) and at week 4 SRP in the aeone was higher than both (p=0.018 and
p=0.05, respectively). Also, at week 4, SRP wagel in the high DOC than in the low DOC
water (P2 31=3.973; p=0.055).

Total algal biovolume was not correlated with rarits across treatments and sampling
periods. Bacterial density was positively corredbtvith TDN (r=0.36; p=0.014) across

treatment variables. However, when examined wibl@C treatment, this correlation was not

significant.
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Discussion

My experimental manipulation of ozone, DOC wagerd light indicated that
atmospheric ozone, in concentrations measuredting)das a significant effect on benthic
bacterial biomass, but the effect is primarily nedi and that bacterial response may depend on
community interactions. | did not see the hypottexs negative effects of oxidative stress. In

the dark experiment, in the absence of algae, zbaetreatment stimulated bacterial production,
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resulting in higher densities in both the mediurd high ozone treatments than the control. No
published evidence provides a mechanism for siedastimulation of bacterial metabolism due
to direct oxidative exposure, so | infer that thearded response is due to indirect effects.

Bacterial production is most often limited by pplsrus, organic carbon, or a
combination of the two and less often, by nitrogBranvik 1988, Balogh and Voros 1997,
Thomas 1997, Bergstrom and Jansson 2000, Drakate2§i03, Lennon 2004). In this study,
inorganic nutrients were not likely to be secondagtors leading to the higher bacterial density
in the ozone treatments. Nitrogen was not limitsgIr DN concentrations were above an
accepted limiting value of 00.05-.06 mg/L (Wetz@02e) and TDN was not statistically
correlated with bacterial density. Also, the higbencentrations were in the control samples
which had the lowest bacterial density. Phosphoamgentrations in this experiment were at or
near limiting for bacterial growth. Wetzel (2001is}s the upper end of phosphorus limitation as
< 0.015 mg/L, however, SRP concentrations did tadtstically differ among treatments, were
not correlated with bacterial density and were @eia the control.

Organic carbon limitation of these bacterial comities is likely. As mentioned in the
introduction, the oxidation of humic substancesegalty leads to the creation of smaller, more
labile compounds. This increase in preferred aadmurces may lead to increased bacterial
production. The greater numbers of bacteria imttene treatments agree with the many studies
that have shown a stimulation of carbon uptakedmtdryia, leading to a higher growth rate, after
UV breakdown of recalcitrant humic molecules (Stevaad Wetzel 1981, Lindell et al. 1995,
Moran and Zepp 1997, Engelhaupt et al. 2003, Mlatlnkebind Lundsgaard 2003, Rosenstock and
Simon 2003, Anesio et al. 2004, Lennon 2004, Rdsek<t al. 2005). Even though the source

water was not particularly rich in humic substantles total DOC concentration at the end of
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the experimental run was lower in the ozone-treatatrs, indicating a breakdown and loss of
organic carbon. This supports the hypothesisdhahe treatment in our experiment stimulated
bacterial growth by oxidizing humic substances twarbioavailable compounds. However,
there was no statistical correlation between DOGeatration and bacterial density.

Internal biofilm recycling of phosphorus or carbmay be a more important
consideration within these communities. Some e$éhbacterial communities formed very
thick, gelatinous matrices that remained intachewaen removed from the tiles. The existence
of these thick matrices was generally associatéla Righer bacterial densities and, although not
statistically testable, these biofilms were aldokér in the ozone treatments. It is possible that
greater mucilage production per cell was a defens@gponse to oxidative stress occurring in the
treatments (Reynolds 2007). These more tightlp@ated communities formed by greater
production of extracellular polysaccharides woeldd to greater internal recycling of carbon
and inorganic nutrients and also provide greatdasa area for bacterial growth.

Although not statistically significant, bacterraimbers were lower in the high ozone
treatment than the medium ozone treatment. Thissuggest a unimodal response of bacterial
growth to atmospheric ozone. | predict that anezacreases past a certain point, some of the
benefits of increased production of labile orgazdadoon are lost. As the concentration of
oxidants increases there is a greater potentialifect interaction with bacterial cell walls
leading to changes in permeability and reducingfaattion.

