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The UV-absorbing capacity of CDOM can potentially protect inshore patch reefs
from photooxidative stress. As an illustration, absorption due to CDOM decreases going
from mangroves to inshore and offshore reefs and is lowest in offshore, open ocean blue

water (Figure 1.1). The decrease in absorption results in increased

Figure 1.1. Absorption due to CDOM (also known as gelbstoff) (a,) is high in mangrove
canals and progressively decreases with distance offshore. Markers: offshore blue water
sites (circles), reef sites (diamonds), and sites within mangrove canals (squares).
transparency to short wavelength, high energy blue and UV solar radiation at offshore
sites relative to inshore sites.

To examine my hypothesis, samples of whole water were collected from the

surface (approximately 0.5 to 1 m) and from the depth of coral growth, and downwelling

cosine irradiance profiles of in situ ultraviolet radiation (UVR) and photosynthetically



active radiation (PAR), were measured at various locations along the Florida reef tract.
To address my hypothesis (see above), I measured irradiance and absorption due to
CDOM at reefs varying in proximity to shoreline (inshore and offshore reefs) and
compared these results to inshore - offshore site differences in percent coral cover and
rates of decline in coral cover. I compared in situ light (irradiance) measurements and
CDOM absorption and at reefs that differ in type of shoreline (intact and developed). I
also measured absorption due to particulates, and chlorophyll concentration ([cAl]). The
attenuation coefficient (K,), was calculated from in situ irradiance or total absorption (the
sum of absorption due to CDOM, particulates, and pure water). Because K; is not
affected by the time of day, i.e., the sun angle, this coefficient is a convenient quantitative
expression for comparing water transparency and thus penetrability of UVR and PAR
among sites.

Mycosporine-like amino acids (MAAs) are UV-absorbing compounds found in
photosynthetic organisms. Because they are induced by supraoptimal exposure to UV and
visible radiation, MAAs can be used as an indicator of photooxidative stress. I used
relative MAA expression to compare MAA production by phytoplankton in the water
column among sites.

Considering the angular structure or diffuseness of the underwater light
field, greater diffuseness results in increased scattering, and thus increased likelihood of
an object being irradiated (Kirk 1994). I used a radiative transfer model, Hydrolight®, to
compare the diffuseness of the underwater light field between intact and developed

shoreline - associated reefs.



Chapter 2. Background: aspects of in-water optics
2.1. Electromagnetic radiation and the solar spectrum

In this chapter, I shall introduce essential concepts and definitions relating to my
study of water transparency and solar radiation in reef environments. For a more
complete discussion, see Kirk (1994).

Solar radiation is a type of electromagnetic energy which consists of a spectrum
of energy characterized by different wavelengths and frequencies (Fig. 2.1). Wavelength,
A, and frequency, v, are related by the speed of light, ¢, a constant in a given medium:

A=clv (2.1)
According to (2.1), as wavelength increases, frequency decreases. Each wavelength of
radiation has an associated energy, £, which varies with frequency:

e

A

E=hv (2.2)

where £ is Planck’s constant and has the value of 6.63 x 10>* J - s. Thus, as wavelength

decreases, its associated energy increases (Kirk 1994).
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Figure 2.1. Spectra of nonionizing solar radiation (A) and ultraviolet radiation (B) showing
main radiation bands, their nomenclature, and approximate wavelength limits. Other
synonyms: UV-A, black light; UV-B, sunburn or erythemal radiation; UV-C, germicidal

radiation (from Acra et al. 1990, compiled from WHO 1979, Parmeggiani 1983, and
Harvey et al. 1984).

