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Abstract

The Advanced Laser Fluorometer (ALF) provides spectral deconvolution (SDC) analysis of the laser-stimulat-
ed emission (LSE) excited at 405 or 532 nm for assessment of chlorophyll 4, phycoerythrin, and chromophoric
dissolved organic matter. Three spectral types of phycoerythrin are discriminated for characterization of
cyanobacteria and cryptophytes in mixed phototrophic populations. The SDC analysis is integrated with mea-
surements of variable fluorescence, F /F , corrected for the SDC-retrieved background fluorescence, By, for
improved photophysiological assessments of phytoplankton. The ALF deployments in the Atlantic and Pacific
Oceans, and Chesapeake, Delaware, and Monterey Bays revealed significant spectral complexity of LSE.
Considerable variability in chlorophyll # fluorescence peak, 673-685 nm, was detected. High correlation (&% =
0.93) was observed in diverse water types between chlorophyll 7 concentration and fluorescence normalized to
water Raman scattering. Three unidentified red bands, peaking at 625, 644, and 662 nm, were detected in the
LSE excited at 405 nm. Significant variability in the B,/chlorophyll # ratio was observed in diverse waters.
Examples of the ALF spectral correction of F /F_, underway shipboard measurements of horizontal variability,
and vertical distributions compiled from the discrete samples analyses are presented. The field deployments

have demonstrated the utility of the ALF technique as an integrated tool for research and observations.

Introduction

Active fluorescence analysis of natural aquatic environ-
ments including oceanic, estuarine, and fresh waters is based
on the measurements of the laser-induced water emission to
retrieve qualitative and quantitative information about the in-
situ fluorescent constituents. In vivo fluorescence of Chloro-
phyll # (Chl ) and accessory phycobiliprotein (PBP) pigments
is broadly used as an index of Chl # concentration and phyto-
plankton biomass (e.g., Falkowski and Kiefer 1985; Wirick
1994; Dandonneau and Neveux 1997) and provides useful
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information for structural (Yentsch and Yentsch 1979; Exton
et al. 19834; Yentsch and Phinney 1984, 1985; Oldham and
Warner 1987; Hilton et al. 1989; Cowles et al. 1993; Poryvkina
et al. 1994; Seppala and Balode 1998; Hoge et al. 1998, Beutler
et al. 2002) and photophysiological (e.g., Falkowski and Kol-
ber 1995; Kolber et al. 1998; Schreiber et al. 1993; Olson et al.
1999, 2000) characterization of the mixed algal populations.
The broadband colored dissolved organic matter (CDOM) flu-
orescence emission can be used for assessment of CDOM
abundance and its qualitative characterization (e.g., Del
Castillo et al. 2000; Hudson et al. 2007).

Early studies have revealed significant spectral complexity of
the actively excited emission of natural waters due to the over-
lap between water Raman (WR) scattering and the fluorescence
bands of the aquatic constituents (Exton et al. 198347%;
Babichenko et al. 1993; Chekalyuk et al. 1995). As pointed out
by Exton et al. (19834), not accounting for the spectral com-
plexity may lead to severe problems in interpretation of the flu-
orescence measurements and compromise the accuracy of the
fluorescence assessments. To address this issue, they proposed
(7) to use blue and green narrow-band laser excitation to selec-
tively stimulate the constituent fluorescence and simplify the
overlapped spectral patterns, (77) to conduct broadband spectral
measurements of laser-stimulated emission (LSE), and (7)) to
develop spectral deconvolution analysis of the LSE signatures to
retrieve information about the aquatic fluorescent constituents
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from their overlapped spectral patterns. Some of these princi-
ples, such as multi-wavelength LSE excitation and/or broad-
band spectral detection, have been implemented in several
shipboard and airborne laser fluorosensors (e.g., Cowles et al.
1989; Desiderio et al. 1993; Cowles et al. 1993; Babichenko et al.
1993; Chekalyuk et al. 1995; Wright et al. 2001). Nonetheless,
most of the commercially available field fluorometers use spec-
trally broad fluorescence excitation and do not provide ade-
quate spectral resolution to ensure reliable assessment of the
fluorescent constituents in spectrally complex natural waters;
no suitable spectral deconvolution algorithms have been devel-
oped to date.

In this article, we describe a new field instrument, the
Advanced Laser Fluorometer (ALF), capable of fast broadband
flow-through LSE spectral measurements and phytoplankton
photophysiological assessments. A new analytical technique,
spectral deconvolution (SDC), was developed and integrated
with the ALF instrument for the real-time assessments and char-
acterization of the key aquatic constituents, CDOM, Chl 4, and
PBP pigments, in a broad range of natural aquatic environ-
ments. In essence, the ALF/SDC analytical suite operationally
implements and further advances the approach proposed by
Exton et al. (19834). The ALF is a portable instrument that pro-
vides underway flow-through measurements and discrete sam-
ple analysis in various shipboard and stationary settings (Fig. 1).
The ALF deployments in diverse water types, including Atlantic
and Pacific Oceans, and Chesapeake, Delaware, and Monterey
Bays, and a number of estuaries and rivers, revealed significant
spectral complexity of natural (including offshore oceanic)
waters that suggests the necessity of the broadband SDC analy-
sis. The SDC analytical technique was developed on the basis of
laboratory and field measurements to retrieve from the LSE sig-
natures the individual spectral bands of the aquatic constituents
for their qualitative and quantitative assessment and spectral
correction of the variable fluorescence measurements integrated
with the SDC retrievals. The initial field measurements have
demonstrated the utility of the ALF/SDC analytical suite as an
informative integrated tool for aquatic research and bioenvi-
ronmental monitoring.

Materials and procedures

Advanced laser fluorometer—A diagram of the ALF instru-
ment is presented in Fig. 2. Emission of the violet (50 mW at
405 nm; Power Technology) or green (50 mW at 532 nm;
World Star Tech) lasers is alternatively directed via steering
mirrors M1 and M2 in the sampled water pumped through the
glass measurement cell MC (RF-1010-f, Spectrocell). The
dichroic mirrors, M3 and M4 (430ASP and 50SALP, Omega
Optical), reflect the laser beams back to the measurement cell
to increase the signal intensity. The LSE is collected with a lens
L1 (f = 25 mm; 25 mm dia.) and directed through the colli-
mating lens and 0.6 mm optical fiber (not shown) to the input
slit of the spectrometer (BTC111, B&WTek, Inc.) that measures
the LSE spectrum in the 380-808 nm range (2048 pixels). The
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Fig. 1. The Advanced Laser Fluorometer (ALF) configured for the labo-
ratory sample analysis (A) and for the flow-through underway mea-
surements onboard a motorboat (B)

long-pass and notch filters F1 and F2 (420ALP, Omega Optical,
and RNF-532.0, CVI Laser) serve to reduce laser elastic scatter-
ing in the analyzed LSE spectra. For the pump-during-probe
(PDP) measurements of Chl # fluorescence induction, sample
emission is stimulated with 200 us PDP flashes of the 405 nm
laser, which is TTL-modulated at 5 Hz repetition rate. The sam-
ple flow rate of 100 mL/min ensures assaying the low-light
adapted phytoplankton cells with each of the PDP flashes.
Because of present technological limitations, the 532 nm laser
cannot be used for photo-physiological assessments over the
single-turnover time scale (Olson et al. 1996; Kolber et al.
1998). The PDP sensor includes a lens L2 (f = 25 mm; 25 mm
dia.), a band-pass interference filter F3 (685.0-10-75, Intor), a
photomultiplier, PMT (H7710-02, Hamamatsu), and a 20 MHz
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Fig. 2. Block diagram of the ALF instrument. MC — measurement cell;
M3 and M4 — dichroic mirrors; F1, F2, and F3 — interference filters; L1 and
L2 - lenses. See comments in the text.

12 bit waveform digitizer (3224, Pico Technology).

The ALF sampling system (Fig. 3) provides both continuous
underway shipboard measurements and discrete sample analy-
sis. Three auto-locking water connectors (PLCD16004BS5, Colder
Products) provide the inflow and outflow of the sampled water
via the silicone tubes (Nalgene 8060-0030) (Fig. 1A). During the
underway measurements, the water flow, supplied by the ship-
board sampling pump, passes through the input water connec-
tor into the bottom of the measurement cell (MC). After the
measurements, the water passes to the discharge connector,
Outl, via a radiator (HWLabs) with a fan for heat removal from
the sealed instrument case. A battery-operated peristaltic pump
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Fig. 3. Scheme of the ALF flow-through system. Underway shjpboard
measurements. the externally sampled water passes through the input
connector, In, the measurement cell, MC, and the internal Radiator, to the
discharge connector, Outl. Discrete sample analysis: the internal ALF
Pump provides sample flow through In and MC to the discharge connec-
tor, Out2.
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(MasterFlex 07571-00, Cole-Parmer; yellow case in Fig. 1B) is
used for the ALF deployments on the small boats. The ALF
instrument can also be used for flow-through monitoring at sta-
tionary settings (docks, piers, platforms, etc.), as well as for dis-
crete sample analyses. In the latter case, a sample bottle is con-
nected to the input water connector, In (Figs. 1, 3). The
miniature diaphragm pump (NF11 KPDC, KNF Neuberger)
inside the ALF instrument provides water flow through MC to
the sample discharge connector, Out2. The water can be either
drained to the sink or returned back to the sample bottle for
sample circulation. Dark bottles of 100 — 500 mL (e.g., 141-
0500, I-Chem) can be used for the measurements.

