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EXECUTIVE SUMMARY

Instrument performance verification is necessarythsd effective existing technologies can be
recognized and so that promising new technologaes ltecome available to support coastal science,
resource management, and ocean observing systédmasAlliance for Coastal Technologies (ACT) has
therefore completed an evaluation of in situ fluneters designed for measuring chlorophyll.
Chlorophyll measurements are widely used by resumanagers and researchers to estimate
phytoplankton abundance and distribution. Chlordipls also the most important light-capturing
molecule for photosynthesis and is an importaniatée in models of primary production. While there
are various techniques available for chlorophytiedminations, in situ fluorescence is widely aceept
for its simplicity, sensitivity, versatility, anccenomical advantages.

As described below in more detalil, field tests tt@aihpare manufacturer’s chlorophyll values to

track changes in chlorophyll concentrations throtigte or depth and NOT to determine how well the
instrument’s values matched those from extractimalysis. The use of fluorometers to determine
chlorophyll levels in nature requires local caliiwa to take into account species compaosition, Ehygy
and the effect of ambient irradiance, particulgtytoquenching.

At the manufactures request, and consistent wéttiment design intent, the performance of the
BBE Moldaenke Fluoroprobe 2 was assessed onlyénahoratory and profiling tests. Two different
field sites or conditions were used for testingluding, an open ocean and freshwater lake
environments. Because of the complexity of thesteshducted and the number of variables examined, a
concise summary is not possible. We encourage readeeview the entire document (and supporting
material found at www.bbe-moldaenke.com) for a amhpnsive understanding of instrument
performance. However, specific subsection of patama tested for and environments tested in can be
more quickly identified using the Table of Contebédow.
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BACKGROUND:

Instrument performance verification is necessaryhat effective existing technologies can be
recognized and so that promising new technologaes ltecome available to support coastal science,
resource management, and ocean observing systemisisTend, the NOAA-funded Alliance for Coastal
Technologies (ACT) serves as an unbiased, thirty pestbed for evaluating sensors and sensor ptasfo
for use in coastal environments. ACT also serves esmprehensive data and information clearinghouse
on coastal technologies and a forum for capacitiding through workshops on specific technology
topics (for more information visit www.act-us.info)

This document summarizes the procedures used esudts of an ACT Evaluation to verify
manufacturer claims regarding the performance & BBE Moldaenke FluoroProbe 2. Detailed
protocols, including QA/QC methods, are descrilrethie Protocols for the ACT Verification of In Stu
Fluorometers (ACT TV05-01), which can be downloaded from the TAGwvebsite (www.act-
us.info/evaluation_reports.php). Appendix 1. isiaterpretation of the Performance Verification fesu
from the manufacturer's point of view.

TECHNOLOGY TYPE:

Chlorophyll measurements are widely used by resounanagers and researchers to estimate
phytoplankton abundance and distribution and camdes as a tool in assessing eutrophication status.
Chlorophyll is also the most important light-cajtgr molecule for photosynthesis and is an important
variable in models of primary production. Theseadate used for numerous industrial applications as
well, including water quality management, wateatngent, ecosystem health studies, and aquaculture.
There are various techniques available for chloythptieterminations, including spectrophotometry,
bench-top fluorometry and high performance liqudacnatography (HPLC) using samples collected on
filters and extracted in solvent. However, chlorgpimeasurement by in situ fluorescence is widely
accepted for its simplicity, sensitivity, versdsiliand economical advantages.

In situ fluorometers are designed to detect chloyt in living algal and cyanobacterial cells in
aguatic environments. The excitation light from theorometer passes through the water and excites
photosynthetic pigments, including chlorophyll viitithe living cells of the algae present. A small
fraction of this absorbed light is re-emitted byotbphyll a as red fluorescence. As light absorption by
chlorophyll and its accessory pigments and the d&tabsorbed photons are biophysical events driving
photosynthesis that are under physiological cons@Veral factors make in situ fluorescence monigor
of chlorophyll, a semi-quantitative measure at bEéstvironmental conditions, phytoplankton community
composition, physiological status, cell morpholagyd irradiance history all play a role in alteritge
relationship between fluorescence and the condeisaof chlorophyll. Also interfering materials such
as other plant pigments, degradation products assblded organic matter, can compete with light
absorption or change the optical path of fluoredaggd. Even with these diverse natural constraimts
situ fluorescence in a variety of deployment modess supply valuable information on the relative
temporal and/or spatial distribution of chlorophgtincentrations in the water column and under aimil
conditions correlates well with extracted chlorojplaysamples.

