YEAR 3 FINAL REPORT
Project Period: September 15, 1998 — September 15, 1999

Project Title: Characterization of phytoplankton communities, primary production and
detrital components

Principd Investigators. Maureen D. Kdller
Bigelow Laboratory for Ocean Sciences
McKown Point, West Boothbay Harbor, ME 04575
(207) 633-9600; email: mkeller@bigelow.org

and

Andrew C. Thomas

School of Marine Sciences

University of Maine, Orono, ME 04469

(207) 581-4335; email: thomas@mainemaine.edu

I ntroduction

The Penobscot Bay region has been higtoricaly one of the most productive regions of the Gulf
of Maine. Theareais srongly influenced by the adjacent offshore waters of the Gulf and the products
of land and riverine runoff that interact to create tempora and spatid complexity, known to be important
in the stimulation of primary productivity which supports dl higher trophic levels. At present, thereis
very little data on the primary productivity, phytoplankton biomass or species diversty in Penobscot
Bay. In order to define the carrying capacity of thisregion, and to identify suitable Sites for aguaculture
or fisheries restoration, information on the patterns and driving forces of primary productivity are critical.

In addition, an gpparent enigma existsin Penobscot Bay that sets it apart from other areas of the Maine
coast. During the last two decades, most of the Maine coast has been regularly closed to shellfish
harvesting due to the presence of the toxin-producing phytoplankter, Alexandrium tamarense.
However, for unknown reasons, the area of Penobscot Bay is rdatively free of the toxins associated
with this organism (Shumway et d, 1988). This phenomenon makes the region even more attractive for
shellfish culture and the restoration of clamflats and other shellfish habitats.

Remote senaing of ocean color from both arcraft and satellite platforms has the capability to
quantitatively measure upper water column phytoplankton biomassiif the signd's can be quantitatively
interpreted.  When coupled with appropriate in situ measurements, remote sensing data can be used to
estimate water column primary productivity. For the purpose of ocean color remote sensing, the
nearshore waters of the Gulf of Maine are opticdly classfied as extreme case 2 waters. This means that
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water-leaving radiance reaching a remote sensor results from a mixture of optically active substances
including phytoplankton chlorophyll, detritus, suspended sediment, and colored dissolved organic
materid. To achieve the god of estimating water column primary production or quantifying accurately
chlorophyll biomass for these regions, actud chlorophyll concentration must be determined with ahigh
degree of accuracy, and absorption due to the competing substances must be determined.
Congderable ground-truthing of the upwelling radiance must be conducted to correctly isolate and
quantify the sgna due to the phytoplankton.

The overdl god of this component of the Penobscot Bay Project isto provide the field
measurements necessary for accurate interpretation of oceanographic remote sensing datathat is
associated with primary production. Here we have collected many of the field data required for effective
utilization of ocean color and surface temperature imagery. The datainclude spatid patterns of
chlorophyll and primary productivity, the relative contributions of light absorbing compounds, i.e.
chlorophyll, suspended particulates, and DOM, and measurement of concurrent hydrographic
conditions. These data are required to develop appropriate adgorithms for case 2 waters that will be
used for more accurate retrieval of coasta chlorophyll concentrations.

Project Summary
1) Field program

Asin 1998, the 1999 fidd effort consisted of four cruisesthat occurred in March, April, June, and
August. The cruise dates were March 28 and 29, April 19 and 20, June 27 and 28, and August 17 and
18. On each cruise, 30 gtations were sampled for continuous vertica hydrographic (CTD) data, and
nutrient and chlorophyll concentrations at three depths, to provide broad spatid coverage of the Bay.
At asubset of eight gations, in-depth characterizations were compiled of the phytoplankton community
and optica properties of the surface waters. These additiona dataincluded in situ light attenuation,
photosynthesis vs. irradiance relationships, phytoplankton community structure, both in terms of size and
speciesidentification, suspended particulate matter concentration and absorption, and dissolved organic
matter absorption.

2) Coordination with other projects

Thefield work was coordinated with N. Pettigrew (U. Maine), occupying stations sampled by him at
previous times, and the same stations as our 1998 study. Cruise times were planned to provide better
tempora coverage of the area. Two scientists from John Cullen's group at Dahousie University
participated in each cruise, collecting multispectrd in situ light data using a tethered light profiling
system. These datawill give us coincident measurements of water-leaving radiance to compare with the
discrete opticd dataset. A scientist from the Maine Dept. of Environmental Protection (DEP) dso
participated in each of the 1999 cruises, gathering dissolved oxygen data.