A multifunction USB board (U12, LabJack, see Fig. 2) is used
to control and interface several instrument components. The
lasers and the pump are controlled via digital outputs; a relay
power switch (7OM-ODCS, Grayhill) is also used for the pump.
The PMT gain is controlled via the analog output of the board.
A temperature sensor (EI1022, LabJack) is connected to the
analog input to monitor the temperature inside the instru-
ment case. A rugged notebook computer, Comp, (Toughbook,
Panasonic) communicates with the controller board, the spec-
trograph and the digitizer via a single USB cable and a USB
hub inside the ALE. A compact GPS system (76S with GA 29
antenna, Garmin) is used during the shipboard underway
measurements. The 14-19 VDC power is provided by either
the external AC adapter or rechargeable battery. The 160 VAH
battery (PowerPad, 160 Electrovaya), enclosed with the ALF
instrument in the Pelican case, can be used to for 4.5 h of mea-
surements on small boats (Fig. 1B) or in stationary settings.

An ALF operational software was developed using the Lab-
View instrument control package (National Instruments).
Each measurement cycle includes three sequent sub-cycles to
measure (i) the LSE' spectrum with 405 nm excitation, (ii) the
LSE# spectrum with 532 nm excitation, and (iii) the fluores-
cence induction stimulated at 405 nm. (The superscripts “v”
and “g” here and below stand for the violet and green excita-
tion, respectively). An operator can preset the LSE spectral
integration time (typically, 0.3 to 3 s), the PMT gain, the dura-
tion of the PDP actinic flashes and their repetition rate, and
the number of acquisitions (e.g., 5-25) to average the fluores-
cence induction to optimize the volume sampled during the
measurement (typically, about 1 cm?®), as well as the spectral
S/N ratio. The duration of the ALF measurement cycle may
vary in a 5-25 s range. The measurement parameters are auto-
matically adjusted with regard to the signal variability; the
SDC and PDP data are analyzed and displayed in real time
(along with the GPS data during the shipboard mea-
surements), and stored on the computer along with the screen
captures useful for documentation and data analysis. The dis-
crete sample measurement begins with an automatic filling of
the measurement cell with sampled water using the ALF
pump, which is monitored via the time course of CDOM and
Chl # fluorescence. Each sample measurement typically
includes 5 to 15 measurement cycles.
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Spectral deconvolution components—The SDC analyses of the
ALF LSE spectral measurements is based on linear amplitude
scaling of the basic spectral components to provide the best fit
of the spectrum resulting from their summation to the LSE sig-
nature in the selected spectral range. A set of the SDC spectral
components, {E(A)}, was derived from the LSE spectra mea-
sured in the laboratory and field conditions and corrected for
the spectrometer spectral sensitivity. The PeakFit software
(SeaSolve Software, Inc.) was used for LSE spectral deconvolu-
tion to retrieve analytical approximations of the basic spectral
components using the Pearson'’s IV function(s) to describe the
asymmetrical spectral shape of the constituent emission

exp|-a, tan™ [
a4

bands:
1+
( 4(132 ]

Here, a, a, a, a, and a, are parameters that define the
amplitude, center, width, shape , and shape,, respectively, of
the Pearson’s IV band.

Overall, 15 basic spectral components (Fig. 4 and Table 1) are
included in the SDC procedure to account for the LSE spectral
variability observed in the field. The E 8 and E ¥¢ SDC compo-
nents representing the elastic and WR scattering were retrieved
from the ALF LSE measurements of twice-distilled water with
analytical parameterization of their respective spectral bands
using the PeakFit software. The WR scattering was approxi-
mated using several Pearson’s IV components to account for its
complex spectral shape. The CDOM fluorescence components
were extracted from the LSE spectra of the water samples from
the Delaware River that were filtered via 0.2 um Supor filters to
remove the particulate matter. The Raman and elastic scattering
components were appropriately scaled and digitally subtracted
from the LSEY and LSEs signatures of the filtrates to parameter-
ize the residual CDOM fluorescence spectra.

A set of the LSE signatures of laboratory-grown cultures of
phytoplankton and cyanobacteria was analyzed to derive sev-
eral spectral components that describe spectral variability in
the phycoerythrin (PE) and Chl # fluorescence observed in the
field (see Figs. 5 and 6 and the relevant discussion in the
Assessment for details). The cultures were provided courtesy of
Dr. A. Juhl (LDEO of Columbia University); they were main-
tained in L1 media and diluted to concentrations close to
those occurring in natural waters. The E_, and E_., SDC com-
ponents (A= 679 and 693 nm, respectively) were retrieved
from the LSEY spectrum of the red-tide dinoflagellate A/exarn-
driumm Monilaturm (Juhl 2005) via digital subtraction of the
CDOM background fluorescence and by a PeakFit SDC analy-
sis and parameterization of the residual. The SDC analysis of
the LSE spectra measured in the diverse water types has shown
that these components can be used to describe most of the
spectral variability in the 679-685 nm range, where the Chl #
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Fig. 4. The basic spectral components used for spectral deconvolution
of the LSE signatures of natural waters measured with laser excitation at
405 nm (A) and 532 nm (B). See Tables 1 and 2 in Web Appendix for
details. (B): The notch filter (F2 in Fig. 2) causes the cut-off at 537 nm in
the elastic scattering, CDOM and PE1 fluorescence (E9, E_,,,% and E

3 E/ ~CDOM / PE1/
respectively).

fluorescence peak is typically located. Nonetheless, several
ALF field deployments during the dinotlagellate blooms have
indicated significant short-wavelength shifts in the Chl # flu-
orescence peak that could be found in the 673-677 nm range
(for example, see Fig. 6b and the relevant discussion in Assess-
ment). The E., component (A =673 nm) was included in the
SDC set to detect and quantify the short-wavelength Chl # flu-
orescence variability. It was derived via PeakFit parameteriza-
tion of the intense short-wavelength shoulder of Chl # fluo-
rescence detected in the laboratory-grown culture of
dinoflagellate Prorocentrum Scutellum that was diluted with
cold filtered seawater to induce a possible physiological
response represented by the wavelength shifts.

Three additional spectral bands, E,,, E,, and E,.,, were
included in the SDC set of components to address the spectral
variability in the PE fluorescence (Wood et al. 1985, 1998; Ong
and Glazer 1991; Lantoine and Neveux 1997; Neveux at al.
1999, 2006) that provides potential for discrimination and
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Table 1. SDC spectral components

Emission peak,

Spectral component Abbreviation nm

1 Elastic scattering EY 405

2 CDOM fluorescence Ecoom” 508

3 Water Raman scattering, B 434, 445, 471

1660, 2200, and 3440 cm™'

4 Elastic scattering E9 532

5 CDOM fluorescence Epon? 587

6 Water Raman scattering, E9 583, 602, 651
1660, 2200, 3440 cm™!

7 Red emission 1 Eg 625

8 Red emission 2 Eq, 644

9 Red emission 3 E, 662

10 Chl @ fluorescence E, 673

11 Chl @ fluorescence Eg, 679

12 Chl @ fluorescence Eg 693

13 PE fluorescence 1 Eory 565

14 PE fluorescence 2 Eo, 578

15 PE fluorescence 3 E 589

“Three bands of the water Raman scattering with the Raman shifts v __
1660, 2200, and 3440 cm™, respectively, are integrated into one SDC
component representing the Raman scattering in the LSE spectra. Spec-
tral location of the individual Raman peak can be calculated as A
M = Vo0 ' here, & and A are the wavelengths of the Raman scat-
tering peak and excitation, respectively.

assessment of the cyanobacteria and PBP-containing eukary-
otic cryptophytes in the mixed phototrophic populations (e.g.,
Cowles et al. 1993). In particular, the E,;, SDC component (A,
= 565 nm) can be used for characterization of cyanobacteria
that contain the Typel PE with high phycourobilin/phycoery-
throbilin (PUB/PEB) ratio, which makes them better adapted
for light harvesting in the high-transparent blue oceanic waters
(Wood et al. 1998). The E,,, component (A = 578 nm) pro-
vides detection of cyanobacteria containing the low-PUB/PEB
Type 2 PE that have advantage in the greenish shelf and slope
waters with elevated CDOM and relatively high attenuation of
blue light (Wood et al. 1998). Following the early studies
(Exton et al. 1983/4; Cowles et al. 1993; Sciandra et al. 2000),
the E,;, component (A= 589 nm) was selected for assessment
of PES45-containing cryptophytes (e.g., van der Weij-De Wit et
al. 2006) that are often abundant in the coastal, bay and estu-
arine environments as shown by our recent ALF deployments.
The PE SDC components were derived via the PeakFit SDC
analysis of the LSE$ spectra of laboratory-grown cultures of
cyanobacteria and cryptophytes containing the respective PE
spectral types. In particular, the WH8102 strain of Synechococ-
cus sp. (CCMP2370, Provasoli-Guillard culture collection) and
unicellular PE-rich Symechococcus-type cyanobacteria isolated
from Pensacola Bay (Juhl and Murrell 2005) were used to derive
the E,;, and E,,, components, respectively. The fluorescence
analysis of cryptophyte Riodomonas sp. 768 yielded the E

PE3
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component. Along with the main maxima, the long-wave-
length vibrational shoulders of the PE fluorescence (van der
Weij-De Wit et al. 2006) detected by the PeakFit analysis were
also included in the PE component spectra as additional Pear-
son's IV sub-peaks (see Table 2 in Web Appendix) to improve
the SDC accuracy in the spectrally-complex yellow-red por-
tions of the LSES signatures (see Fig. 6D-F).