The BBE Moldaenke FluoroProbe 2 is a submersibbdiling fluorometer which measures the
emission intensity for excitation in five charagac wavelength ranges employing pulsed light-&nat
diodes. The LED’s emit light at the following wagagths: 450 nm, 525 nm, 570 nm, 590 nm and 610
nm. Fluorometric emission is measured at 680 nnpliogtomultiplier at an angle of 90 degrees to the
exciting light source. The five-point excitatiopestra (5 wavelength ranges) are deconvoluted en th
basis of norm spectra, which have been obtainednayysis of several species of each spectral group.
This enables an estimation of the mean deviatiothefnorm spectra. By means of the deconvolution
approach, for each spectral algal group an estimlatbe corresponding Chlorophyll a concentratien i
obtained (Chla pg L? per spectral algal group in the measuring volumehe given depth). The
manufacturer’s published performance specificationshe FluoroProbe 2 include: Range 0 -Z@L'l,
Extended resolution 0.0%g L?, and Operating Depth of O to 100 meters. Morerimfdion can be found
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at www.bbe-moldaenke.com.

APPLICATION - OBJECTIVES AND FOCUS OF PERFORMANCE VERIFICATION :

The basic application and parameters evaluate@ wetermined by surveying users of in situ
fluorometers. Almost equal numbers of respondemtsur needs and use assessment indicated in situ
fluorometers were commonly deployed on remote @tat§ in estuarine and near shore environments and
used in profiling applications, typically down tblaast 100 meters depth. It was also clear frosruger
survey that accuracy, precision, range (i.e., dietecimits), and reliability are the most importan
parameters guiding instrument selection decisi@mgen that in vivo or in situ fluorometry is a rele
measurement with no absolute “true value” refererfsee discussion above), accuracy in the
measurement of chlorophyll in vivo cannot be deteeah directly. Much of the variation in fluorescenc
as a measure of chlorophyll is due to physiologarad taxonomic factors that have nothing to do with
any particular instrument. Therefore, a surrogateatcuracy was used in this Performance Verifceti
response linearity or stability of the responsdscation factor to a defined reference (see below).
Protocols were developed with the aid of manufargiand Technical Advisory Committee to evaluate
these specific areas.

PARAMETERS EVALUATED :

Definitions below were agreed upon with the maatufeer as part of the verification protocols.

Response Linearity— Stability of a predetermined response or cdiibmnafactor, computed as:
(fluorometer measurement in sample solution — uweter measurement in blank solution) / [reference
standard] over a range of reference standard ctiatems. As relative fluorescence is temperature
dependent, response factors were quantified iath@atory for each test temperature and the infiee
of reference dye and algal concentrations, vargtagdard turbidity concentrations, and light canda
were assessed.

Precision— Precision is a measure of the repeatability of asmeement. Instrument precision
was determined by calculating the coefficient ofiaton (STD/Mean x 100) of replicate fluorometer
measurements at 3 different reference dye condemsaand a fixed temperature in the laboratory.

Range— Range or detection limit is a measure of the mim and maximum concentration of
specific reference dyes and in vivo chlorophylthe instrument can accurately (see definition apov
measure. Range and linearity were determined oituiod series of dye and algal concentrations in
water under total darkness.

Reliability — Reliability is the ability to maintain integrityr stability of the instrument and data
collections over time. Reliability of instrument@svdetermined in two ways. In both laboratory aeld f
tests, comparisons were be made of the perceratafrdcovered versus percent of data expectedelth f
tests, instrument stability was determined by pamed post-measures of blanks and reference dyes to
qguantify drift during deployment periods. Commeatsthe physical condition of the instruments (e.qg.,
physical damage, flooding, corrosion, battery fa&jwetc.) were also recorded.