3) Sample andyses
At this point, dl samples have been andyzed, with the exception of some of the phytoplankton

identifications (ongoing). The hydrographic, chlorophyll and nutrient data sets are complete and have
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been developed into GIS layers and will be submitted under separate cover to Maine Office of GIS
(MOGIS) by A. Thomas. The opticaly-active substances, Suspended Particulates (SPM) and
Dissolved Organics (DOM), have been measured and compiled into spread sheets. The photosynthesis
vs. irradiance relationships have been determined and compiled into spreadsheet format and graphs.
Integrated productivities have been caculated, as wel as volume-based production at the surface and to
one attenuation-depth (a light- penetration value). These spreadsheets have a so been submitted to
MOGIS. Phytoplankton cell counts and identifications are continuing and should be completed soon,
when they aso will be submitted to MOGIS in spreadsheet format.

M ethods

Continuous verticd profiles of sdinity, temperature, in situ chlorophyll fluorescence, and beam
attenuation (transmission) were measured at each cruise station using a SeaBird CTD equipped with an
in situ fluorometer and 25 cm path length transmissometer. Water samples were collected on the up
cast from three depths, roughly corresponding to surface, 10% and 1% incident light levels, using a
General Oceanics rosette water sampler and 5 L Niskin bottles.

Phytoplankton chlorophyll and phaeopigments were determined fluorometrically (Parsonset d.,
1984) on each of the bottle samples. Triplicate subsamples (100 mis each) were filtered onto a GF/F
glass fiber filter, placed in cold 90% acetone, and extracted at -20°C in the dark for at least 24 hours
before anadyss. Chlorophyll was measured fluorometricaly with a Turner-Designs 10-005R
fluorometer, modified to give adigita output and caibrated againgt pure chlorophyll a. Estimates were
corrected for degradation products by acidification (Holm-Hansen 1978).

Nutrient samples were collected at the same depths in 20 ml pre-conditioned plagtic vids and
frozen a -20°C. Concentrations of dissolved nitrate, nitrite, anmonia, phosphate and silicate were
measured using standard autoanalyzer methodology (Whitledge, et d, 1986).

At asubsample of these gations, 4 each day, primary production was measured and
phytoplankton dominants were enumerated, sized and identified. Primary productivity samples were
collected after determination of a diffuse attenuation coefficient using a submerged scdar quantum
irradiance sensor paired with a deck reference. Fromthe verticd profiles, the diffuse PAR
(Photosynthetically Active Radiation) attenuation coefficient was calculated. Photosynthess as afunction
of irradiance (P vs |; PE) was determined using a photosynthetron and **C incubation (Lewis and Smith,
1983). The P vs. | curves were generated during pesk light intensity hours (1000-1400 h). The number
of samples at each dtation varied depending on the vertical hydrographic structure and fluorescence
profile of the water column. In generd, a dtratified water column was sampled at the surface, the
chlorophyll maximum or 10% light level, and at the 0.5-1.0 % light levd. Wél-mixed water columns
were sampled at two depths, asthey are described adequately by measurements at the surface and 1%
light levdls. Two ml (March and April) or one ml (June and August) whole water samples were
incubated with HCO3 (200 nCi) at in situ temperatures and twenty-four different irradiance leves for
a 30 minute period. Incubations were terminated by adding 50 m of formalin to each sample. Residua
inorganic carbon was driven off by acidification with 250 m of 6N HCl, followed by sheking. Light in
the incubator was provided by two Generd Electric ENH projection lamps and filtered through 2.5 cm
of water and a 6mm sheet of blue Plexiglass. Irradiancesin the photosynthetron were measured with a
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QSL-100 scalar quantum sensor (Biospherical Instruments, San Diego, CA).