While most of the components can be attributed to the flu-
orescence or scattering bands of the specific aquatic con-
stituents, the origin of several emission bands detected in the
field in the red portion of the spectrum remains to be identi-
tied (see below for details). Three spectral components, E_,
E,, and E,; (A . =625, 644 and 662 nm), were included in the
SDC component set to address the observed LSE variability
and provide for its quantification and analysis. The spectral
shape of the red SDC components was retrieved from the
residual spectra composed via digital subtraction of the known
overlapped SDC components from the LSE' signatures con-
taining the unidentified red spectral bands. The magnitudes of
the Pearson’s parameters, a,, a,, a,, a, and a,, for the spectral
components used in the SDC procedure are presented in Table
2 of the Web Appendix. The peak-normalized spectral distri-
bution for each of the components can be calculated using the
Pearson’s function (or a sum of the functions if several lines of
Pearson’s parameters are listed for the component in Table 2)
with the argument x = A. Here, A is the spectral wavelength in
nm, e.g., 532 or 651.

SDC analysis of LSE¥ spectra—The SDC processing of the LSEY
spectra involves the following steps:

1v. The measured LSE' signature is corrected for the spec-
trometer spectral sensitivity and normalized to its peak to
yield the LSEY (A) signature scaled down to the normalized
amplitudes of the SDC basic components to minimize the
number of the SDC best-fitting iterations.

2v. Fit'(A), the sum of the 9 spectral components listed in
Table 1, is calculated with a set of scaling amplitude coeffi-
cients, {v, }:

Fit'(A) = v E;¥(A) + V,EY(A) + V,E oy
vE, ) +Vv.E,(A) +v.E.,M)+
Vo Eg (M) + VeE, (W) + VB, (M)

V() +
1

Here, A is a spectral wavelength. The magnitudes of the
scaling coefficients are varied until the sum of squares of resid-
uals between the Fit" and LSE' is minimized in the fitting
spectral range (e.g.,, Nash 1979). For the ALF LSE' mea-
surements, the fitting range includes two spectral sub-ranges,
423 to 515 nm, and 550 to 700 nm, where the emission peaks
of the key aquatic constituents are located in the LSE' spectra
(see Fig. 5). The initial (380-423 nm) and intermediate green
(515-550 nm) portions of the LSE' signatures, where F1 and F2
filters of the ALF spectrometer have high optical density, are
excluded from the SDC analysis. The NIR portion (700-808
nm) is also excluded because of the NIR decline in the spec-
trometer sensitivity.
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Fig. 5. Variability in the LSE' spectra measured in diverse water types with laser excitation at 405 nm. (A): Surface sample, Southern California Bight,
April 2007. Surface sampling in lower Delaware Bay, March 2006 (B) and April 2006 (C). (D): Underway measurements in the Southern California Bight,
April 2007. (E): Sample from 100 m depth taken at the same location as (A). (F): Surface sample, Delaware River, June 2006. The cut-off in the LSE

around 532 nm was caused by the notch filter (F2 in Fig. 2).

3v. The retrieved values of scaling coefficients are used to
calculate the SDC components of the LSE'_ signature that are
displayed by the ALF software in the LSEY spectral panel along
with the LSEY, and LSEY, spectra to visualize the results of best
fitting (for example, see Fig. 5):

S\ = v, E¥(0)
S.Y(M) = v,E (V)
Eepon®) = ViEepo ')
Fe ") = v,E, (M)
Fo,"(A) = ViE, (M) (2)
Foy' ) = vk (M)
Fri"(V) = voEq (V)
Fp, ') = vgE, (V)
Fp' ) = voEp, (V)

In addition, the SDC ALF algorithm integrates the F_ ¥, F.,",
and F_," spectral components to synthesize the Chl # fluores-
cence component of the LSEY spectrum:

Fo'™) =v,E (M) +VE,(A) +V,E,M (3)
Vena = Max[Fe v(0)]
Here, v, . is the F, (A) peak magnitude. The F (M) syn-

thesis permits accounting for the spectral variability in Chl 2
fluorescence observed in the field (for details, see Fig. 5 and
relevant discussion in Assessment). The wavelength of the
FonY) peak, A, .Y, is also determined for assessment of the
spectral variability in Chl # fluorescence and spectral correc-
tion of variable fluorescence as described below.

4v. A set of relative parameters for the LSEY spectral compo-

nents is calculated as
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vV — -1
Tewar” = VemaVs

v _ -1
oo’ = V3V,

IR]/RV = V7V17] 4)

v _ -1
Lor’ = VgV,

v _ -1
Lo’ = VoV,

These parameters represent normalized to WRY signal
intensities of the constituent fluorescence bands contributing
to the LSE' spectrum. They are used for quantitative assess-
ment of the major fluorescence constituents, such as Chl # or
CDOM (Klyshko and Fadeev 1978; Hoge and Swift 1981;
Babichenko et al. 1993; Chekalyuk et al. 1995; see Fig. 7 for
example) and for parameterization of the LSEY spectral shape,
which can be described with the set of five relative parameters
determined by Eq. 4.

SDC analysis of LSE$ spectra—The SDC analysis of the LSE#
spectra is basically similar to the LSEY SDC analysis, though
three additional components are included in the SDC proce-
dure to account for the spectral variability in PE fluorescence
(e.g., Cowles et al. 1993) efficiently stimulated with the green
laser excitation. The SDC processing of the LSE# spectra
includes the following steps:

1g. The LSE# spectrum measured by the ALF instrument is
corrected for the instrument spectral sensitivity and normal-
ized to its peak to yield the LSE# (M) signature.

2g. Fit8()), the sum of the 12 spectral components listed in
Table 1, is calculated with a set of scaling coefficients {g }:

Fits(A) = g E.8(M) + g,E8(\) + G,E o\ f(V) +
8.E.,() + gE () + g E () + (5)
8Ly (M) + B, (M) + 8E (M) +
gl()EPEl(}\') + gllEPEZ(}\') + ngEPFj()\')

Magnitudes of the scaling coefficients are varied until the
sum of squares of residuals between the LSEg; and LSES is
minimized in the spectral range of SDC fitting, 544 to 700 nm,
where the emission peaks of the key aquatic constituents are
located in the LSE® spectra (see Fig. 6).

3g. The retrieved {g} values are then used to calculate the
SDC components of the LSE8_signature to visualize the results
of best fitting (for example, see Fig. 6):

S () = g E ()
S = 8,55
FCDOMg(M = gSECDOMg(;\')

l:c1g(}‘) = g4Ec10‘)
Fof(h) = gEc, (M)
Fc:sg(}‘) = geEc:a(M
Fri®(V) = g,E¢, (M) (6)
Frof () = 8By (M)
Frsf() = 8oEgs (M)

Fop 8(0) = 810Bpr (M)

Fopf(h) = 811 Epp (M)

Fopsf(h) = 81,Epp (M)

Similar to the SDC analysis of the LSE' spectra, the F_8(A),

F.,8(A), and F_2(M) spectra are used to synthesize F  8(}), the
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Chl «# fluorescence component of the LSE8 spectrum, and

determine the F_, #(A) peak magnitude, g, :
Fonat®) = 8.E, (W) + gE, (M) + gEc, (M) @)
8 = Max[F, 5(W)]
The wavelength of the F 8(A) peak, A, 8 is also determined

for assessment of the spectral variability in Chl « fluorescence.

The SDC retrievals of the F,; 8(\) and F, 8(\) bands can be
used for discrimination and assessment of the Type 2 and Type
1 PE-containing cyanobacteria, respectively. In addition, the
integrated synthetic cyanobacterial PE fluorescence band,
F,;,8\), and its peak magnitude, g,,,,, are also generated for
the overall assessment of the PE-containing cyanobacterial
population:

FPElZ g(}\') = gl()EPEI(}\') + gllEPEZ(}\') (8)

Gperp = Max([F . 5(V)]

These parameters can be used to examine their relationship
with high-performance liquid chromatography (HPLC) and
other analyses that do not discriminate within the cyanobac-
terial group.