TYPE OF EVALUATIONS - SUMMARY OF VERIFICATION PROTOCOLS:

In conference with the participating instrument ofacturers and the Technical Advisory
Committee, it was determined that the verificatijgmotocols would: (A) employ reference dyes and
extractive chlorophyll a analysis through HPLC las standards of reference for determining instramen
performance characteristics; (B) include controleabratory tests; and (C) include field tests\aleate
performance under a variety of environmental cooalt

The HPLC method used for chlorophyll analysis falothat of Zapata et al. (2000, MEPS
195:29-45). Analyses were conducted by the laborabd Dr. Nick Welschmeyer at Moss Landing
Marine Laboratories (MLML, the West Coast ACT Partinstitution). All samples from Partner sites
were frozen in liquid Mand shipped by overnight courier in liquid try shippers to MLML. Frozen
samples were logged in by ACT staff upon receit stored in liquid N dewars along with the MLML
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samples. Samples were then extracted by physigadigg and in N-purged 90% acetone overnight,

followed by autosampler HPLC processing commenthegfollowing day. Extracts were simultaneously
analyzed by a standard fluorometric technique (@heteyer 1994, L&O 39: 1985-1992) to complement
HPLC assays described above.

All laboratory tests of response linearity, premigirange, and reliability were also conducted at
MLML in well-mixed (submersible circulating pumpggmperature controlled water baths. As the goal
of the laboratory tests was to assess performahdbeofluorescence detection systems rather than
biologically based variation in chlorophyll fluomnce, an inert fluorochrome was employed as the
reference standard. Basic Blue 3 (BB3, C.I. 51@DAS 33203-82-6, M.W. 359.9) was selected as the
primary fluorometric reference standard (Kopf aneirtae 1984Anal. Chem. 56, 1931-1935). BB3 is
readily soluble in both deionized and sea-waterl(r¥g / mL or > 2.8 mM) without substantial shifts i
absorbance propertied fx = 654, emesa = 88954,hem = 661 NM). At the request of the participating
manufactures and on recommendation of the scierdiivisory panel, the dye Rhodamine WT (RWT,
max = 497, %em = 523 Nm) was also used in a limited number okgehdent test conditions to permit
cross calibration of BB3 and RWT fluorescence dgniastrument output was first “calibrated” to BB3
and/or RWT concentration under standard referermalitons by immersion in one or two-point
standardization solutions as suggested by eachfawtater.

The profiling tests were conducted at two partrigess CILER/University of Michigan and
GoMOOS/University of Maine. Instruments tested, hbah the laboratory and in the field, were
incorporated in the The BBE Moldaenke FluoroProlaekpge, which included data logging, data
transformation/conversion equations, and indepengdewer, provided by the manufacturer. A total of
two fluorometers were evaluated.

Instruments were programmed to record data evecpnsls and both prior to and after
deployment, a series of blanks (DI water) and &3 and RWT) were presented to the instruments at
the field sites as baseline references. Water sk HPLC chlorophyll analysis were collected as
close as possible to the sensor heads at varyptgsithroughout the water column.

*Detailed fluorometer performance verification protocols can be downloaded at:
www.act-us.info/evaluation_reports.php

Quality Assurance/Quality Control — This performance verification was implemented
according to the test/QA plans and technical docusngrepared during planning of the verificatiosite
Prescribed procedures and a sequence for the wer defined during the planning stages, and work
performed followed those procedures and sequeneehnical procedures included methods to assure
proper handling and care of test instruments, sesnphnd data. Performance evaluation, technical
system, and data quality audits were performed Byp@sonnel independent of direct responsibility fo
the verification test. All implementation activsievere documented and are traceable to the tegi/QA
and to test personnel.