ThePvs. | equation of Platt et d (1980) was used to modd photosynthess as a function of
light, yidding the instantaneous (P™") and maximum (P ) photosynthetic rates, normaized to
chlorophyll a:

PChI — Pschl * (1_9(p((_a chlx E)/Pschl))* e(p((_b chly E)/Psch|)+ Pochl (1)

where P™ isthe rate of photosynthesis normalized to chlorophyll a (g C [g Chl]™ h?) at irradiance E
(mmol photons m? s%); P (gC[g Chi] ™ hh) is the maximum rate of photosynthesisin the absence of
photoinhibition; 2 (g C[g Chi]™ h* [mmol m? s%] %) istheinitid dope of the PE curveand b (g Chl
[g Ch]™ h* [mmal mi? s7]™Y) is a parameter describing the reduction in photosynthesis at high irradiance.

P2 (g Chl [g Chi]™ hh) is an intercept term, subtracted from P so that modeled photosynthesisin
the dark is dways zero. The light-saturated rate of photosynthesis, P,™ (g Chl [g Chi]™* h™) was
caculated as.

bChI / a.Chl
Pmchl - PSChI * (a Chl/(a Ch|+ bchl))* (b chI/(a ch|+ bChI)) (2)

With these data, we cdculated daily primary production. Total water column production was
calculated in amodd by integrating photosynthetic rates over depth. Profiles of chlorophyll-specific
photosynthesis were caculated from the vertica profile of irradiance and the PE curves:

PY(2) = P& * (1-exp((-a™ * EQ)/P™) * exp((b™ * E@YPS™) ©)

Irradiance at depth z (M) (E(2), mmol m? s%) is calculated from incident irradiance (Eo, mmol m? s%)
and the diffuse attenuation coefficient, k (m™):

E(D = Eo* exp(-k* 2) (4)

The vdue of incident irradiance used in Eq. (4) was the mean of that measured during the determination
of the diffuse attenuation coefficient at the time of sampling. Three profiles of P™ were constructed for
each set of samples, one from the PE parameters of each of the three samples. To account for the
vertical variation in photosynthetic responses, aweighted vertica profile of P™ was constructed from
the depth-weighted average of upper and lower estimates of P™ in the interval between each pair of
samples (cf. Cullen et d., 1992). Verticd profiles of chlorophyll and productivity (the product of
chlorophyll and P™) were constructed by linear interpolation between discrete messurements. The
product of the vertical profiles of P™ and Chl was integrated over depth to give aredl productivity P (g
C m? h%), and aredl productivity:

P=4a P(@*Dz (5)
z=0
was calculated as the integrated productivity over depth (Dzis0.5 m). The limit with respect to depth
(z= zm) was the depth of the 1% isolume.



Production vaues per unit volume (mg C ni® h") were estimated from the mode described above, and
reported for the surface and at one attenuation depth (1/k).

Plankton community structure was assessed at each productivity station. Whole water samples
(1000 ml) were taken from each depth and preserved with Lugol’s solution. A subsample was
concentrated using a settling chamber and counted by inverted phase microscopy. Cells (>10 mm)
were enumerated and identified to the lowest possible taxon, with specid attention given to the
identification of the toxic dinoflagdllate Alexandrium tamarense.  In addition, determination of the
pico- and nano-phytoplankton community structure was done using flow cytometry. A Becton
Dickinson FACScan flow cytometer equipped with a 15 mwW, 488 nm, air-cooled Argon ion laser
andyzed dl samplestha were preserved in 0.5% paraformadehyde and stored in liquid nitrogen. Size
composition and cell abundances of the autotrophic community were quantified by the smultaneous
measurements of forward light scatter (FSC; relative size), 90° light scatter (SSC), chlorophyli
fluorescence (>650 nm), and phycoerythrin fluorescence (560-590 nm).

Photomultiplier detectors were in log mode, providing 4 decades of log, and signd pesk
integras measured. The volume of sample andyzed by the FACScan was determined gravimetricdly
using an A-160 eectronic balance (Denver Instruments Co) whereby each sample was weighed prior to
andyss and immediately after the andyss was terminated. The difference in milligramsis proportiond
to the volume of sample anadlyzed in microliters. All samples were run a ether low (~20 pl/min) or high
(~ 56 pI/min) flow rates so asto insure that total particle counts did not exceed 1500 counts per
second.