In the periphyton and bacteria experiment, in l®C water treatments, bacterial
biomass was highly correlated with algal biomaBacterial density rose and fell with algal
biovolume over the course of the experiments. A&stmned previously, heterotrophic bacteria

preferentially use smaller, simpler organic molesul In benthic and plankton communities,
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many of these molecules are produced extraceNuibgrialgae or are released from algal cells
due to membrane damage or death. These are reagsof carbon substrates for bacterial
metabolism and are almost immediately assimilatadeed, many studies have shown a
positive correlation between algal and bacteriabpction when inorganic nutrients are not
limiting. Algae are hypothesized to be a very im@ot source of organic compounds for
heterotrophic bacterial metabolism in many aquatstems (Bird and Kalff 1984, Chrzanowski
1985, Sundh and Bell 1992, Wetzel 2001a, Romaal. &004).

The relationship between bacteria and algae wasqual among treatments, however.
At week 2, when significant differences in bacteniambers existed among treatments, the
bacteria to algae biomass ratio was significantbater in the ozone treatments. This
differential effect of algae on bacterial growtlp&ins why, in the low DOC water experiment,
there was significantly higher bacterial biomashigh ozone than in the control even though
algal biomass was not greater and why, in the BIQIC water experiment, there was
comparable bacterial production in the high ozamethe control even though algal biomass
was significantly higher in the control. More b&x@al biomass may be supported per volume of
algae if each algal cell is contributing more rents to the bacterial community. As with
bacterial cells, reactive oxygen forms will intdragth algal cell wall constituents potentially
resulting in increased mucilage production as armd (Reynolds 2007) or a change of cell
permeability (Mallick and Mohn 2000) and leakageatiile organic carbon and other nutrients.
Either of these scenarios would provide greatesuees for heterotrophic bacterial growth.
The greater number of bacteria in high ozone agd BIOC water may also be explained by a
higher concentration of SRP, although there wasigrificant correlation between SRP and

bacterial density. In the periphyton mat, alg&iactions are of greater importance to bacterial
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numbers than external stressors and ozone hadlmedneffect on bacterial biomass through
effects on algal biomass.

Direct negative effects of oxidative stress causedzone dissolved from the atmosphere
appear to be minimal for benthic, heterotrophic®aa. In fact, ozone treatments stimulated the
growth of bacterial communities whether associat#l algae or not. Most ozone effects on
benthic bacteria are likely indirect through efeoch carbon cycling either by breaking down
recalcitrant molecules, making them more bioavéelatr by causing increased autochthonous
carbon production which is then used by the hetepbic bacteria. This carbon mediation was
indicated in my previous study of the interactiVieets of ozone and DOC water on different
algal taxa. Ozone initiated changes to the ageaticon cycle may have wide-ranging effects.
Further studies are needed to verify the mechanfsmaone effects and whether other aquatic

groups, particularly the plankton, will respondféiently than the benthos.
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Chapter 4. The effects of atmospheric ozone concentration on benthic cyanophyte and
diatom communities.

Abstract.

High concentrations of ozone have been used talgl constituents in water used for
drinking and recreation. In such treatments, aigeh have been shown to respond differentially
to ozone treatment. No studies published to date mvestigated the effects of atmospheric
levels of ozone, allowed to dissolve naturally itite water column, on algal groups. My
previous studies have indicated that ozone effadtsis situation are highly dependent on algal
taxonomic division and complicated by interspeamsractions and water chemistry. To test for
direct effects of atmospheric ozone on algal grougsew cyanophytes and diatoms,
independently, and with an abundance of nutrientdyree atmospheric ozone concentrations.
In the absence of interactive effects, cyanophytare negatively affected by ozone
concentration, as indicated by reduced total biagmnasd diatoms were unaffected. This study
indicates that, in the absence of strong indirffetts, algal assemblages may undergo a shift in

composition caused by a greater suppression ofobganterial than diatom growth.