The main component to the QA plan included tecrsgstems audits (TSA), conducted by ACT
Quality Assurance Specialists at four of the ACTriRa test sites selected at random (MLML;
CILER/University of Michigan, SklO, and Universitf Hawaii). These audits were designed to ensure
that the verification test was performed in accamdawith the test protocols and the AQIality
Assurance Guiddlines. (e.g., reviews of sample collection, analysis atiter test procedures to those
specified in the test protocols, and data acqaisitand handling). During the verification tests, no
deviations from the test protocols were necessary.

The environmental samples used for determinationiotd! chlorophylla content by HPLC
analysis were subject to several levels of qualdyurance control. First, addition of the intestahdard
(trans-beta-8-carotenal; Fluka) to the 90% acetxteacts was used to control for variation is itipgt
volume and potential sample dilution/evaporatiomirdy tissue-grinding extraction. Second, HPLC
chromatograms were visually inspected to ensureracg of peak and baseline calls and corrected as
needed. Third, as an independent check on theamcof the HPLC chlorophyh estimates, roughly
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two-thirds of the samples were selected from eattl §ite and the extracts assayed on calibratddlsn
bench fluorometers using standard protocols (sistggp fluorometry: Welschmeyer, 1994 and
acidification fluorometry: Yentsch et al. 1965).

Sample discrepancies>%0% difference in estimate) identified by direct comparison of
chlorophyll a estimates obtained by these independent methodsrex@valuted for accuracy by checks
of the original chromatogram calls, spreadsheeiesnaind if necessary re-injection of the sampléeun
consideration. When standardized against pureapihyll a in 90% acetone, the simple fluorometric
assays inherently overestimate chlorophgllin natural samples because of additional fluomgsce
compounds contained in the natural pigment mathis overestimate is typically ca. 10%, but can be
greater when large portions of chl b, chl c1, &lahl3 and pheopigments are present in naturgblesm

HOw TO INTERPRET THE RESULTS:

As described above, fluorometers are sensors dEsigndetect the fluorescent energy emitted by
certain molecules of interest, such as chlorophiyhen working with pure analyte solutions, the
fluorescence value measured by an in situ fluoremsttypically proportional to the concentratidrtioe
molecules present. The laboratory tests therefoceised on instrument parameters such as response
linearity to dye solutions under varying concentreg and conditions. However, the relationship leemv
fluorescence and the concentration of chlorophlylin living cells is strongly influenced by many
biophysical and physiological factors. For exampléprophyll fluorescence in vivo is a functionligfht
absorbed by all photosynthetic pigments in thedisd sample, whereas in an extract, it is onlylighe
absorbed by chlorophyll molecules. This makes #oence of chlorophyll in an extract a poor proky o
chlorophyll fluorescence in vivo. Field tests, whicompare fluorometer values to those determined by
extractive HPLC analysis, were therefore designalg tb examine the instrument’s ability to reliably
track changes in chlorophyll concentrations throtigte or depth and NOT to determine how well the
instrument’s values match those form extractivdyeig Ancillary water quality measures taken dgrin
the field trials (CDOM and TSS) might be used tdphassess the underlying cause (optical path
interference versus instrument electronic noisplgitoplankton, physiology) of any deviations betwee
measured fluorescence and extracted chlorophyll.

* Data is presented agig L™ of Chl a as calculated and reported by the instrument. Fordditional
corrections, interpretation and analysis of resultsplease visit www.bbe-moldaenke.com.
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SUMMARY OF VERIFICATION RESULTS, LABORATORY TESTS

Because of the inherent limitations of in situ floimetry and the inability to control various
factors that can impact the data during field tegisponse linearity, precision and range wereraebed
in the laboratory only.