Nonionizing solar radiation can be categorized into visible and invisible radiation
(Fig. 2.1). While some organisms, including coral, have the ability to capture UVR and
fluoresce it to wavelengths useable in photosynthesis (Kawaguti 1969, Schlichter et al.
1986), solar radiation in the visible range (400 — 700 nm), commonly referred to as
Photosynthetically Available Radiation (PAR), is the major source of energy for
photosynthesis. Ultraviolet radiation (UVR, 100 — 400 nm) occurs at wavelengths shorter
than visible light, therefore the energy in a photon of UVR is higher than in a photon of
visible radiation. Ultraviolet radiation is energetically differentiated into four categories:
Vacuum UV (100 — 200 nm), UV-C (200 — 280 nm), UV-B (280 — 320 nm, or 315 nm,

depending on source), and UV-A (315 or 320 — 400 nm) (Acra et al. 1990, Kirk 1994).



At the other end of the spectrum, infrared radiation (700 — 1400 nm), which is

experienced as heat, occurs at wavelengths longer than visible light.

2.2. Atmosphere — UV interactions

The components of the atmosphere that most strongly absorb UVR are sulfur
dioxide (SO,) and ozone (Os3) (Roscoe 2001). UV-C does not reach the earth in
appreciable intensities due to effective absorption by stratospheric ozone (Figs. 2.2, 2.3).
UV-B is less effectively absorbed by ozone, and thus does reach the Earth’s surface in
amounts inversely proportional to stratospheric ozone concentration (Acra et al. 1990).
Methyl halide aerosols, such as anthropogenic methyl bromide and chlorofluorocarbons,
in the presence of sunlight, can break down stratospheric ozone. At the same time as it
absorbs UV, sulfur dioxide promotes the formation of more reactive chlorofluorocarbons
which are more effective at breaking down ozone, and thus indirectly result in increased
UVR reaching the Earth’s surface. The rate of ozone depletion is affected by temperature,
circulation and cloud albedo (Figs. 2.2, 2.3). Explosive volcanism contributes to
atmospheric [SO;] and therefore can cause increases in UVR reaching the Earth’s surface

(Roscoe 2001).
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Figure 2.2. Interactions between ozone depletion and climate change.
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Figure 2.3. Solar irradiance outside the atmosphere and at sea level. Absorbing
components of atmosphere and irradiance bands measured by MODIS satellite are
indicated (from http://en.wikipedia.org/wiki/Solar radiation).

A general term for a continuous measure of the effects of solar radiation as a
function of wavelength is the spectral weighting function (SWF). An SWF quantifies the
effectiveness (or ‘weight’) of solar radiation, for example, UVR or PAR, at causing some
response in relation to wavelength. Two specific types of SWFs are action spectra and
biological weighting functions. Action spectra are based on responses to narrowband
(monochromatic) irradiance and are defined for both biological and chemical effects.
Biological weighting functions are determined under broadband (polychromatic)
irradiance and reflect the simultaneous (and sometimes competing) effects of multiple
wavelength-dependent processes as they occur in nature (Neale and Kieber 2000).

An action spectrum illustrates the differential importance of different wavelengths

of light in inducing the effects of solar exposure (Neale and Kieber 200). For example,



effectiveness at producing erythemal (skin) and DNA damage (Fig. 2.4) and
photoinhibition of photosynthesis in Arctic phytoplankton increase exponentially with
decreasing wavelength in the UV range (Cullen and Neale 1997). The same effect has

been found for corals. Lesser (2000) examined action spectra for the effect of UV on
photosynthesis at different depths in the coral Montastrea faveolata, finding a steep and

rapid decrease with increasing wavelength. Action spectra and biological weighting
functions are used to determine biological amplification factors and have been used to
assess the environmental impacts of increased surface UV irradiances resulting from

stratospheric ozone depletion (Micheletti ef al. 2003).
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Figure 2.4. Example of an action spectrum for erythemal and DNA damage
(http://www.temis.nl/uvradiation/info/uvaction.html).