4g. A set of relative parameters for the LSE$ spectral com-
ponents is calculated as

L= 8™
ICDOM/Rg =& gfl
IRl/Rg= 8, gfl
IRZ/Rg= 8s gfl
IR3/Rg= & gfl )
Lope® = 810 g™
oo = 811 g™

g — -1
IPE3/R - ng gl

These parameters represent WRé-normalized peak intensi-
ties of the major fluorescence bands contributing to formation
of the LSE# signature. As analogue parameters retrieved from
the LSEY SDC analysis, they can be used for quantitative assess-
ment of the major fluorescence constituents, such as Chl g,
PE, or CDOM and for parameterization of the LSE¢ spectral
shape, which can be described with the set of eight relative
parameters determined by Eq. 9. Several additional parame-
ters, which may provide useful indexes for structural charac-
terization of the mixed population of phytoplankton and
cyanobacteria (e.g., Fig. 8), are also calculated:

- -1
Top1ascnia = 8prrz 8eni

I
I

I

= -1

PE1/Chla — glO gChl
= -1

PE2/Chla — gll gChl (10)
= -1

PE3/Chla — ng gChl

I

— -1
PE1/PE2 — g1() gll

Spectral correction of variable fluorescence—The Chl a fluores-
cence induction, caused by the gradual closure of the reaction
centers of photosystem II (PSII), occur over the single PSII
turnover time scale (i.e., 40-100 us) with the appropriate excita-
tion flux (Kolber et al. 1998; Olson et al. 1996). The parameters
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Fig. 6. Variability in the LSE9 spectra measured in diverse surface waters with excitation at 532 nm. (A): Southern California Bight, April 2007. (B): Moss
Landing Harbor (California), September 2006. (C): Delaware River, June 2006. (D): Coastal zone of the Southern California Bight near Point Conception,
April 2007. (E): Lower Chesapeake Bay, June 2005. (F): Middle Atlantic Bight, vicinity of the Delaware Bay mouth, June 2006.

of variable fluorescence, a proxy of the quantum yield of PSII
photochemistry and handy index of photo-physiological status
of photosynthesizing organisms (e.g., Falkowski and Kolber
1995), can be retrieved from the PDP induction measurements
as described by Olson et al. (1996). In particular, the Chl # flu-
orescence induction, F_ (t), measured using the PDP excitation
protocol employed in the ALF instrument can be approximated
(Olson et al. 1996) as:

Here, F and F  are the initial and maximum intensity of
Chl « fluorescence; A is a time constant. The nonlinear best
fitting with Eq. 11 to the measured Chl # fluorescence induc-
tion yields the parameters of variable fluorescence, F , F_, and
A. The magnitude of variable fluorescence can be calculated as
F/E = (F -F)/F .
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As pointed out by Cullen and Davis (2003), the fluores-
cence induction measured in natural waters often needs to be
corrected for the non-Chl # background emission, B, pro-
duced by the broadband CDOM fluorescence in the area of the
Chl a fluorescence peak (e.g., Fig. SF). Elevated levels of phaeo-
phytin may also affect measurements of the variable fluores-
cence (Fuchs et al. 2002). Other constituents present in natu-
ral waters may also contribute to the B, in this spectral region
(for example, see Fig. 5B, 5C, SE, and 5D). The B magnitude
remains unchanged during the Chl # fluorescence induction,
as it has no relation to the dynamic changes in the PSII status
stimulated by the actinic flash. Not accounting for the B
background may result in flattening the induction curves and
underestimating the variable fluorescence, which may be sig-
nificant even in the offshore oceanic waters with low CDOM
content (Laney and Letelier 2008).
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Most fluorometers that measure variable fluorescence do
not possess adequate spectral resolution for discrimination
between the Chl # fluorescence and B.. Cullen and Davis
(2003) proposed periodical measurements of the blanks and
filtrates to address the issue. Laney and Letelier (2008) have
further advanced this approach via automatic assaying the fil-
trate fluorescence each hour during the continuous underway
flow-through measurements. Though it may partially improve
the F /F_ assessments, the variable fluorescence retrievals need
to be corrected for the B background measured in the same
water sample to account for the B spatial and temporal vari-
ability. Also, both dissolved and particulate (e.g., Fuchs et al.
2002) organic matter present in natural waters may contribute
to the B,. background, while the filtrate measurements
account only for the dissolved component.

The ALF instrument, which uniquely combines both spec-
trally and temporally resolved LSE measurements of the sam-
pled water, provides potential for retrieving from the induc-
tion measurements the actual Chl # fluorescence signal and its
spectral discrimination regardless of the B, origin and mag-
nitude. Because the induction and spectral measurements are
conducted in continuous flow of the sampled water with a few
seconds delay, the spectrally and temporally resolved mea-
surements represent the same analyzed water and can be
directly related. The intensity of non-Chl # fluorescence back-
ground in the LSEY spectrum can be assessed via subtracting
the SDC-retrieved spectral peak magnitude of the Chl # fluo-
rescence, v, (see Eq.3), from the LSE' spectral intensity
around Chl # peak, LSE" (A ."). The I .. parameter to assess
the ratio of the non-Chl # background to the v, . magnitude
can be therefore calculated from the SDC LSE' analysis as:

1

Licen = LSEY, Ors?) Vo — 1 (12)

NC/Chla Chla

The I, spectral retrievals can be used for correction of
the PDP measurements of fluorescence induction for the non-
Chl # background emission to improve phytoplankton photo-
physiological assessments of variable fluorescence. The rela-
tionship between the I, parameter yielded by the SDC
analysis of the LSE spectrum and the B, . magnitude in the flu-
orescence induction is not trivial. The intensity of the 405 nm
laser excitation is the same for measuring both the LSE' spec-
tra and PDP fluorescence induction. Therefore, during the
LSEY spectral acquisition (1-3 s), the Chl # fluorescence
exhibits the initial fast (~ 50 us) PDP induction rise followed
by several additional transitional stages known as Kautsky
effect (e.g., Govindjee 1995; Lazar 1999) to reach the steady-
state level approximately equal to its initial magnitude when
the excitation is turned on. Therefore the I ., . value derived
from the SDC LSE analysis is determined by the average over
the spectral acquisition time magnitude of the Chl # fluores-
cence yield. The latter is close to the mean magnitude of the
Chl # yield during the PDP induction measurements under
conditions of the ALF measurements. Thus, to a first approxi-
mation, the B background and the B -corrected time course
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of variable fluorescence, F_, . (t), can be estimated as (see Fig.
9B for illustration):

-1
NC/Chla

Byo=(1+1 )! mean(F, (t)), and (13)

PDP

Fena(®) = Fopp(0) = By

Here F,,(t) is the time course of PDP fluorescence induc-
tion measured by the ALF instrument. Eqs. 13 and 14 are used
during the real-time processing of the ALF PDP measurements
to retrieve F_, (t). The non-linear fitting with Eq. 11 provides
then the B, -corrected magnitude of variable fluorescence,
F/F = (E -F)/F . For evaluation, the non-spectrally corrected
magnitude of variable fluorescence, F /F _NC, is also calculated
from results of fitting with Eq. 11 to F ,(t).

(14)

Assessment

LSEY spectral variability—Development of the SDC analytical
algorithms introduced in Maferials and Procedures to a large
extent built upon a series of ALF field deployments conducted
in 2005-2007. The objectives were (i) to test the ALF instru-
ment in a broad range of natural aquatic environments and
(ii) to develop a simple yet adequate SDC procedure that
would provide accurate retrievals of the constituent emission
bands from the complex overlapped LSE spectral patterns.
Regionally, the ALF deployments included the offshore and
coastal zones of the Atlantic and Pacific Oceans, and Chesa-
peake, Delaware and Monterey Bays, and a number of estuar-
ies and rivers of the East and West US coast.

Some examples of the LSEY spectral variability observed
during the field measurements are presented in Fig. 5 along
with the SDC analyses of the LSEY signatures. The blue solid
and the light magenta dotted lines display the measured spec-
tra and the SDC best fits, respectively. As evident from Fig. 5,
in most cases, the SDC fits are almost indistinguishable from
the measured spectra except some minor deviations around
the CDOM fluorescence peak. The LSEY signatures measured in
the surface off-shore oceanic waters were relatively simple and
mostly determined by the overlapped bands of the WR scat-
tering (S,), broadband CDOM fluorescence (F_, "), and Chl
a fluorescence (F_", F.,¥) (for example, Fig. 5A; Southern Cali-
fornia Bight, April 2007). Up to two orders of magnitude of
variability in the F_ " intensity relative to the S," peak were
observed due to significant variations in the CDOM content
in different water types. For example, compare the LSEY spec-
tra measured in oceanic waters (Fig.5A), Delaware Bay (Fig.5B),
and Delaware River (Fig.SF). The E_, " component, derived
from the ALF measurements in the Delaware River, was found
to work well in all measured water types, including the off-
shore oceanic waters, despite the known chemical and spectral
complexity and variability of CDOM in natural waters (e.g.,
Del Castillo et al. 2000; Hudson et al. 2007, and references
therein). We hypothesize that the satisfactory SDC perform-

ance of the simple single CDOM component, E_ ., may be
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due to the relatively long-wavelength excitation, 405 nm,
used in the ALF instrument. Chl # fluorescence was a major
contributor to the LSEY in the red portion of the spectra.
Though the F_, 7 peak was located around 680 nm in most of
the LSEY signatures, both blue and red shifts in the peak loca-
tion, ca. 677 to 685 nm, accompanied by changes in its spec-
tral shape were detected. Most of the spectral variability in the
Chl # fluorescence was reasonably well described via linear
scaling the E ., E.,, and E, SDC components (see Eq. 3).