Response Linearity and Detection Range

Figure 1: Instruments were equilibrated in temperature regdlavater baths and programmed to sample at 30
second intervals while being exposed to sequeimtatases in BB3 concentrations. The BBE Fluoropraobkes 6
distinct LEDs for determining the spectral excitaticharacteristics of the target water mass; hetiwidual LED
excitation responses are plotted to visualize thp@rformance in the presence of different fluoroohe
concentrations. LED1 induced response will be uaedthe reference for comparison. The LED1 induced
fluorescence exhibited a linear response to BBZeomations through at least 1uBl, detector saturation was only
indicated with excitation by LEDs 3 & 4 for thiselyThe average instrument response to LED1 in ihekater
was 6.07 £ 0.12 digits, indicating a limit of deien at 3 s.d. of 0.36 digits above the baseliredireg. The
fluorescence yield of BB3 is temperature-dependnb6% + 0.06% pefC). As deployed, the Fluoroprobe LED1
excitation response exhibited a slight temperalftysteresis, yielding a BB3 temperature-dependeheg. 66% +
0.15% per’C. All data plotted as mean and standard deviatfdooth detector response and analyte concentration
Note the change in scale for LED5 and UVLED dependesponses. Regression analysis encompassedtites e
test dye concentration range tested for all expanisireported. All data plotted as mean and stdndiawiation of
both detector response and analyte concentration.

Note: Values exceeding 2000 digits are in excessefested instrument’s normal operation rang8|{geL).
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Response Precision

Figure 2: Detector noise, here expressed as the mean stagielation of 10 sequential 30 second samplesewhi
held at fixed temperature and BB3 dye concentratigenerally increased with mean detector resparsk was
general less than 1% of maximum detector signaD1-Hependent detector noise over the instrumergctien
range of 0-1.8uM BB3, exhibited an absolute signal noise was *30(0.07 — 6.60) digits. No consistent
temperature-dependence in detector noise was evid#data plotted as mean and standard deviatioboth
detector response and analyte concentration.

Note: Values exceeding 2000 digits (grey shadedsjrare in excess of the tested instrument’s noopefation
range (200ug/L).
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Response Linearity and Fluorochrome Response

Figure 3: The Fluoroprobe detector response clearly resatiiéerent fluorochromes through the combinatién o
different excitation LEDs. For LED1 the fluorescerresponse was linear over comparable concentnatigyes of
two distinct test fluorochromes BB3,(,x 654 nm) and Fluorescent Red (Rhodamine) WE«(B55 nm); however
RWT exhibited a 2-times higher molar response tBBB. LEDs 3 &4 were more efficient at detecting tlieel-
shifted absorbance of BB3 although response sainraas apparent above lu® BB3. LED1 induced response
curves are provided as reference for all othertatton channels. All data plotted as mean and stahdeviation of
both detector response and analyte concentration.
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Response Linearity and Phytoplankton Chlorophyll Fuorescence

Figure 4: Detection of Phytoplankton Chlorophyll Fluorescence. Instruments were equilibrated f/2-enriched
seawater in a temperature controlled tank atClth darkened conditions. Total chlorophglconcentration in the
media was manipulated by adding aliquots of lagedbase cultures (276.85 + 1988 L™ of Chl a) of the diatom
Thalassiosira pseudonana Clone 3H (CCMP 1335) which had been grown in fifiched seawater under constant
illumination at 15°C. Instrument response was linear with total etatsle diatom chlorophyla concentrations
through 18ug L™ of Chl a. Subsequently, media Chl concentrations were amended by addition of logspha
cultures (80.94 + 3.78g L™ of Chla) of the cyanobacterial straynechococcus sp. CCMP 1282 grown in parallel
with the diatom cultures. The different excitatioBDs in the Fluoroprobe provided discriminationvbegn diatom
and cyanobacterially derived chlorophyll fluoressenwith LEDs 3 & 4 inducing enhanced cyanobacteria
fluorescence. Discrimination between diatom anchopacteria associated chlorophglbased different excitation
wavelengths is summarized in the following tabldiméar regression response coefficients for ed€b kchannel.
Instrument noise in the background seawater medged on LED1 excitation was + 0.09 digits. Sigaific
instrument response was observed at an added Ho€48ug L™ of Chla.