I ntroduction

Local production, regional and longer distancegpert, and high background levels lead
to a global ozone pollution problem (Chameided.et@07; Granier and Brasseur 2003).
Models have estimated a 100-120% increase in omotie northern mid-latitudes over the past
200 years and an increase of 80-100% in the trq@iommittee on Tropospheric Ozone 1991).

All but one scenario proposed by the IntergoverntaidPanel on Climate Change (IPCC) project

increases in tropospheric ozone during thset @dntury with projected background
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concentrations of 35-48 ppb by 2040, 38-71 ppb@§02and 42-84 ppb by 2100 (Vingarzan
2004). These models predict that background cdratgons may exceed internationally
accepted criteria established to protect animalpawt health.

Increases in atmospheric ozone have led to sogmifiacute and chronic effects on
terrestrial primary producers. A chronic respotwsezone pollution appears to be a general
reduction of growth rate due to a decrease in @yotthesis. The acute, physiological changes
associated with ozone stress start with a losseshibnane integrity as unsaturated lipids and
proteins are attacked (Skarby et al. 2004). Astreaoxygen species (ROS) increase and
overwhelm the cell’s ability to compensate, inttadar damage occurs (Kollner and Krause
2003; Oksanen 2003; Skarby et al. 2004; Yamaji. &003). This cellular damage results from
the oxidative stress caused directly by ozone nutdsdout also from other reactive oxygen
species. These oxygen compounds result from cze@@ation into other reactive oxygen
molecules, cellular production induced by the atisitress, or are secondary products resulting
from the oxidation of membranes (Oksanen et al428@hraudner et al. 1997). As
photosynthetic cells are naturally high in ROS they especially susceptible to oxidative
overload and the photosynthetic apparatus canlyesdfer injury (Prozherina et al. 2003).

Aquatic primary producers may be susceptible talamezone-induced damage.
Numerous wastewater treatment studies have shaavettinal effects of large amounts of
dissolved ozone on algal and bacterial cells whenped directly into the water. At large
enough concentrations, no microbial cells survig, lethal levels vary widely among taxa
(Betzer et al. 1980; Gavand et al. 2007; Huand. 086; Widrig et al. 1996; Yun et al. 1997).
These studies have all been done with the aimrofizsiag waters and have utilized ozone

concentrations in the parts-per-million range. yftle little to address atmospheric ozone as an
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aquatic pollutant in natural settings. Other rie@cbxygen species have been examined at lower
concentrations, in ecological and physiologicatiss (Abd El-Baky et al. 2009; Choo et al.
2005; Gorbi et al. 2006; Ledford and Niyogi 2005lMk and Mohn 2000). Research has
shown that externally introduced hydrogen peroxkd€,), a potential secondary ROS created
from dissolved ozone, can cause negative effecedgal populations at natural or near natural
levels and different algal taxa show widely varysansitivities (Barroin and Feuillade 1986;

Drabkova et al. 2007; Kay et al. 1984). Growtlesaand pigment concentrations of

cyanobacterial cells are negatively affected athmawer (up to ten times lower)J >

concentrations than other algal groups, particylgirten algae (Drabkova et al. 2007b). This
may give us insight into the effects of dissolvedme at natural levels. However, due to the
specificity of antioxidant enzymes we cannot asstimesame outcome for oxidation by ozone
and its breakdown products.

In addition to the potential for direct oxidativieess, there are several possible indirect
effects of ozone on algal communities. Change®mpetition, disease vectors, light, and
nutrients may all be facilitated by ozone. Thesegsh done for Chapter 2, studying the effects
of atmospheric ozone and DOC concentrations (saldctrepresent real-world exposures to
aquatic ecosystems) on multi-division periphytoseasblages, found complex independent and
interactive effects on algal biomass that varieclggl division. These results indicated that
inter-taxa interactions and the chemical constitmehthe environment may mitigate or change
the effects of ozone stress on algal populations.