Other opticaly-active substances (dissolved and particulate organic matter) were assessed at
each productivity station. Samples (100 ml) for the measurement of dissolved organic matter were
filtered through a 0.2 mm filter and stored in sealed dark bottles until analyss. Total suspended particle
matter (SPM) samples were collected by filtering 250-500 ml of seawater through a prewashed, and
preweighed GF/F filter, rinaing with 10 ml DIW, and storing the filters, frozen and dark, in a clean,
numbered plastic petri dish until andysis. Thefilters were dried at 50°C for 24 h, reweighed and the
concentration computed as (W, - W)/ volume filtered (Strickland and Parsons, 1972). Spectrd
absorption (over 350-750 nm) was determined using a Bausch and Lomb Spec 2000
spectrophotometer for both the dissolved fraction (in a cuvette over a 10 cm pathlength) and the
particulate fraction, using the SPM filter (before drying) and the filter pad method (Phinney and Y entsch,
1991).

Project results and discussion

Station locations are listed in Table 1. We attempted to sample a dack tide or againgt the tide
to avoid sampling the same water body repeatedly. Stations were chosen from N. Pettigrew’ s origind
gation grid. To smplify comparisons, these station names were used throughout the cruises.
Chlorophyll distributions for each cruise are presented in Tables 2-5 and Figures 1-4. Hydrographic
data are not presented in this report, but will be supplied as an additiona supplement and have been
submitted to MOGIS dong with the chlorophyll data. In March, chlorophyll levels were generdly low,
though a high concentration was observed in the eastern bay, near Deer Ide (NP42 and NP44) at this
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time. April chlorophyll levels were gppreciably higher, with asmilar peak at station NP44 in the eastern
bay. Chlorophyll biomass remained a a comparable level in June, though with an increase in the
percentage of phaeophytins (pigment degradation products). The grestest concentrations were
observed in the southeast part of the bay near Ide au Haut, at the 1% light depth. August chlorophyll
levels showed a further increase throughout the bay, with particularly high concentrations found at the
surface in the northern part of the bay (NP02).

Data from the phytoplankton/optical properties sations (Figure 5) begin with vertica
digtributions of chloraphyll, phaeophytins and total suspended solids (TSS) for each cruise (Tables 6-9).
March, June and August showed fairly consstent levels of TSS throughout the bay, with an overal
increasein April. The highest levels of TSS were observed at NPO7 in April, June and August
(probably dueto riverine influence), and in the east bay in June (NP42 & 44). Particul ate absorption
measurements (a,) at selected wavelengths for each cruise are presented in Tables 10-13 and
absorption due to dissolved organic matter (DOM) at selected wavel engths are presented in Tables 14-
17. Absorption due to DOM (a,) was again much higher a relevant wavelengths (less than 400 nm)
then particulate absorption. Figures 6-9 illudirate the relationship between g, (400) and TSS plus
pigments. A,(400) is often used in dgorithms to distinguish particulate absorption. This relationship
was weak in March and April, but was good for June and August, yidding afair corrdation for dl the
cruises (Figure 10). There was a strong relationship shown between a,(670) (often used to distinguish
chlorophyll absorption) and measured chlorophyll pigments for each month (Figures 11-14). The
relationship was less robust when applied to the entire data set (Figure 15).

Phytoplankton population data are presented in Tables 18-19. The concentrations of
phytoplankton of different sizes, <3 um, 3-10 um, and >10 um diameter, are shown in Table 18. While
numericdly inggnificant, the biovolume of the larger cdlsis of mgor importance to the population.
Figures 16-19 show the relaive impact of those larger cells compared to the more-numerous
cyanobacteria (<3um size). Only in August do the smdlest cdlls form a significant portion of the
biomass. Concentrations of cyanobacteria from the 1998 (Table 19) and 1999 cruises may be
compared in Figures 20-21. It isinteresting to note the numerica dominance of these smdl cdlsin June
and August of 1999. In 1998, August aso showed alarge increase in cyanobacteria numbers, while
June showed a magjor decrease.