Along with the Chl # fluorescence, three other spectrally
distinct emission bands were detected in the red portion of the
LSEY spectra during the ALF field deployments. The underway
ALF measurements in the Delaware Bay in March 2006
revealed an intense emission peak at 644 nm that significantly
exceeded the Chl # fluorescence (Fig. 5B). Similar though less
extreme spectral patterns were also observed during the
underway measurements in the coastal zone of the Middle-
Atlantic Bight near the Chincoteague Island in March 2006.
Another spectral band with maximum around 625 nm was
detected during the ALF underway measurements in the sur-
face waters of the Delaware Bay in April 2006 (Fig. 5C). The
emission band peaking at 662 nm was observed in the LSEY
signatures at various locations during the ALF underway mea-
surements (for example, see Fig. 5D). Finally, the broadband
red emission ranging from 610 to 700 nm, which seemed to
be composed of several overlapped emission bands, was con-
sistently detected in the LSEY spectra of the water samples
taken in the euphotic layer below the Chl # maximum in the
Southern California Bight, California Current and in the Mid-
dle Atlantic Bight (for example, Fig. 5E). The E,,, E,,, and E,
SDC spectral component were derived from the LSEY field data
(see above) to account for the observed variability in the red
portion of the LSEY signatures. As evident from Fig. 5, they
describe well not only the individual spectral bands detected
in the surface waters (panels B, C, and D), but also the broad-
band red emission observed in the water samples taken from
the bottom of the euphotic layer (panel E).

The origin of the red emission bands peaking at 625, 644, and
662 nm in the LSE' spectra stimulated to 405 nm remains to be
identified. Based on their spectral location and characteristic
shape, they might be interpreted as fluorescence of PBP pigments.
Indeed, the cryptophyte-specific phycoerythrin PE566 has an in
vivo emission peak around 620 nm (Mimuro et al.1998). The flu-
orescence maximum of phycocyanin, an accessory PBP pigment
present in cyanobacteria and cryptophytes, is located in the 642-
645 nm range, while some spectral forms of cyanobacterial allo-
phycocyanin have their emission peaks around 662 nm (e.g.,
Heocha 1965; Wood et al. 1985). Despite the spectral similarity,
the PBP origin of the red fluorescence in the LSE' spectra seems
be doubtful. Indeed, the SDC analysis of the LSE# signatures has
detected no respective red fluorescence, though the green excita-
tion is known to be more efficient than the violet one in stimu-
lating the in vivo PBP emission. Also, no significant correlation
was found between the red emission detected in the LSE' spectra
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and the PE fluorescence observed in the LSE$ signatures. We
hypothesize that the red emission detected in some LSE' signa-
tures might rather originate from a dysfunctional or degrading
photosynthetic apparatus of phytoplankton. In particular, the
644 nm emission peak could be attributed to the accessory
chlorophyll ¢ (Chl-c) from poorly-functional light-harvesting
complexes. The weak in vivo Chl ¢ fluorescence peaking at 644
nm was reported from photosynthetically functional phyto-
plankton (e.g., van der Weij-De Wit et al. 2006). Regarding the
emission at 662 nm, similar spectral features can be observed in
the LSE*® signatures of senescent phytoplankton cultures, con-
sistently with the presumable photodegradation origin of the
emission. Additional investigations need to be conducted to iden-
tify the red emission bands observed in the field.

LSE¢ spectral variability—Some characteristic spectral fea-
tures of the LSE# signatures of natural waters are illustrated in
Fig. 6. Despite their significant variability, the SDC best fits
(dotted light magenta) well reproduce the measured LSE$ spec-
tra (blue solid lines). The WR scattering band, S.#, has its major
maximum at 651 nm (the Raman shift v = 3440 cm™) and
is a dominant or subdominant spectral component in most of
the LSE8 spectra. Two less intense WR bands, 1600 and 2200
cm?, also can be seen in the LSE# spectra at 583 and 602 nm
in Fig. 6A. Although their intensities are only a few percent of
the major Raman peak at 651 nm, they play important role in
formation of the LSE$ patterns in the oceanic waters, where
CDOM and PE fluorescence are often comparable to the inten-
sity of these weak Raman bands (Fig. 6A).

As evident from Fig. 6, Chl # fluorescence is another impor-
tant contributor to the LSE# spectra of natural waters. Signifi-
cant variability in the location (673-686 nm) and spectral shape
of the Chl # fluorescence band was observed during the ALF
field measurements. For example, a short-wavelength spectral
shift in the Chl # fluorescence was detected during the dinofla-
gellate blooms in Monterey Bay and adjacent Elkhorn Slough in
September 2006 (for example, Fig. 6B, A 8 = 673 nm), in the
lower Chesapeake Bay and adjacent York River in July 200§
(e.g., Fig. 6F, A, .8 = 676 nm), and in the Pacific coastal zone of
San Diego in June 2005 (A, ¢ = 675 nm). High linear anti-cor-
relation (R? = 0.90) between the blue shift and decline in vari-
able fluorescence observed in the Monterey Bay suggests a
potential physiological origin of the spectral shift. For instance,
the dinoflagellate-specific water soluble peridinin-chlorophyll-
protein light-harvesting complexes (sSPCP LHC) do not fluoresce
in the normally functional PSII, but are known to have their
sPCP-specific Chl # fluorescence peak around 673-676 nm (Igle-
sias-Prieto et al. 1991). A decrease in the efficiency of energy
transfer from the sPCP LHC to the PSII core might lead to
appearance of the sPCP Chl # fluorescence accompanied by
decline in Chl # fluorescence from the core, which could result
in the blue shift of the overall Chl # peak. The fact that the blue
shift was stronger with the green vs. violet excitation is consis-
tent with such an assumption, because the peridinin absorption
peak locates in the green spectral region.
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The red spectral shifts in Chl # fluorescence were also
observed during the ALF field deployments. For example, the
Chl # emission peaking at 686 nm with the shoulder at 692
nm was detected in both LSEY and LSE# spectra measured in
the Delaware River (for example, Figs. SF and 6C). As evident
from the SDC examples presented in Figs S and 6, the
observed field-based spectral variability in Chl « fluorescence
can be reasonably well described via SDC linear scaling of the
E.,, E.,, and E, spectral components. The acquired field data
will be reported and analyzed in more detail in a series of fol-
low-up publications. The origin of the spectral variability,
which may be driven by both structural and physiological
changes in the algae, will be further investigated in subse-
quent stages of the ALF/SDC research.

A distinct feature of the LSE# signatures is the significant
variability in the 540-620 nm portions of the spectra mainly
caused by the overlap of the PE and CDOM fluorescence bands
(Fig. 6). The ALF/SDC analyses often detected significant cryp-
tophyte-specific fluorescence, F .8 (A . = 589 nm), in this
spectral range of the LSES spectra measured in various coastal,
estuarine and fresh waters examined. For example, see Fig. 6D
and 6FE measured respectively near Point Conception in the
Southern California Bight (April 2007; similar patterns were
observed in May 2006) and in the lower Chesapeake Bay (July
2005). The significant Fopq® fluorescence was also detected in
the upper and middle portions of the Delaware Bay in June
2006, in the York River (Virginia) in July 2005, and in the
Sough Slough estuary (Oregon) in April 2005. The cyanobac-
terial high PUB/PEB (Type 1) PE fluorescence, F,, &8 (A . = 565
nm), dominated in the yellow-orange LSES8 region in the sam-
ples obtained in the zone of Middle Atlantic Bight adjacent to
the Delaware Bay (Fig. 6F June 2006); similarly significant
though less intense F, ¢ fluorescence was consistently
detected in the offshore waters of the Middle Atlantic Bight
(see a transect distribution of I, 8 in Fig. 10) and in the Cal-
ifornia current in May 2006 and April 2007. Fluorescence of
low PUB/PEB, Type 2 spectral form of cyanobacterial PE, F, 8
(M e = 578 nm), was found to often accompany the F, 8
and/or F, .8 emission in coastal, bay, and estuarine environ-
ments (for example, Figs. 6E and 6F). It dominated in the LSEs
spectra between 540 and 620 nm in the lower Chesapeake Bay
(Fig. 6E, July 2005) and coastal waters of Hawaii Island (Feb-
ruary 2006); the significant F, 8 emission was also found in
the LSE8 spectra measured in the lower Delaware Bay in June
2005 and near-shore Pacific zone of California (May 2006 and
April 2007).