The following study was devised to resolve somthese complex interactive effects of
ozone on algal communities by looking at singlesion assemblages in the absence of

inorganic nutrient limitation and high concentragoof humic substances. Cyanophytes and
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diatoms were grown independently in three diffei@dne atmospheres and high levels of
nutrients. The results add to the general bodgnofviedge on the effects of oxidants on benthic
communities by using sub-lethal concentrationszain@. | hypothesized that, in the absence of
these interactions, algal biomass would be lowéhénhigh ozone treatments and that

cyanophytes would be more sensitive to the oxidagivess than diatoms.

Methods
Experimental set-up common to both the cyanophyte and diatom experiments
Three ten-gallon glass aquaria were used to ctestiment chambers, each having a different

atmospheric ozone concentration: a control treatmwéh 0 ppb Q; a medium treatment with

about 80 ppb @ and a high treatment with about 250 ppb @quarium lids were sealed with

weather-stripping and lined with PTFE sheeting tntain the treatment atmospheres.
Chemically non-reactive PTFE and PFA plastics weqglired for this experiment to resist

corrosion by the large ozone concentrations punmtedhe experimental chambers. Ozone was

created and measured using a Thermo Scientific M8 Ozanalyzer. Ozone in each

chamber was monitored and manipulated daily torenan atmospheric concentration above the
microcosms that was consistently + 10 ppb of thgetaconcentration. Ozone levels in the
control never measured above 0 ppb.

The air used to generate the ozone was ambiefiteied through a carbon filtration
unit prior to entering the generator. PFA tubtogducted the ozone from the generator into
two of the aquaria and back from all three to thmgle analyzer. Flow into each aguarium was

controlled using a PTFE ball valve and manipulatetl the target ozone concentration was
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measured in the chamber air. The control treatwastsupplied with air from an aquarium
bubbler filtered through another carbon filtratdevice. All three chambers were placed on an
Eberbach EL600™ Orbital-Reciprocal Shaker Tableréate water motion, set to 96 rotations
per minute.

Light was provided by fluorescent, natural-spectiwlbs mounted above the chambers,

which generated 63.65 + 2.16 uE/ZdBec. To simulate natural, summer, diurnal cyaesne

generation and light were on a timer, producingnffa00 a.m. to 9:00 p.m. daily. All three

chambers were placed on an Eberbach E[B0Orbital-Reciprocal Shaker Table to create

water motion, set to 96 rotations per minute.
Cyanophyte experiment

Replicates were filled with 146 mL of water froneivhillion Creek, Rose Lake Wildlife
Area, Clinton County, Ml that had been filteredaibgh a 3 pm mesh plankton net to remove
most of the algae. Nutrients were supplementeadoyng 2 mL of 5 mL/L Bold Modified Basal
Freshwater Nutrient Solution. The following cyahgies, including two nitrogen-fixing taxa,
were purchased from Carolina Biological Supply Coolypothrix distorta cultured in a soil-

water medium; an@scillatoria sp.,, Lyngbya sp., andAnabaena affinis Lemmerman cultured in

Alga-Grd® Freshwater Medium. | combined half the volumerfreach specimen vial into a

composite seed population. Each replicate wasuiated with 2 mL of the homogenized seed
sample. Algae grew in the treatments for a totdl2odays and additional creek water was added

once during the incubation at day six to refrestni@nt supplies and maintain water levels.
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Diatom experiment
A diatom inoculant was created by sampling fronesal diatom-dominated
communities growing in the lab. In each replicatey mL of this inoculant was added to 148

mL of a 20 mL/L sterile medium of Bold Modified BeNutrient Solution supplemented with

0.06 g/L NaSiQ. A sterile medium was used instead of streammatdecrease the chance of a

cyanophyte or chlorophyte bloom during the duratibthe study. Also, since diatoms are more
tolerant of low-light situations than other algabgps (Pillsbury and Lowe 1999), shade cloth
was used to encourage diatom growth over thathwratlgal groups. The communities
developed on the blank tiles for nine days, afteickv diatom dominance was verified under the
microscope, and then the ozone treatment was dtafiee diatom experiment was run for 11
days.
Sample Collection