Verticd digtributions of photosynthetic parameters, discrete and integrated water-column
primary production are presented in Tables 20-21. Primary production integrated to the first
attenuation depth (1/K) is presented in Table 22. Examples of photosynthesis-irradiance relationships
and water-column models are presented in Figures 22-27: Figures 22-23 depict awell-mixed
environment, Figures 24-25 show a gratified, light-limited water column, while Figures 26-27 illugtrate a
grétified environment where light is not the limiting factor. Note that the populaions from the mid and
deep depths are unable to gpproach the production achieved by the surface sample, regardless of
available light (Figure 27). The seasond range of integrated primary production is considered in Figure
28. On average, the highest production could be found on the west side of Penobscot Bay (NP13,
NP11, NP09, NPO7), though the eastern bay was higher in the month of April. June showed markedly
low production throughout the bay, while August values for the western bay (especialy NPO7) were
notably high. A comparison of chlorophyll biomass and primary production isillustrated in Figure 29.
This relationship is poor, demongtrating the difficulty in attempting to predict primary production rates
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from chlorophyll concentrations.

Nutrient concentrations for 1999 are presented in Tables 23-26 and Figures 30-33(A-C).
Nitrogen (NO; +NO,) (Figures 30-33A) levels showed a steady decrease from March to August.
One location of higher nitrogen developed in April in the Southeast portion of the bay near Ide Au Haut
and lasted through June. Phosphate (PO,) (Figures 30-33B) showed asmilar decrease over the year.
A March high concentration was observed in the far northern reach of the bay, but was not repested.
Silicate (SO,) (Figures 30-33C) showed an increase in concentration from March to April, particularly
in the western bay and southeast (with the nitrogen peak), and appeared residualy in June. Another
increase appeared in August, thistime in the centra and eastern parts of the Bay. Nutrient datafrom
1998 are presented in Tables 27-30 and Figures 34-37(A-C). A cursory consideration of these data
shows digtinct differences between the two years, a Stuation that will be examined fully in the next year.
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Table 1. Station locations for Penobscot Bay cruises. Stations were often occupied in different
sequence on cruises, dependent on thetidal cycle, in an effort to avoid sampling the same water parcel
repeatedly. As aresult, cruise-station numbers could aways be used for comparison. Since the origina
sampling grid was set up using Nedl Pettigrew (NP) hydrographic stations, these station numbers were
noted for each location for consstent identification.

Station Name (NP#) Location (Lat. N; Long. W)
1 442385 6851.78
2 44 2456 685361
3 442335 685512
4 442140 6855.80
5 441940 6856.54
7 4415.85 6859.10
9 441210 6900.30
1 4408.10 6900.30
13 4404.10 6900.30
14 44.02.10 6900.30
16 4358.10 6900.30

28 4356.10 6857.40
30 440740 6859.00
31 44.09.10 6857.50
R 4410.70 6855.80
33 441220 6854.20
35 4416.15 6852.70
36 4418.00 6852.00
38 4422.00 6850.85
29 4416.75 6849.80
40 44 15,60 6847.60
42 4413.10 684560
43 441210 684540
a4 4410.00 6845.10
45 44.08.00 6844.80
46 44.06.05 6844.45
48 44.02.00 6843.80
50 4357.90 684340
52 4356.10 6846.30
54 4356.10 6851.90



Table 2. Vertica digtributions of chlorophyll and phaeopigments (chlorophyll degradation products),
March 1999, in Penobscot Bay. Chl a = chlorophyll; phaeo = phaeophytin

Dae & Time Rocklandtide(hrs) ID dgaionname  depth(m) chla phaeo
(in ug/liter)
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Table 3. Verticd digributions of chlorophyll and phaeopigments (chlorophyll degradation products),
April 1999, in Penobscot Bay.
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Date & Time Rockland 1D dation  depth(m) chla Phaeo
tide (hrs) name my 1t g1t
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Table4. Verticd digtributions of chlorophyll and phaeopigments (chlorophyll degradation products),
June 1999, in Penobscot Bay.

Rockland 1D dation  depth(m) chla Phaeo
tide (hrs) name my 1 my 1°*
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Table 5. Verticd digributions of chlorophyll and phaeopigments (chlorophyll degradation products),
August 1999, in Penobscot Bay.

Date & Time Rockland 1D dation  depth(m) chla Phaeo
tide (hrs) name my 1 my 1°*
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Table 6. Verticd digtributions of chlorophyll, phaeopigments (chlorophyll degradation products), and
total suspended solids a phytoplankton/optical properties stations, March 1999, in Penobscot Bay.
Chl = chlorophyll in g I; phaeo = phaeophytin in mg I'; TSS = total suspended solidsin mg I™.