Changes in UVB reaching the Earth’s surface due to changes in stratospheric ozone

can be expressed in terms of a radiation amplification factor (RAF) (Rundel and
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Nachtwey 1978, Rundel 1983, Smith and Cullen 1995). Since the relationship between
UVB dose and ozone concentration is nonlinear, the RAF can be most generally
expressed using an equation relating the change in biological effective irradiance, or dose
rate, Epey, to the change in total atmospheric column ozone concentration or ozone

thickness, @ (Madronich and Granier 1992, Madronich 1993, Booth and Madronich

{sz) (2.3)
a)l

Congruently, the effect of changes in ozone on UV exposures can be expressed as:

/( sz) (2.4)
wl

Radiation amplification factors can in turn be used to calculate the increase of

1994):

(AEBe(A))Z
(EBe(A))l

RAF =

UVi),
UV

biologically effective irradiance in response to ozone depletion. Published values of
RAFs for different processes have been reviewed by Madronich ef al. (1998).

As another example, the percent change in absorption due to CDOM, a,, can be
related to the proportional change in Ep.(; by a biological amplification factor, B (Smith

and Cullen 1995):

Aa .

aq

AEBe(A)
E

B- (2.5)

Be(A)
Combining these two factors, the percent change in ozone can be related to the biological
effect by the total amplification factor, 4:

A=RAFx B (2.6)
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The total amplification factor can be used to describe the effect of ozone depletion
on a biological or chemical process such as photosynthesis. For example, Lesser (2000)

determined that RAF's for the effect of UV (290 — 400 nm) exposure on photosynthesis in

the coral Montastrea faveolata varied from 0.15 to 0.23, while earlier estimates of RAF's for
DNA damage and for the inhibition of photosynthesis in free-living phytoplankton are

much higher (-2.0 and -0.5 to 0.95, respectively) (Madronich 1993).

Compared to those mentioned above, modeled RAF's for the effects of changing
CDOM concentrations based on in situ CDOM and UV data specifically from the Florida
Keys are much higher: at 6.0 m, RAF's were 1.65 for photosynthesis inhibition and 3.26 for
DNA damage (Zepp et al. 2008). Accordingly, a 30% increase in UV transparency (as
expressed by a 30% decrease in the diffuse attenuation coefficient for UV, K, (see
section 3.2.3.) can result in an 85% increase in photoinhibition and over 200% increase in
DNA damage (Zepp et al. 2008). The RAF's were lower at shallower depths: at 3 m, 30%

decrease in K, can result in a 30% increase in UV-induced photosynthesis inhibition and
a nearly 100% increase in DNA damage (Zepp et al. 2008). Zepp et al. (2008) estimated

that DNA damage decreases much more rapidly with depth than does photosynthesis

inhibition due to the spectral dependence of UV dose rates on these effects. Based on
CDOM photobleaching experiments for a water sample from the Florida Keys, Looe
Key, absorption can decrease 7% per day (Zepp 2003).

Osburn et al. (2001) determined spectral weighting functions for the
photobleaching of CDOM in lakes. Based on their model, a 25% increase in UVB
radiation results in an 8% increase in photobleaching of CDOM. Generally,

photobleaching increases with decreasing wavelength: the largest absolute loss of

absorbance occurs at the shortest wavelengths (Kieber ef al. 2007). Additionally, history of

exposure affects photobleaching efficiency: with increasing exposure, the wavelength of
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maximum photobleaching may shift to lower wavelengths (Osburn ef al. 2001, Akella and
Uher 2006). Del Vecchio and Blough (2002) found that while the largest losses of
absorption are observed at the irradiation wavelength, monochromatic irradiation (irradiation

with one wavelength) results in absorption loss across the entire spectrum.

2.3. Annual cycle of UVR

The annual cycle of UVR in the Lower Keys is characterized by maxima from
May to August and minima from December to January (Fig. 2.5). Comparing equatorial
regions to other geographic locations, as latitude decreases, UVA exposure increases and

more nearly approximates that seen at the equator (Acra et al. 1990). In the northern
hemisphere, for all UVR wavelengths from 285 to 340 nm, the solar UVR flux decreases as

latitude increases for all times of year except the June solstice, when the relative

irradiance is lowest at the equator (Acra et al. 1990).
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