At the end of each experiment, a significant glowas observed on the bottom of the
microcosms as well as on the tiles, so all periphgnd the total water volume from each cup
was sampled. Algae were scraped from individles tiusing a toothbrush and DI water from a
squirt bottle, and added into the correspondinggewsdample which also contained the loose algal
biomass that grew off the tiles. Subsamples wadtert from this homogenized, composite
sample for chlorophykh measurement and analysis of soft algal and diatmmmunity
composition. Algal samples were preserved withieghldehyde (2%). Water samples were
filtered through Whatman™ glass fiber filters, typ&/F, for analysis of TDN, soluble reactive

phosphorous (SRP), and silicate concentrationl. waler samples were frozen until analysis.

82



Analysis of periphyton samples

Cyanophyte cells were identified and counted Halmer-Maloney counting chamber at
400X until 300 natural units were counted (Lowe &aatiberte 1996). Natural units are defined
as the normal growth form of the alga, such aslsioglls, filaments, or colonies. The number
of cells composing each natural unit was also @hr Measurements were made of each taxon
during identification for calculating total biovahe as an estimate of algal biomass.

Live and dead diatom species were identified feunsamples mounted on microscope
slides using the modification by Stevenson (1984)adt’s (1978) glucose mounting technique
at 1000X on a Leica compound microscope to a tt@D0 live and dead cells.

Chlorophylla concentrations were also used as a measure oftgtdlbiomass. Algae

from each chlorophyll subsample were filtered ontisatmar™ GF/C glass fiber filters,

extracted overnight in ethanol, diluted if necegsand analyzed fluorometrically before and
after acidification to correct for pheopigments {4 1998).
Non-purgeable organic carbon (NPOC) and totabgén concentrations were measured

in filtered water samples by Dr. Stephen Hamiltdals at Michigan State University using a

Shimadzu TOC-VCPIM Carbon Analyzer with a total nitrogen module (TNIYland an ASI-

V Autosampler. Because the water samples weggdilt prior to analyses, the TN reading did
not include particulate nitrogen and is thus repnéstive of TDN.

Soluble reactive phosphorous (SRP) was analyzdmnan samples. SRP concentration

was measured manually following the ascorbic acithmd (APHA 1998) on a Spectrofic

Genesy$M 2 Spectrophotometer by Spectronic Instrumentca® concentration was

measured on a Skalar Auto Analyzer following thdyidosilicate method (APHA 1998).
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Satistical Analysis

A one-way between-subjects ANOVA was conductecbimpare the effect of ozone
treatment on algal biovolumes and DOC or nutriemcentrations. If the effect of ozone was
significant, a Tukey’s HSD post-hoc comparison wssd to evaluate differences among ozone
treatments. All continuous variables were log-$farmed prior to analysis. Relative abundance

data were square-root transformddised an alpha level of 0.05 as the significasrierion for

all tests.

Results
Cyanophyte experiment
TDN and silica concentrations did not vary sigrafily between control and the ozone

treatments (Table 4.1). SRP concentrations werefgantly lower in the control than in either

of the ozone treatmentsyp1=9.244, p=0.002). TDN and SRP concentrations werg kigh in

all samples due to the growth medium.

Table 4.1.Average nutrient concentrations (mg/L) for the ay@imyte experiment, +/- standard
deviation. Letters denote statistically signifitdifferences.