The broadband CDOM emission, F. . though less
intense vs. the WR band as compared with the LSE' signatures,
still played an important role in the formation of the orange-
red portion of the LSE# spectra not only in estuaries, as
pointed out by Exton et al. (19834), but in all the surveyed
water types, including offshore oceanic waters. Its intensity
was often comparable with PE fluorescence in the bay and
estuarine waters (e.g., Fig. 6E) and could dominate over the PE
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emission peaks in both oceanic (Fig. 6A) and fresh waters. For
example, in the Delaware River (Fig. 6C, June 2006), about
85% of the LSE’* intensity in the 570-620 nm range, which is
often interpreted as the PE fluorescence, was actually formed
by the CDOM emission (confirmed by the spectral mea-
surement of the sample filtrates). In the CDOM-rich waters,
the intense CDOM fluorescence may provide significant back-
ground contributions even in the red portion of the LSE# spec-
tra that needs to be accounted for correct assessment of the
red emission bands, such as WR scattering or Chl # fluores-
cence (Fig. 6C, 6E).

The SDC analysis of the LSE¢ field measurements has
revealed that the linear scaling of the SDC spectral compo-
nents, attributed to the WR scattering and fluorescence of Chl
a, PE, and CDOM, cannot entirely account for the complex
spectral patterns observed in the red portion of the LSE$ spec-
tra. The SDC mismatch was particularly evident for the LSES
signatures that showed the intense PE fluorescence, thus indi-
cating significant abundance of PBP-containing cryptophytes
and/or cyanobacteria. For evaluation, three additional spectral
components, E, , E,,, and E,,, which were originally derived
from the LSE' field data, were included in the SDC procedure
described by Eq. 5. This was done to incorporate in the best fit-
ting three additional red spectral bands, F_ ¢, F,,% and F,.2 (see
Eq. 6). The SDC analysis has shown that the F, ¢ band played
a rather insignificant role in the LSE$ formation for most of
the explored water types; while the F ,# and F_,¢ SDC spectral
components provided variable contributions in various
waters, remaining subdominant relative to the major peaks of
WR scattering at 651 nm, Chl #, and PE fluorescence (for
example, see Fig. 6). The LSE# patterns observed in the lower
Chesapeake Bay in June 2005 (i.e., Fig. 6E) constituted an
exception, as all three red emission bands provided significant
contributions to the LSE$ formation, comparable to the usu-
ally dominant band of WR scattering, S 8. The correlation pat-
terns with the group-specific spectral types of PE emission sug-
gest that in the areas abundant with PBP-containing
cyanobacteria and cryptophytes the F.# and F ,® SDC
retrievals may be associated with the phycocyanin and allo-
phycocyanin fluorescence.

Correlation analysis of the SDC retrievals—To evaluate ALF
capacity for quantitative assessments of aquatic fluorescent
constituents, the ALF spectral retrievals were compared with
HPLC pigment analyses. The I, " and I .8 SDC retrievals
(see Egs. 4 and 9) showed high correlation with the HPLC
assessments of Chl # concentration in a range of water types
surveyed during the ALF field deployments. For example,
Fig. 7A displays the linear correlation (# = 0.93) between the
Iopar” retrievals and the HPLC measurements of total Chl #
conducted in the Middle Atlantic Bight, Chesapeake and
Delaware Bays, the Sough Slough estuary (Oregon), and York
River (Virginia). Similarly high correlation (& = 0.92) was
observed between the I .8 magnitudes and the HPLC Chl &
data for the same integrated data set. The WR normalization,
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and adjacent coastal and offshore areas of the Middle Atlantic Bight.

as well as the relatively short (<lcm) path of the excitation
and emission light in the measurement cell, likely provided
for the robustness of the correlation between Chl # fluores-
cence and concentration up to 20 mg m= despite the signifi-
cant variability in turbidity (up to 10 NTU as measured in the
York River) within the data set.

Assuming that the CDOM fluorescence stimulated at 405
and 532 nm originates from the same organic chromophores,
comparison of the I, .." and I, .8 magnitudes may pro-
vide a good overall test for the ALF SDC analysis. Indeed, the
CDOM and WR emission bands are located in different por-
tions of the LSEY and LSES spectra and have different and vari-
able patterns of spectral overlap with the emission bands of
other water constituents (Figs. 5 and 6). In spectrally complex
environments, the peak magnitudes of the CDOM and WR
emission often constitute only a fraction of the LSE intensity
at their peak locations (for example, see Figs. 5B, 5C, SE, 6A,
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6B, 6C, 6E, and 6F). Nonetheless, the correlation analysis
yielded consistently high linear correlations between the
Lepomr” and Loy ,® retrievals in various water types examined.
For example, Fig. 7B displays their correlation for the com-
bined data set measured in the Delaware Bay and adjacent
coastal and offshore areas of the Middle Atlantic Bight.

To evaluate the ALF/SDC potential for assessment of the
PBP-containing photosynthesizing organisms in the mixed
phototrophic populations, we compared ALF SDC retrievals of
the group-specific PE spectral indices with independent HPLC
measurements of alloxanthin and zeaxanthin, the carotenoid
biomarkers for the cryptophytes and cyanobacteria, respec-
tively (Mackey et al. 1996). Fig. 8 displays the correlations for
the water samples collected in the Southern California Bight
in May 2007. High linear correlation, A = 0.77, was found
between the magnitudes of the [, ¢ fluorescence parameter
and the alloxanthin concentration (Fig. 8A) despite its rela-
tively low magnitudes. A similar linear correlation, 2 = 0.78,
was observed between the I I values and the zeaxanthin
concentration (Fig. 8C). We interpret these data as a demon-
stration that the ALF/SDC retrievals provide potential for
detection, discrimination and quantitative assessment of cryp-
tophytes and cyanobacteria in natural aquatic environments.

Assuming the alloxanthin, zeaxanthin, and Chl # concen-
trations as proxies for biomass of cryptophytes, cyanobacteria,
and total population of the photosynthesizing microorgan-
isms, respectively, the alloxanthin/Chl # and zeaxanthin/Chl
a ratios can be considered as first-order indices for assessment
of relative abundance of cryptophytes and cyanobacteria in
the mixed phototrophic populations. We evaluated the rela-
tionships between these pigment indexes and respective fluo-
rescence parameters yielded by the SDC LSE analysis. For the
data sets displayed in Figs.8A and 8C, the correlations between
the L, 0, VS- alloxanthin/Chl « ratio (Fig. 8B) and I, JChia VS
zeaxanthin/Chl # ratio (Fig. 8D) were somewhat lower (& =
0.63), which can be explained by the higher errors in the
ratios vs. the absolute magnitudes of fluorescence and HPLC
retrievals (Figs. 8A and 8C). The magnitudes of both pigment
and fluorescence ratios were in the range of a few percent,
which might also affect the correlations. Nonetheless, we con-
sider the trends observed in Figs. 8B and 8D as a stimulus to
further explore the potential of the ALF/SDC technique for
structural analysis of the mixed algal populations.

Spectral correction of variable fluorescence—As described in
Materials and Procedures, the real-time SDC LSEY analysis yields
the I, parameter to assess the non-Chl # background emis-
sion in the area of Chl « fluorescence peak, B,.. The latter is
then subtracted from the PDP induction curve to retrieve spec-
trally corrected variable fluorescence (Eqs. 12-14). The ALF field
spectral measurements have shown that the magnitudes of B
and relevant I~ parameters may exhibit significant varia-
tions in natural aquatic environments. For example, in surface
oceanic waters the I, magnitude may vary from a few per-
cent (Fig. 5A) to 25 percent depending on the relationship
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Fig. 8. Correlations between the group-specific PE spectral indices retrieved by the SDC LSE analysis and HPLC measurements of alloxanthin and zeax-
anthin, the carotenoid biomarkers for the cryptophytes and cyanobacteria, respectively. The data demonstrate ALF potential for discrimination and quan-
titative assessment of the PE-containing photosynthesizing organisms in mixed populations.

between the CDOM and Chl # fluorescence intensity. The non-
Chl  red fluorescence bands F,, and/or F,, also may provide a
comparable to or greater than CDOM contribution in the spec-
tral range of Chl # fluorescence peak (Figs. 5C and 5D, respec-
tively). The I .,, magnitude may reach 50%-100% in the
CDOM-rich freshwater or estuarine environments (Fig. 5F) or at
the bottom of euphotic layer (Fig. SE). In the latter case, a
decline in the Chl # fluorescence is typically accompanied by
the increase in CDOM fluorescence and the broadband red
emission of other non-Chl # constituents (for example, Fig. SE
and the vertical profiles of I, .7 and L, in Fig. 11A dis-
cussed below). In extreme cases, the non-Chl # red background
emission may significantly exceed the peak magnitudes of the
Chl 7 and CDOM fluorescence (e.g., Fig. 5B).

