Lab 3: OVERVIEW for Chlorophyll and CDOM fluorescence lab
6 July 2007

SMS 598:  Application of Remote and In-situ Ocean Optical Measurements to Ocean Biogeochemistry

Laboratory Safety Issues – acetone, 10% HCl; general laboratory safety
Introduction

Fluorescence is a property of certain molecules, including chlorophyll a and CDOM, and can be a powerful tool for studying these compounds in the ocean.   In principle, the magnitude of fluorescent emission of a compound is linearly proportional to its concentration at low concentrations.  In practice, however, there are a number of caveats that compromise this relationship.  In today’s laboratory, you will participate in four activities that will provide you with greater insight into the relationships between fluorescence and concentration for chlorophyll a and CDOM.  Specifically, you will:

1. measure in vivo fluorescence of chlorophyll a and CDOM with the type of sensors that are used on moorings, ship-based profilers, and mobile platforms;

2. filter and extract chlorophyll a from living cells; measure in vitro fluorescence and compute chlorophyll a in 90% acetone extracts;

3. investigate fluorescence excitation–emission (EEMS) spectra of CDOM, acetone extracts of phytoplankton, and living phytoplankton;

4. measure variable fluorescence (Fv/Fm) of phytoplankton in preparation for a day-long fluorescence quenching experiment on Saturday. 
Background

What is fluorescence?   Fluorescence is the property of some molecules whereby a fraction of energy absorbed at shorter wavelengths (higher frequency, higher energy) is re-emitted at longer wavelengths (lower frequency, lower energy).  

Recall the relationship between energy and wavelength:



E = h = hc/
where E is energy, h is Planck's constant, is frequency and  wavelength of the photon, and c is speed of light.  As  increases, E decreases.

The spacing between the ground and higher electronic states of a molecule corresponds to energy in the UV and visible spectrum, while the spacing between electronic states (called vibrational states) corresponds to energy in the infrared spectrum.  Absorption occurs if the energy of a photon matches the energy required to move an electron from its ground state (S0) to a higher electronic state (Sn).  Absorption is an  “electronic transition” in which energy is rapidly transferred from a photon to an electron (O(10-15 s)); this electron is considered to be in an “excited state”.  The excited electron relaxes or returns to its lower-energy ground state by releasing energy.  Energy is typically released as heat to the surrounding environment through vibrational loss (also called radiationless decay).  In some molecules, some of the energy can be dissipated by the release of a photon (fluorescence).  
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http://www.micro.magnet.fsu.edu/optics/timeline/people/jablonski.html
applet:  http://www.micro.magnet.fsu.edu/primer/java/jablonski/lightandcolor/

The emitted photon will always be of lower energy (longer wavelength) than the absorbed radiation (Stokes shift); emission occurs from the lowest vibrational state in the lowest excited state (S1) because vibrational loss (O(10-12 s)) is even more rapid then fluorescence (fluorescent emission is (O(10-9 s)).  The emission spectrum is a mirror image of the absorption spectrum, in part due to the probability distribution function for an electron to occupy a higher vibrational level in the ground state. 
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Mirror image:  http://www.olympusconfocal.com/theory/fluoroexciteemit.html

The fraction of energy released by fluorescence is the quantum yield; on a photon basis, quantum yield (f) = photons emitted/photons absorbed.  The quantum yield will vary with temperature, pH, and competing pathways for dissipation of energy as heat.  If (and only if) conditions are uniform, the fluorescent emission of a compound is linearly proportional to the concentration of the compound at low concentrations.

Excellent web references and the classic fluorescence text are:

http://www.olympusconfocal.com/theory/fluoroexciteemit.html

http://aic.stanford.edu/jaic/articles/jaic30-01-007_2.html
http://www.micro.magnet.fsu.edu/primer/lightandcolor/index.html

Joseph R. Lakowicz, 1983.  Principles of Fluorescence.  Plenum Press, New York

Fun Java applets: http://www.micro.magnet.fsu.edu/primer/java/fluorescence/exciteemit/index.html

http://www.micro.magnet.fsu.edu/primer/java/jablonski/lightandcolor/
How is fluorescence used to study phytoplankton and dissolved organic matter?