Nutrient (mg/L) | Control Medium Ozone | High Ozone
TDN 9.001+1.097 | 8.026+0.986| 8.039 + 0.868
SRP 0.873+0.198 | 1.220 + 0.298 | 1.408 + 0.249
Sio, 4.935+0506 | 5.073+0380| 4.651+0.224

Ozone treatment had a significantly negative éf@ccyanobacterial growth, as

represented by both biovolume (a/nmz) (F2.2:=7.316, p=0.004) and chlorophyll(mg/cmz)

(F2,2=7.085, p=0.005) (Fig. 4.1). Tukey’'s Post Hoc cangons indicated that biovolume and
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chlorophylla content in the communities exposed to the high ezoeatment were almost half
that in either the medium treatment or the corfb@volume: p=0.030, p=0.004; chlorophsll
p=0.013and p=0.002, respectively). The communitigbe medium (80 ppb) treatment and
control did not differ significantly from each othie either chlorophylh or total algal

biovolume although biomass in the medium ozondrtreat was lower.
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Fig. 4.1. Total biomass by ozone treatment incf@nophyte experiment. Lowercase letters
denote statistically significant differenceBars are means of eight replicates = SE.

Biovolume of all cyanophyte genera, exceptTolypothrix, which was a limited
constituent of all samples, was lower in the higbre treatment (Fig. 4.2). The biovolumes of

Anabaena andOscillatoria were lower in the high ozone treatment than imtbé medium

ozone treatment and the contr@h@baena: F» 21=8.220, p=0.02 and p=0.002, respectively;

Ogcillatoria: Fp 21=7.697, p=0.01 and p=0.006 [Lyngbya biovolume in the high ozone

treatment was also lower than in the medium ozmesrnent and the control, however, only
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significantly for the control (§21=7.780, p=0.093 and p=0.003, respectivelBiovolume in

the medium ozone treatment was lower, though n&geificantly, than in the control for

Anabaena, Lyngbya, andOscillatoria.
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Fig. 4.2 Cyanophyte biovolume by genus as a fonaiif ozone. Lowercase letters denote
statistically significant differences. Bars areamg of eight replicates + SE.
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While total biovolume of the various cyanophyteee differed significantly as a result
of ozone exposure, relative abundances of thesediaxnot, keeping the community
composition consistent among ozone levels (Fig. 4L3/ngbya was the largest constituent of all
communities by biovolume, followed [9scillatoria, andAnabaena. Tolypothrix was less than

0.05% of any sample.
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Fig. 4.3. Relative abundance of cyanophyte gelogtzovolume for each ozone treatment.
Tolypothrix was less than 1% of all assembladgzrs are means of eight replicates.

Diatom experiment

TDN and SRP were very high in all samples, duta¢ogrowth medium, and did not

statistically differ among treatments (Table 4.3)0O, was drawn down to moderate levels but

did not reach limiting concentrations for diatonogth, and was not statistically different

between control and treatments.
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Table 4.2 Average nutrient concentrations (mgALthie diatom experiment +/- standard

deviation.

Nutrient (mg/L) | Zero Ozone Medium Ozone High Ozone
TDN 76.428 £ 4.699 | 79.016 + 10.683 75.755 + 7.068
SRP 72.609 £10.952 65.157 + 14.379 65.571 + 11.433
SiO, 5.541 + 0.209 5.686 + 0.299 5.597 £ 0.314

Diatom biomass did not significantly differ asum€tion of ozone treatment (Fig. 4.4).

Chlorophyllaranged from 0.5 and 1.7 mg/c2;rf0r all samples. Chlorophyll averages for the

high, medium and control treatments were, respelgtivi.09, 1.06, and 1.25 ug/%mTotaI

diatom biovolume did not statistically change wottone treatment. Total biovolume ranged

from 1.85x18- 1.02x1€ pm3/cm2.
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Fig. 4.4. Total biomass by ozone treatment indiaéom experiment. There are no statistically
significant differences among treatmerars are means of eight replicates + SE.
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Individual species biovolumes also did not ditienong the control and treatments. The

ratio of live:dead diatoms did not differ amongatreents and control.

Nineteen diatom taxa were observed in the expetiifiable 4.3).

No differences were

observed in relative or absolute abundances obmiapecies. The largest community

constituents in all samples, by biovolume, wereonfervacea (average 64.2%+126f.. cf.

pelliculosa (average 11.6%+5.3(;. parvulum (average 8.9%+4.8F. elginensis (average

6.2%x5.0), andP. frequentisssmum (average 3.9%z=2.2).

differ among treatments for any individual species.