Date & time Rockland tide Stetion Depth (m) Chl ny Phaeo TSS
(hrs) name It nglt mg I
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Table 7. Verticd digributions of chlorophyll, phaeopigments (chlorophyll degradation products), and
total suspended solids at phytoplankton/optical properties stations, April 1999, in Penobscot Bay. Chl
= chlorophyll in g I*; phaeo = phaeophytinin ng I'; TSS = total suspended solidsin mg I,

Date & time Rockland tide Stetion Depth (m) Chl ny Phaeo TSS
(hrs) name It nglt mg I
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Table 8. Vertica digtributions of chlorophyll, phaeopigments (chlorophyll degradation products), and
total suspended solids at phytoplankton/optica properties stations, June 1999, in Penobscot Bay. Chl
= chlorophyll in g I*; phaeo = phaeophytinin ng I'; TSS = total suspended solidsin mg I,

Date & time Rockland tide Stetion Depth (m) Chl ny Phaeo TSS
(hrs) name It nglt mg I
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Table 9. Verticd digtributions of chlorophyll, phaeopigments (chlorophyll degradation products), and
total suspended solids at phytoplanktorn/optica properties stations, August 1999, in Penobscot Bay.
Chl = chlorophyll in g I; phaeo = phaeophytin in mg I'; TSS = total suspended solidsin mg I™.

Date & time Rockland Sation name Depth (m) Chl Phaeo TSS
tide (hrs) gt my It mg I
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Table 10. Vertical distributions of suspended particul ate absorption (ap m*) at selected wavelengths
(nm), at phytoplankton/optical properties sations, March 1999, in Penobscot Bay.
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Table 11. Vertica distributions of suspended particulate absorption (ap m*) at selected wavelengths
(nm) at phytoplankton/optical properties stations, April 1999, in Penobscot Bay.
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Table 12. Vertica distributions of suspended particulate absorption (ap m*) at selected wavelengths
(nm) at phytoplankton/optical properties sations, June 1999, in Penobscot Bay.
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Table 13. Vertica distributions of suspended particulate absorption (ap m) at selected wavelengths
(nm) at phytoplankton/optica properties stations, August 1999, in Penobscot Bay.
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Table 14. Verticd distributions of dissolved organic material absorption (ay ni') at sdlected waveengths
(nm) at phytoplankton/optical properties stations, March 1999, in Penobscot Bay.
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Table 15. Verticd digtributions of dissolved organic material absorption (ay ') at sdlected waveengths
(nm) at phytoplankton/optical properties stations, April 1999, in Penobscot Bay.
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Table 16. Vertica distributions of dissolved organic material absorption (ay ') at sdlected waveengths
(nm) at phytoplankton/optical properties sations, June 1999, in Penobscot Bay.
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Table 17. Verticd distributions of dissolved organic material absorption (ay ni') at sdlected wavelengths
(nm) at phytoplankton/optical properties stations, August 1999, in Penobscot Bay.
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Table 20. Vertica didtributions of photosynthetic and irradiance parameters, modeled primary
productivity at selected depths, and integrated water column primary productivity at
phytoplankton/optica properties stations, March and April 1999, in Penobscot Bay.

Depth (2) isin meters; PsisinmgC mgChl™ h*; a and b arein (mgC mgChl™ h")(mmoal mi*sec™)™; Chi
isinng I''; loisin 10 quanta mi“sec™; Pzisin mgC ni*h™; Integrated productivity isin mgC m?h.
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Table 21. Verticd didributions of photosynthetic and irradiance parameters, modeled primary
productivity at selected depths, and integrated water column primary productivity at
phytoplankton/optical properties Sations, June and August 1999, in Penobscot Bay.

Depth (2) isin meters; PsisinmgC mgChl™ h*; a and b arein (mgC mgChl™ h")(mmoal mi*sec™)™; Chi
isinng I''; loisin 10* quantami“sec™; Pzisin mgC ni*h™; Integrated productivity isin mgC nmi?h.
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Table 22. Primary production vaues especidly applicable to remote sensing:  Surface and average
values to one attenuation depth a phytoplankton/optica properties sations, 1999, in Penobscot Bay.
Pisin mg Cxri*r?; 1/k is one attenuation depth.
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Table 18. Phytoplankton population dengty, size structure and biovolume for phytoplanktorn/optica
properties stations in Penobscot Bay, 1999.