Excitation Wave-length Response to Diatom Chl a | Response to Cyanobacteria Chl a
LED (nm)
Sope | Intercept | R Sope Inter cept R
LED1 525 (blue-) green | 1.69 | 4.82 | 0.99§ 0.41 0.42 0.64D
LED2 570 (green) 042 | 472 | 098§ 0.44 0.07 0.95p
LED3 610 (orange) 0.89 11.93 | 0.852 3.66 -0.38 0.99p
LED4 590 (yellow) 092 | 1159 | 0.873 3.23 -0.33 0.989
LED5S 470 (blue) 3.66 7.53 0.999 -0.01 1.28 0.000
UVLED | 370 (almost invisible) 1.57 1.75 0.999 0.66 0.72 0.752

10
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Response Linearity and Sensitivity to ambient turbdity, CDOM and irradiance

Figure 5: Instrument response to the test fluorochrome BBS agsessed in a temperature regulated bath°&. 15
Instrument detection of added BB3 was in good agese (+12%) with the prior, independent calibrattorBB3
concentration (see Fig. 1). The BBE Fluoroprobessemvas highly sensitive to formazin, added as axypffor
turbidity, inducing a doubling (ca. 0.0136 V offsef detector response. Coffee extract, used aexy fior CDOM,
induced a similar signal enhancement (ca 0.012kkely due to organic fluorochromes in this extraathile both
proxies of water quality components induced anetfis detector response, this represents a sintpfe is
instrument baseline that in subsequent additionth@ftest fluorochrome BB3 produced an incremetédbctor
response only 7% lower than the BB3 calibratiopoese (0.5890 VM BB3 vs 0.6324 V1M BB3). Exposure of
the tanks to a downwelling surface irradiance of %@0 pmol quanta i s* PAR (artificial light) induced no
significant or consistent change in detector respamder the above treatment conditions. All dagigal as mean
and standard deviation of both detector respondeaalyte concentration.

Instrument Sensitivity to Ambient lrradiance, Turbidity and COOM
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Laboratory Reliability

The instrument stopped sampling (no flashes detgtbgging about 4 hours into the RWT test series a
15°C. Data logged up to that point was recovered éguired external power. No other issues other than
memory rollover, due to operator error were obsegtved all recorded data was recovered.
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SUMMARY OF VERIFICATION RESULTS, FIELD PROFILING TESTS.

Figures 6A, 7A and 8A, display depth profiles ofarhphyll a concentrations ing L™ (green line)
measured during the up-cast by the instrument thighcorresponding chlorophyll a concentrations from
extractive HPLC analysis (yellow dots jug L™, n = 3, standard deviation is plotted althoughugalare
smaller than symbols used in graphs) taken at &etes depth throughout the water column during the
up-cast.

Figures 6C, 7C and 8C display the total suspendéd €grey squares, TSS in mg'Lmeasured by
weight and the colored dissolved organic matter Q&) estimated by spectrophotometric analysis
(purple triangles, absorption coefficient at 470) fath derived from samples taken at 6 discretehdep
throughout the water column during the up-cast.

Figures 9A, 10A and 11A, display depth profilescbforophyll a concentrations img L™ (green line)
measured during the down-cast by the instrumertt Wie corresponding chlorophyll a concentrations
from extractive HPLC analysis (yellow dotsyig L™?, n= 3, standard deviation is plotted although &alu
are smaller than symbols used in graphs) takerdescéete depth throughout the water column dutfireg
down-cast.

Figures 9C, 10C, 11C display the total suspenddid §6rey squares, TSS in mg'L measured by
weight and the colored dissolved organic matter Q80 estimated by spectrophotometric analysis
(purple triangles absorption coefficient at 470 rbojh derived from samples taken at 6 discretehdept
throughout the water column during the down-cast.

Figures 6B, 7B, 8B, 9B, 10B and 11B display shols ¢orresponding temperature (degree Celsius)
salinity (PSU when available) the Photosyntheticadctive Radiation (PAR in mMol s m? when
available) throughout the water column during tbevd-cast.