The live:dead diatom rdiibnot

Table 4.3 Relative abundances of diatom taxa by ozone tradt(percentage of assemblage).

Taxon Oppb O3 | 80ppb O3 | 250 ppb

O3
Diadesmis confervacea Kiitzing 63.9+145 | 65.4+14.8 62583
Fistulifera cf. pelliculosa (Brebissén ex Kitzing) 53.1+4.6 53.8+8.3| 59.7x7)9
Lange-Bertalot
Planothidium frequentissimum (Lange-Bertalot) Langer 7.0 = 3.6 6.2+3.3 6.6+1.7
Bertalot
Gomphonema parvulum Kiitzing 5025 49+23 48+2.0
Achnanthidium minutissimum (Kitzing) Czarnecki 20x£0.7 50£3.3 3.5+1.7
Nitzschia inconspicua Grunow 24+0.9 1.4+£0.8 1.7+1.1
Nitzschia palea (Kitzing) W. Smith 22+1.0 1.3+£0.7 1.7+1.4
Achnanthidium exiguum (Grunow) Czarnecki 1.8+0.9 1.5+09 1.7+12
Nitzschia frustulum (Kutzing) Grunow 16+1.1 1.3+0.6 1.5+0.9
Placoneis elginensis (Gregory) Ralfs 1.2+£0.7 1.0 £05 1.2 £0.7
Amphora pediculus (Kutzing) Grunow <1 <1 <1
Fragilaria capucina Desmazieres <1 <1 <1
Navicula cryptotenella Krammer & Lange-Bertalot <1 <1 <1
Nitzschia linearis (Agardh ex W. Smith) W. Smith <1 <1 <1
Navicula schadel Krasske <1 <1 <1
Rhoicosphenia abbreviata (Agardh) Lange-Bertalot <1 <1 <1
Saurosira construens (Ehrenberg) Williams & Round| <1 <1 <1
Synedra parasitica var. subconstricta (Grunow) <1 <1 <1

Hustedt
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Discussion

Few studies have assessed the effects of oz@tmaspheric concentrations, let alone,
the effects of the oxidant entering the water radlythrough diffusion from the atmosphere.
The current study shows a significant but taxoesele negative effect of atmospheric ozone
on algal communities, in the absence of competiggl groups and high concentration of humic
substances.

Cyanophytes were negatively affected by the ozmrarnent. Total cyanophyte
biovolume and chlorophyl were significantly lower in the high ozone tharthe medium
ozone treatment and the control. Community comjposdid not differ, however, as all major
constituentsl.yngbya, Oscillatoria, andAnabaena, responded in the same way. Although
statistically not significant, there is an appatemar cyanophyte biovolume response to ozone
in the medium treatment that was intermediate betvikat in the high ozone and the control for
all major community constituents.

Diatom biomass, unlike that of the cyanophytes, m@saffected by ozone treatment at
any taxonomic level. Total biovolume, chlorophgjlland species biovolumes were statistically
the same among both treatments and the control.

The negative cyanophyte response is likely dubedlirect oxidative stress caused by
the dissolution of atmospheric ozone. Light amdgerature did not differ among treatments, no
other algal groups were competing for resources mantrients were not significant factors in the
algal response to treatment because they were a&atweating concentrations (Rier and
Stevenson, 2002). Phosphorus was the only madrent that significantly varied with
treatment and it was higher in the high ozone tneat, which had the lower cyanophyte

biomass. This negative relationship between SRFbamass indicates that it is biomass that is
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influencing the nutrient concentration, and notaki®er way around. This SRP/biomass
relationship, the lack of statistical differenceSi©, and TDN levels, and the biologically non-
limiting concentrations of all three (Bothwell 1988orner et al. 1990; Lohman et al. 1991;
Rosemarin 1982; Wong and Clark 1976), provide ewddhat differences in these inorganic
nutrients are likely not an indirect cause of ozoglated biomass differences in this experiment.
Heterotrophic bacteria were not enumerated foretlsasnples, but the high level of available
nutrien