Table 19. Phytoplankton cyanobacteria counts for phytoplankton/optical properties ationsin
Penobscot Bay, 1998.

Table 23. Vertica digributions of nutrients in Penobscot Bay, March 1999.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SIO4) in ngk™.

Table 24. Verticd digributions of nutrientsin Penobscot Bay, April 1999,
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SIO4) in ngk™.

Table 25. Verticd didributions of nutrients in Penobscot Bay, June 1999.
Nitrate plus ritrite (NO3+NO2), phosphate (PO4) and silicate (SiO4) in ngk™.

Table 26. Verticd digributions of nutrientsin Penobscot Bay, August 1999.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SIO4) in ngk™.

Table 27. Verticd digributions of nutrients in Penobscot Bay, March 1998.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SIO4) in ngk™.

Table 28. Verticd digributions of nutrients in Penobscot Bay, April 1998.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SIO4) in ngk™.

Table 29. Verticd didributions of nutrients in Penobscot Bay, June 1998.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SiO4) in ngk™.

Table 30. Verticd digributions of nutrientsin Penobscot Bay, August 1998.
Nitrate plus nitrite (NO3+NO2), phosphate (PO4) and silicate (SiO4) in ngk™.
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Figure 1. Distribution of chlorophyll biomass (CHL a , mg (nT)™) in Penobscot Bay, March 1999. A.
Surface (2 m); B. Middle depth (10% light level); C. Bottom (1% light level).
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Figure 2. Distribution of chlorophyll biomass (CHL a , mg (n)™) in Penobscot Bay, April 1999. A.
Surface (2 m); B. Middle depth (10% light level); C. Bottom (1% light leve).
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Figure 3. Distribution of chlorophyll biomass (CHL a , mg (n?)™) in Penobscot Bay, June 1999. A.
Surface (2 m); B. Middle depth (10% light level); C. Bottom (1% light level).
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Figure 4. Digtribution of chlorophyll biomass (CHL-a , mg (nT)™) in Penobscot Bay, August 1999. A.
Surface (2 m); B. Middle depth (10% light level); C. Bottom (1% light level).
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Figure 5. Location of phytoplankton/optical properties stations in Penobscot Bay.

Figure 24. Example of photosynthess-irradiance rdaionshipsin gratified, light limited environment:
photosynthetron curves from three light- depths, station NP42, Penobscot Bay, August 1999.

Figure 25. Example of photosynthesis-irradiance (PE) relaionships in adraified, light limited environment.
A. PE relationship; B. light attenuation; C = cadculated productivity; D = modeled productivity. Data
presented here are from St. NP13, August 1999 in Penobscot Bay. Surf = 2 m; mid = 10% light level; deep
= 1% light level. P = chlorophyll specific photosynthetic rate (gCgChl™*h™) vs. irradiance (mmol m?sec™) (A
and B); productivity P = mgC m®n* ; z = depth (m) (C and D).

Figure 26. Example of photosynthess-irradiance rdaionshipsin dratified, non-light limited environment:
photosynthetron curves from three light- depths, station NP33, Penobscot Bay, June 1999.

Figure 27. Example of photosynthesis-irradiance (PE) relationshipsin a sratified, non-light limited
environment. A. PE rdationship; B. light atenuation; C = calculated productivity; D = modeled
productivity. Data presented here are from St. NP33, June 1999 in Penobscot Bay. Surf =2 m; mid =
10% light level; deep = 1% light level. P = chlorophyll specific photosynthetic rate (gCgChl™*h™) vs.
irradiance (mmoal mi“sec™) (A and B); productivity P = mgC mi*h* ; z = depth (m) (C and D).

Figure 22. Example of photosynthess-irradiance relationships in well-mixed environment: photosynthetron
curves from three light-depths, station NP42, Penobscot Bay, April 1999.

Figure 23. Example of photosynthesis-irradiance (PE) rdaionshipsin awel-mixed environment. A. PE
relationship; B. light attenuation; C = calculated productivity; D = modeled productivity. Data presented
here are from St. NP13, April 1999 in Penobscot Bay. Surf =2 m; mid = 10% light level; deep = 1%
light level. P = chlorophyll specific photosynthetic rate (gCgChl™*h™) vs. irradiance (mmol misec™) (A
and B); productivity P = mgC m®n* ; z = depth (m) (C and D).