Note: The calculations of the total chlorophyll tamt by the test instrument in field profiling testere
made by the BBE FluoroProbe 2 for each of the dabde algae classes. The test instrument provides t
capability to correlate its concentration valuesdach algae class to a specific external methodhat
capability was not tested. Therefore, the valuestgd are based on the default correlation standtie
instrument. Further interpretation and correcticas be found at www.bbe-moldaenke.com.
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Figure 6: MAINE Profile 1 - Position: Penobscot Bay Upper Bay near Castine44 21.258, Lon: 68
50.062. Start Down ~ 17:58:00 EST.
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Figure 7: MAINE Profile 2 - Penobscot Bay, Bay Mouh Channel, Lat: 44 06.395, Lon: 68 59.447
Start. Down ~ 21:15:49 EST
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Figure 8: MAINE Profile 3 - Position: Penobscot Bay Southern Passagd,at: 44 19.850, Lon: 68

56.322. Start Down ~ 00:47:15 EST.
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Figure 9: Michigan Profile 1 — Lake Michigan
Start Down ~ 7:00:00 EST
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Figure 10: Michigan Profile 2 - Lake Michigan
Start Down ~ 9:10:04 EST
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Figure 11: Michigan Profile 3 - Lake Michigan
Start Down ~ 17:27:49 EST
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bbe Moldaenke GmbH
Wildrosenweg 3

Germany

D - 24119 Kiel-Kronshagen

e Tel +49-431-380 400
http://www.bbe-moldaenke.de

MOLDAENKE bbe@bbe-moldaenke.de
In the US: 1 800 326 4980

Firstly, bbe Moldaenke would like to say thank youhe all staff involved in organizing and condogt
the ACT fluorometer tests. Clearly, both the operetl effort and data processing effort requiredday
out the tests represented a significant undertakimpwe congratulate ACT on completion of the prioje

We believe that the test result clearly demonstrattvantages of the bbe FluoroProbe:
Automatic discrimination of algae classes, showr husing diatoms and cyanobacteria
Automatic detection of yellow substances and autenedfset determination

Low disturbance by particles

High instrument stability

Direct reading of Chlorophyll concentrations

bbe Moldaenke entered the FluoroProbe 2 produtitariab tests and in the profiling tests. We detide
not to participate in the mooring test becausehatshallow depths proposed for the mooring tests we
would normally recommend that customers use ouwatedl Algae Online Analyser rather than the
FluoroProbe 2, thus avoiding a number of potemtiablems including bio-fouling and photo saturation
of cells. Unfortunately, ACT was unable to test Algae Online Analyser in addition to the FluoroPeo

2 during this test series due to logistical coristsa We hope to include the Algae Online Analyzea
future ACT test.

Figure 1: The bbe FluoroProbe measures the chlorophyll fhoece with 6 independent excitation
LEDs at 6 different wavelengths. The fluorescerezaings are limited to 2000 digits for each exiotat
LED, corresponding to an upper measuring limit 00j2g/L of Chlorophyll (other measuring limits are
available to special order). If any excitation LpBbduces a fluorescence reading higher than 2080 th
FluoroProbe 2 software clearly indicates that tkeved Chlorophyll concentration values are invalid
The reader should therefore be aware that all saluexcess of 2000 on the vertical axis are ireesof

the tested instrument’s normal operation rangey@alues below 2000 are used by the instrument and
only values below 2000 contribute to the instrurigelimearity in its stated operational range.

Figure 2: Full examination of the data for the 15°C testadle indicates that the somewhat higher
standard deviation comes from unknown environmeodalditions on site. Air bubbles are a possible
suspect but in the absence of a camera we cannm#rtsen what occurred in the measurement aperture
during this test. However, the tested FluoroProbsa® equipped with a transmission sensor and the
corresponding transmission readings (recordederfulh instrument dataset) are clearly disturbedywe

can state with confidence that during the 15°C tiestconditions in the test aperture were not as wa
intended by the test protocol. Furthermore, neititwer tests at other temperatures nor the test with
RodaminWT at 15° shows a similar effect adding Hertevidence that the 15°C test data must be
considered unsafe due to some unknown interferemceduced externally to the instrument. We
conclude therefore that the higher deviation isaaotsed by temperature as inferred from the graph.

As in the earlier figure, data is plotted for fleascence values greater than 2000 and such valaes ar
outside the 0 - 200pg/L of Chlorophyll operatingnga for the tested instrument. The new figure 2
(available at www.bbe-moldaenke.com) shows the sgnageh without the undefined values.