The ALF spectral correction of variable fluorescence was
designed to provide automatic accounting for the variable B
background in the analyzed water samples, thus yielding more
accurate assessments of variable fluorescence in the spectrally
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complex aquatic environments. To illustrate the importance of
the spectral correction, Fig. 9 displays the I, magnitudes
and the comparison of the F /F_ values calculated with and
without the correction for the B . parameter for the water sam-
ples taken in the Delaware River between Trenton (New Jersey)
and the river mouth adjacent to the Delaware Bay in June 2006.
As evident from these data, up to 35% underestimation of the
F /F_ magnitude might occur without the spectral correction
due to the high CDOM content in the turbid waters (F /F
0.29 vs. 0.45 at station 4 in the middle of the transect; the F /F
values as high as 0.65 were observed here after the spectral cor-
rection during the phytoplankton spring bloom in April 2008).
The ALF spectral correction of variable fluorescence is automat-
ically and routinely conducted in real time during the discreet
sample analyses and underway shipboard measurements (for
example, see the spectrally corrected F /F_ transect data in Fig. 10).
It needs no filtration or other treatment of the sample, and can be
implemented in various instrument configurations and settings



Chekalyuk and Hafez

0.9
0.8
0.7
S 0.6

205

90
Induction time (us)

Bl spectrally corrected
El not corrected

Fig. 9. Spectral correction of variable fluorescence for non-Chl @ back-
ground emission in the area of Chl afluorescence peak, B, .. (A): The SDC
retrievals of | . .., the ratio of the non-Chl @ background emission to the
actual intensity of Chl g fluorescence in the LSE' spectrum, at eight sta-
tions in the Delaware River, June 2006. (B): Fluorescence induction,
Foop(t), measured by the ALF instrument at station 4. The B, . = 0.27 was
calculated for I, = 0.6 using Eq. 13 (see the LSE* of this sample in Fig.
5F). (C): B, subtraction from the measured induction curves, F, (1), has
yielded up to 35% increase in variable fluorescence, F /F_, versus the
retrievals without spectral correction.
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potentially capable of the broadband SDC spectral mea-
surements, including the in situ and airborne sensors of variable
fluorescence (e.g., Chekalyuk et al. 2000).

ALF transect measurements—A significant amount of the ALF
underway flow-through measurements onboard research ships
and small vessels was acquired during the instrument deploy-
ments in diverse water types in 2005-2008. To illustrate the
analytical capabilities of the ALF/SDC underway analysis, we
present an example of the transect measurements conducted
on 21 June 2006 in the coastal zone of the Middle-Atlantic
Bight adjacent to the Delaware Bay. Distributions of the SDC-
retrieved fluorescent parameters are displayed in Fig. 10B; the
major transect features are marked with numbers to relate
them with their spatial locations respectively numbered on
the map in Fig. 10A. An arrow in panel B marks a technical
break in the data acquisition occurred between points 6 and 7.
The I, values have been converted into the units of Chl #
concentration (right vertical axis in Fig. 10B) based on the lin-
ear correlation displayed in Fig. 7A. Magnitudes of the other
ALF variables, including the spectrally corrected variable fluo-
rescence, F /F_, can be assessed using the left axis of the plot.
The F /F_ values varied in the 0.3-0.4 range along the entire
transect, thus showing a somewhat depressed physiological
status of the phytoplankton population. Seven Chl # peaks,
ranging from 5 to 13 mg m3, were detected along the transect
indicating costal mesoscale variability in phytoplankton bio-
mass. As evident from the I, v distribution, the CDOM spa-
tial variability followed closely the Chl # spatial patterns sug-
gesting a biological origin of CDOM in the surveyed area. The
PBP-containing cryptophytes, indexed by the [, .# fluores-
cence parameter, showed quite patchy and somewhat distinct
spatial patterns, compared to those of Chl 4, reaching the
highest concentration in the DB mouth (points 1, 2, 4 and 8§,
Fig.10A). By contrast, the high PUB/PEB PE-containing
cyanobacteria indexed by the I, & fluorescence parameter
had their highest concentration in the coastal zone at point 5,
with several smaller sub-peaks around points 0, 1, 2, and 8.
The low PUB/PEB PE-containing cyanobacteria, characterized
by the I, .® distribution showed spatial patterns well corre-
lated with Chl # they were most abundant in the Delaware
Bay mouth (points 7-8), but also showed patchy structures in
the adjacent section of the transect (points 0-2, 3-4, and 6).

Along with the characterization of pigment biomass, the
ALF/SDC analysis has revealed significant structural variability
in the mixed population of phytoplankton and cyanobacteria
in the surveyed area. The cryptophytes were not detected
along the initial, offshore portion of the transect and repre-
sented a relatively small fraction of the phototrophic commu-
nity in the coastal zone of the Middle Atlantic Bight. This was
indicated by the magnitudes of the I, .. parameter that were
below 0.05 along the transect everywhere except the sharp
peak around point 1, where they reached 0.1 (not displayed in
Fig. 10B). A similar range of the [, . variability was
observed in the Southern California Bight and corresponded
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Fig. 10. An example of the shipboard underway ALF measurements in
the coastal zone of the Middle-Atlantic Bight adjacent to the Delaware
Bay, 21 June 2006. The major features of the transect distributions
retrieved by SDC LSE analysis are marked in panel B with numbers to
relate with their spatial locations respectively numbered on the map in
panel A. The |, .* values have been converted into the units of Chl @ con-
centration (right axis in panel B) using the correlation displayed in Fig. 7A.
The spatial patterns indicate significant variability in pigments, CDOM,
and phytoplankton structure in the surveyed area (see discussion in the
text).
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to the alloxanthin/Chl # ratio below 0.1 (Fig. 8B). By contrast,
the high PUB/PEB PE-containing cyanobacteria were more
abundant in the population along the offshore and initial
coastal portions of the transect as indexed by the I, . mag-
nitudes that reached 0.16 at point 5, one order of magnitude
above the highest [, . values observed in the Southern Cal-
ifornia Bight (Fig. 8D). In the Delaware Bay mouth (points 7-8),
their fraction exhibited a very sharp decline with the [,
values below 0.03. Within the cyanobacterial group, their high
PUB/PEB PE spectral type was overwhelmingly dominant in
the offshore waters and around point 5 as indicated by I
retrievals that varied here in the range of 2 to 3.5.

Vertical distributions of fluorescence constituents—Although
the ALF/SDC suite was primarily developed for shipboard
underway characterization of aquatic constituents in the sur-
face waters, it can also provide useful complementary infor-
mation via laboratory and field analyses of discrete water sam-
ples. Two examples of the vertical distributions of the
fluorescent constituents, compiled using the ALF analysis of
the dark-adapted water samples collected at various depths in
the offshore and coastal oceanic waters, are presented in Fig. 11.
The upper horizontal scale in the plots displays Chl # concen-
trations based on the I .7 regionally-analyzed correlation
with the HPLC pigment data.

In the offshore waters of the California current (Fig. 11A),
biomass of phototropic phytoplankton and Typel, high
PUB/PEB cyanobacteria (indexed by the I . and [, ¢ mag-
nitudes, respectively) had almost identical vertical distribu-
tions, showing their gradual buildup with depth in the upper
50 m followed by a sharp increase to their maximum magni-
tudes at 75 m and the fast decline to less than a few percent of
their maxima at 150 m. The ALF assessments of the Chl # con-
centration were 0.18 and 0.48 ug/L, in the samples from 2 and
75 m, respectively. No PE3 fluorescence was detected at this
location indicating absence of cryptophytes in the phyto-
plankton population, as was consistently observed in the off-
shore waters of the California current. The spectrally corrected
variable fluorescence, F /F _, gradually increased from 0.19 at 5
m depth to 0.3 at 95 m below the Chl # maximum; no pho-
tosynthetically active Chl # was detected by the SDC analysis
at 150 m. The low F /F_ magnitudes indicated a generally
depressed photo-physiological status of phytoplankton
despite the relatively high Chl # concentration in the Chl #
peak. The CDOM content indexed by the I, .’ parameter
showed no significant change in the upper 50 m of the water
column, a 2-fold gradual increase between 50 and 150 m, and
a slower rise with depths between 150 and 500 m (ALF mea-
surements of the 500 m sample are not displayed). The I, ",
L, and I, .V magnitudes, which quantify the broadband red
fluorescence typically observed below the Chl # maximum
(for example, see Fig. 5E), exhibited a significant increase at
50-150 m, consistent with the above hypothesis that it may be
due to fluorescence of a degrading pigment photosystem.
Contrary to the CDOM emission, further gradual decline in

PE1/PE2
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Fig. 11. Examples of vertical profiles of fluorescence parameters in the
euphotic layer retrieved from the ALF sample measurements in (A) off-
shore waters of California current and (B) near Point Conception in
coastal zone of the Southern California Bight. The upper horizontal axes
provide scales for Chl a concentration (A, B) and F /F  (A) calculated from
the ALF measurements.

the L% Lyr' and L, magnitudes was typically observed
below the bottom of the euphotic layer (i.e., below 150-200 m
in Fig. 11A).