Phytoplankton contain the photosynthetic pigment chlorophyll a which absorbs visible light and re-emits or fluoresces red light.  For decades, the concentration of chlorophyll a has been widely used as a proxy for phytoplankton biomass, particularly phytoplankton carbon, although the carbon–to–chlorophyll ratio does vary with species, light history, temperature, and nutrient availability. The reason for the wide-spread use of chlorophyll a as a biomass proxy are: 1) it, or very close derivatives such as divinyl chlorophyll a, is in all oxygen-producing photosynthetic organisms, and 2) it is relatively easy to measure in vitro in polar solvent extracts and in vivo in living cells in the ocean. Extracted chlorophyll a is typically reported in units of mg m-3, and sometimes in units of mg m-2 for water-column integrated concentrations, while in vivo fluorescence is either reported in relative units or is converted to absolute units of mg chlorophyll a m-3, based on measured or assumed conversion factors. For ship-based profiles with many calibration points, the uncertainty in determining chlorophyll a concentration from in vivo fluorescence is low; for mooring and mobile platform applications, the uncertainty increases (to be continued on Saturday…..).

Note: in vitro = outside a living organism; in vivo = inside a living organism.

Water samples of CDOM, or chromophoric dissolved organic mater, have characteristic negative exponential absorption spectra (measured in Lab 2) and characteristic fluorescence excitation–emission spectra (or EEMS – excitation emission matrix spectroscopy – that you will explore in Station 2 of today’s lab).  Changes in spectral shapes and quantum yields of fluorescence reflect the chemical nature of the chromphores and changes in their structure due to interactions with other molecules, size distribution of the colloidal gels, ionic strength of the water, pH, and effects of photobleaching and microbial/enzymatic breakdown. The magnitude of CDOM absorption has a strong inverse relationship with salinity, reflecting an important terrestrial contribution.  From a radiative transfer perspective, CDOM affects the downward penetration of UV and blue/blue-green wavelengths of visible light.  From an ecological perspective, high concentrations of CDOM protect marine organisms near the surface from UV damage.  From biogeochemical cycling perspective, CDOM is a potential proxy for dissolved organic material
, although the relationship between chromophoric and total dissolved organic material varies regionally and seasonally (Vodacek et al., 1997).  For this class, we can consider the relationship between CDOM absorption and fluorescence; a fundamental question we cannot directly address is the additional their relationship with total dissolved organics.

In field oceanography, the term “dissolved” is used loosely to describe substances in waters that have been passed through filters.  The filter pore size may vary; the two most commonly used are 0.7 m (nominal) for G/FF filters, although the effective filter size decreases as more material accumulates, and 0.2 m.  In reality, much of the so-called “dissolved” organic material in the ocean exists as colloids or colloidal gels, whose size distribution is not static.

What is the quantitative relationship between fluorescence and concentration?

The relationship between fluorescence and concentration of a fluorescent substance can be described by:


F  =  E()  .  conc   .  f
where F is fluorescence, E is lamp intensity,  is wavelength denoting  the spectrum of the lamp, conc is concentration of a fluorescent substance, and f is quantum yield of fluorescence (= photons emitted/photons absorbed).  At high concentrations, the relationship becomes non-linear and fluorescence emission saturates.

Another way to represent the fluorescence equation is to expand the concentration term:


conc  =   a()  /  a*()

where a() is spectral absorption coefficient (m-1) and a*() is the specific absorption coefficient (m2 mg-1); the product of a() /  a*() = concentration (mg m-3).

In a laboratory setting, if E(and  f are constants, the fluorescence of a pure solution will be linearly proportional to the concentration of a fluorescent substance at low concentrations.  For an in vitro extract of chlorophyll a in 90% acetone solvent, the relationship between F and conc is generally robust – see Station 1; f is high (O(0.33)) and constant at a given temperature.  For in vivo fluorescence of living phytoplankton, f is low (O(0.005–0.02) and variable even on the time scale of seconds, reflecting very dynamic regulation of energy dissipative pathways in the photosynthetic apparatus. For CDOM, on the global scale CDOM absorption and fluorescence are positively correlated, but on a finer scale the relationship is variable, as CDOM is a complex mixture of different chromophores whose f is affected by ionic strength, pH, molecular interactions, and photo-bleaching.   The bottom line is – the relationships between F and conc for both chlorophyll a and CDOM are areas of active investigation
. 
�Works in coastal environments not the open ocean, e.g. JGR paper of Siegel (2004?).


�Given the huge dynamic range of CDOM and chl in the environment (factors of 1000) within a single location over time or over depth, these tools are still very useful to as concentration proxies.