When calculating the theoretical noise limits wéidwe that only 1 excitation LED has been considere
whereas the instrument actually uses 6 LEDs rengdhe calculation incorrect. As noted subsequently
in the report, the use of 6 excitation LEDs makes instrument significantly more sensitive than the
erroneous theoretical calculation would suggese Tdtal noise reduction would have been a factor
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SQRT(6) = 2.45! In fact, during the standard deworattest, the instrument was set to make 1
measurement of 1s every 30s. As a result, the #Rrobe 2 remained in standby mode most of the time.
If the instrument had been set to make 1 measurteafie30s every 30s, the theoretical noise reduction
would have been a factor SQRT(30) = 5.47. This khbe noted when comparing the FluoroProbe 2 data
with instruments which may have averaged values sweh a period.

It can therefore be seen that it is actually gpiesible to obtain higher sensitivity than thataoied in
report. There is in fact evidence that the detestase is no bigger than 2 digits. Taking the numife
LEDs and the unintentional reduction of the avergdime into account the maximum noise level is
smaller than 0.2 digits of 2000 digits full scat€QOug/L) which is very roughly equivalently to .0
pg/L. This is valid for a 200pg/L Chlorophyll comteation equivalent. At 2 pg/l equivalent even lowe
values can be obtained.

Figure 3: As already stated for figure 1: the fluorescenaleies higher than 2000 are considered invalid
by the instrument software and no Chlorophyll coniaions would be derived from such readings. The
fluorescence measurements for the 6 excitation L&@sndependent measurements. The responses are
fully expected to vary from one excitation LED teetother according the response of the algae gpectr
group or dye to the excitation.

Figure 4: The principle of the FluoroProbe 2 is to discriatm between algae spectral groups based on
the different fluorescence yield obtained by exwmtaat 6 different LED wavelengths. When reading
Figure 4 the reader should be aware that lower &de¢ do not indicate anything wrong with the
instrument! The low R2 values simply reflect thetfthat different spectral groups respond diffdsetd
different excitation wavelengths. For example,ahde seen that cyanobacteria mainly react to LED 3
and 4. Cyanobacteria are not very sensitive tot@xan at the other LED’s wavelengths thus the
corresponding excitation LED’s low R? values aredzhon this fact and not on any negative propdrty o
the instrument. If one considers the 0.09 digds@ for LED 1 one can very roughly assume tha® 0.0
digit noise correspond to about 0.009 pg/L. As nomed in fig 2, quality is improved by sqrt(30) by
taking the averaging time into account. The Fluoobe 2 also has 6 LED's which can theoretically
improve the signal/noise ratio by sqrt(6). So thedgted limit is 'roughly' 0.009ug/L / 5.47 /| 2,45
0.00067 pg/L. Nevertheless, for algae solutionsettperimental value of 0.0018 pg/L correspondsuto o
experience.

For better understanding, we redrew the graph l&hai at www.bbe-moldaenke.com) but this time we
implemented a second regression line, which empéssihe effect of pigment properties on the
fluorescence response of each LED.

Figure 5: The small depression of the signal in presenceratliance is caused by an AC driven light
source. The FluoroProbe 2 is indeed sensitive i® gbrt of light - but such light is never presamt
nature. DC drive light would reduce the effect oorenthan a factor of 10. We stated this fact befoee
beginning of the test and we had understood tleatest would be carried out using DC drive lighteT
effects of the AC light would also have been faraben if the light protection device had not been
removed during the test!

Figure 6-11.: The correlation with the HPLC (ACT) measurementhiea Maine profiles is very good. In
the Maine profiles the chlorophyll content is doated by diatoms or dinoflagellates. Obviously our
calibration of diatoms/dinoflagellates fit to theCA-HPLC. This is slightly different with the
cryptomonades which are found in the Lake Michigadjustment of the fingerprint with the HPLC
(ACT) for cryptomonades would lead immediately tovexy good correlation for the Lake Michigan
profiles as well.

Please do not hesitate to contact bbe.
Carsten Luering,
bbe Moldaenke environmental engineer
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