In the coastal zone of the South California Bight near Point
Conception, most SDC-retrieved fluorescent parameters
reached their peak magnitudes at much shallower depths, 15-
20 m (see Fig. 11B). Significantly higher surface and peak mag-
nitudes of Chl # concentration, 2.74 and 7.18 mg/L, respec-
tively, were detected. The intense F,., fluorescence, with the
peak value of the cryptophyte-specific parameter I, ¢ as high
as 0.47, was observed in the water samples thus indicating sig-
nificant cryptophyte abundance at this location (confirmed by
the HPLC analysis). Though the I 8 magnitudes indexing

PE12/R
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the cyanobacterial biomass were somewhat higher compared
to the offshore cast samples, the low, ~0.03, L., values
indicated a relatively small fraction of cyanobacteria in the
coastal phototrophic population. The vertical distribution of
variable fluorescence, F /F_, showed a slow gradual rise with
depth from 0.3 at the surface to 0.38 at 30 m followed by
decline to 0.2 at 51 m. Similar to the offshore profile, the F /F
peak was located somewhat deeper than the maximum of the
pigment biomass (30 vs. 15 m, respectively). By contrast to the
offshore measurements, the CDOM fluorescence profile,
Icponr’» Was more uniform. It reached its peak in the pigment
maximum at 15 m followed by a gradual 30% decline between
15 and 50 m. The green-induced red fluorescence, peaking at
644 nm and indexed by the I, .8 magnitudes, showed the ver-
tical profile correlated well with the cryptophyte-specific PE
fluorescence indexed by [, & The vertical profile of another
green-induced red emission fluorescence, peaking at 662 nm
and indexed by I, .8 parameter, was, rather, correlated with
the vertical distribution of the cyanobacterial high PUB/PEB
PE fluorescence, I, & The observed patterns suggest that the
red emission consistently detected in the LSES signatures
around 644 and 662 nm may be associated in these PBP-rich
coastal waters with in vivo fluorescence of phycocyanin and
allophycocyanin, respectively.

Discussion

The described ALF/SDC analytical suite was designed to
provide new tools for characterization of the fluorescent con-
stituents in natural waters and bioenvironmental monitoring.
The ALF is a compact, easily transportable and deployable
flow-through instrument for high-resolution shipboard
underway measurements over a range of spatial and temporal
scales as well as discrete sample analyses. The ALF technology
takes advantage of selective dual-wavelength laser excitation
and broadband LSE spectral detection combined with spec-
trally corrected measurements of variable fluorescence. The
SDC LSE analysis allows retrievals of the overlapped emission
bands of aquatic constituents and more accurate photo-phys-
iological assessments of photosynthesizing organisms. The
ALF measurements provide real-time information about inten-
sity and spectral variability in Chl #, phycoerythrin, and
CDOM fluorescence. This novel approach may lead to
improved assessments of pigment biomass and CDOM con-
tent, indication of structural changes in the phytoplankton
community, and quantitative assessment of the PBP-contain-
ing phytoplankton and cyanobacteria.

The ALF dual-wavelength violet/green laser excitation pro-
vides for assessment of the key fluorescent constituents,
including CDOM, Chl 4, and PE pigments. The 405 nm exci-
tation is efficient in assaying of CDOM (Fig. 5) and variable
fluorescence, but cannot be used for PE analysis because of low
PE absorption in the violet spectral range. The 532 nm excita-
tion provides for efficient PE fluorescence stimulation, but
yields generally more complex LSE$ signatures (see Fig. 6 for
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examples). As shown by the initial field deployments, the ALF
dual-wavelength excitation also extends the concentration
range of Chl # assessments. For example, the I, v parameter
measured with 405 nm excitation has yielded quite reasonable
assessments of Chl # concentration during measurements of
the dinoflagellate blooms in the York River (>50 mg m=) and
in Monterey Bay (>100 mg m), where the accuracy of the
Lop® Tetrievals was somewhat compromised.

The use of lasers for emission excitation also provides cer-
tain advantages over the broadband light emitting diodes or
flash lamps often utilized in the field fluorometers. Indeed, as
evident from the sample LSE spectra in Figs. 5 and 6, WR scat-
tering is an important and often dominant LSE spectral com-
ponent. With the narrow-band laser stimulation, it has the
characteristic, relatively narrow spectral band, which allows
its reliable SDC detection and discrimination in the over-
lapped LSE spectral patterns. The broadband excitation would
result in respective broadening of the Raman spectral band
(Desiderio et al. 1997), thus significantly complicating its dis-
crimination from the constituent fluorescence. Normalization
of the constituent fluorescence to WR scattering accounts for
the highly variable optical properties of natural waters
(Klyshko and Fadeev 1978; Hoge and Swift 1981) and creates
units that can be directly compared with the data acquired by
various shipboard and airborne laser fluorosensors.

As shown by the ALF field measurements, the LSE signa-
tures measured in the diverse water types represent complex
and highly variable patterns formed by the overlapped spec-
tral bands of fluorescent aquatic constituents (see Figs. 5 and
6). Because of the spectral overlap, the spectral intensity at the
wavelength of the constituent emission in most cases overes-
timates the actual intensity of the constituent emission. The
overestimation is particularly significant in the estuarine, bay
and fresh waters known to be spectrally complex (e.g., see
Figs. 5B, 5C, SF, 6C and 6E), but it may occur as well in the
oceanic waters (for example, Figs. 5D, SE, 6F). Accounting for
the spectral overlap is particularly important for the correct
fluorescence assessment of PE pigments (see Figs. 6B, 6C, 6E,
6F and the relevant discussion above) and water Raman scat-
tering (Figs. 5B, 5C, SF, 6B-F). The SDC LSE analysis allows for
accurate retrievals of the constituent bands, thus providing for
improved qualitative and quantitative constituent assessment.
Incorporation of the broadband hyperspectral LSE SDC analy-
sis in the shipboard (Klyshko and Fadeev 1978; Babichenko et
al. 1993; Chekalyuk et al. 1995) and airborne (Hoge and Swift
1981; Hoge et al. 1998; Chekalyuk et al. 2000) laser remote
sensing and in situ laser measurements (Cowles et al. 1989,
1993; Desiderio et al. 1993) may further improve our observa-
tional capabilities and provide new important information
about natural aquatic environments over a range of spatial
and temporal scales.

Another aspect of the spectral complexity of natural waters
concerns the accuracy of photo-physiological assessment of
photosynthesizing organisms via measurements of variable
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fluorescence. As revealed by the ALF field spectral mea-
surements in various water types, the background non-Chl #
emission produced by CDOM and other constituents in the
spectral area of Chl # fluorescence may vary in a range of sev-
eral to hundred percent of the Chl # fluorescence intensity.
Not accounting for the non-Chl # fluorescence background
may result in significant, up to 35%-50%, underestimation of
the magnitude of variable fluorescence (see Fig. 9 and com-
ments in Assessment). The spectrally corrected photo-physio-
logical assessment of variable fluorescence is another distinct
feature of the ALF measurement and analytical protocols that
provides for improved characterization of the natural aquatic
environments.

Comments and recommendations

At the initial stage of the ALF development reported in this
communication, the research was focused on (i) designing the
robust compact laser spectrofluorometer capable of routine
broadband LSE/PDP measurements in the field, (ii) acquiring
a set of field observations representing diverse water types,
and (iii) the thorough analysis of the laboratory and field ALF
measurements to develop the new analytical algorithms. A sig-
nificant amount of work still needs to be done to fully imple-
ment the analytical potential of the ALF technique. In partic-
ular, most of the constituent fluorescence parameters yielded
by the SDC algorithms need to be converted into the com-
monly accepted units (e.g., constituent concentrations) via a
series of laboratory and field calibrations. Though the correla-
tions between the Chl # fluorescence retrievals and independ-
ent assessments of Chl # concentration look reasonably good,
the available field data sets need to be analyzed to verify the
robustness of the correlation in the extended concentration
range and the regional/seasonal dependence of the correlation
parameters that may affect the accuracy of the fluorescence
retrievals. At the short time scale, the diel variability in the
pigment fluorescence yield (e.g., Falkowski and Kiefer 1985;
Dandonneau and Neveux 1997) needs to be accounted for to
further improve assessments of Chl # and PBP concentrations
from the shipboard underway flow-through measurements.
The ALF measurements of variable fluorescence may provide
important feedback to the LSE spectral analysis of Chl # and
PBP fluorescence to account for the photo-physiological vari-
ability in the pigment fluorescence yields. The field-based
observations of spectral variability in Chl # fluorescence also
need better understanding, which may provide new means for
assaying phytoplankton physiology and functional groups.
The detected in the field red emission peaks at 625, 644, and
662 nm need to be identified and interpreted to provide addi-
tional information about pertinent complex bio-geochemical
processes in the natural aquatic environments. Extension of
the ALF measurements and the SDC algorithms into the near
ultraviolet and infrared spectral range may yield valuable
information about other water constituents, such as spec-
trally-distinct forms of CDOM and bacteriochlorophyll.
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Finally, the ALF methods and analytical protocols, which have
been tested and employed in the flow-through instrument,
can be implemented in variety of instrument configurations
and settings, including in situ and airborne laser fluorosen-
sors, to improve our capacity for oceanographic observations
and bioenvironmental monitoring.
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