Figure 6. Comparison of particulate absorption at 400 nm (gp (400)) with cumulative concentrations of
total suspended solids (TSS) and chlorophyll pigments (Chl) at phytoplankton/optical properties stations
in Penobscot Bay, March 1999

Figure 7. Comparison of particulate absorption a 400 nm (ap (400)) with cumulative concentrations of
total suspended solids (TSS) and chlorophyll pigments (Chl) at phytoplankton/optical properties stations
in Penobscot Bay, April 1999

Figure 8. Comparison of particulate absorption a 400 nm (gp (400)) with cumulative concentrations of
total suspended solids (TSS) and chlorophyll pigments (Chl) at phytoplankton/optical properties stations
in Penobscot Bay, June 1999

Figure 9. Comparison of particulate absorption a 400 nm (ap (400)) with cumulative concentrations of
total suspended solids (TSS) and chlorophyll pigments (Chl) at phytoplankton/optical properties stations
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in Penobscot Bay, August 1999

Figure 10. Comparison of particulate absorption a 400 nm (ap (400)) with cumulative concentrations of
total suspended solids (TSS) and chlorophyll pigments (Chl) at phytoplankton/optical properties stations
in Penobscot Bay, dl cruises 1999.

Figure 11. Comparison of particulate absorption at 670 nm (ap (670)) with concentrations of chlorophyll
pigments (Chl) a phytoplankton/optical properties stations in Penobscot Bay, March 1999.

Figure 12. Comparison of particulate absorption at 670 nm (ap (670)) with concentrations of chloraphyll
pigments (Chl) at phytoplankton/optica properties stations in Penobscot Bay, April 1999.

Figure 13. Comparison of particulate absorption at 670 nm (ap (670)) with concentrations of chlorophyll
pigments (Chl) at phytoplankton/optica properties Sations in Penobscot Bay, June 1999.

Figure 14. Comparison of particulate absorption a 670 nm (gp (670)) with concentrations of chlorophyll
pigments (Chl) at phytoplankton/optical properties stations in Penobscot Bay, August 1999.

Figure 15. Comparison of particulate absorption a 670 nm (ap (670)) with concentrations of
chlorophyll pigments (Chl) at phytoplankton/optical properties stations in Penobscot Bay, al cruises
1999.

Figure 16. Phytoplankton Biovolume comparisons at phytoplankton/optics stations, March 1999,
Penobscot Bay. Biovolumeis cdculated from average volumes for eech sze class of dgaeand is
expressed as (MA.0°)xni™.

Figure 17. Phytoplankton Biovolume comparisons a phytoplankton/optics stations, April 1999,
Penobscot Bay. Biovolumeis caculated from average volumes for each Size class of dgaeand is
expressed as (MTA.0°)xni™.

Figure 18. Phytoplankton Biovolume comparisons at phytoplankton/optics stations, June 1999,
Penobscot Bay. Biovolumeis caculated from average volumes for each size class of dgaeand is
expressed as (MTA.0°)xni™.

Figure 19. Phytoplankton Biovolume comparisons a phytoplankton/optics stations, August 1999,
Penobscot Bay. Biovolumeis caculated from average volumes for each size class of dgaeand is
expressed as (MTA.0°)xni™.

Figure 20. Cyanobacteria population comparisons at phytoplankton/optics stations, Penobscot Bay,
1999.

Figure 21. Cyanobacteria populations comparisons at phytoplankton/optics stations, Penobscot Bay,
1998.
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Figure 28. Comparison of seasond integrated water column primary productivity measurements at
phytoplankton/optical properties Sations in Penobscot Bay, all cruises, 1999. 03ip = March 1999; 0dip
= April 1999; 06ip = June 1999; 08ip = August 1999.

Figure 29. Comparison of primary productivity messurements (Pz) (mgC mg chl™*h™) with chlorophyll
biomass (Chl) (ng I'") at phytoplankton/optical properties stations in Penobscot Bay, al cruises, dll
depths, 1999.

Figure 30. Digribution of Nitrate plus Nitrate concentrations (M) in Penobscot Bay, March 1999.
Figure 31. Digribution of Nitrate plus Nitrate concentrations (mvl) in Penobscot Bay, April 1999.
Figure 32. Didribution of Nitrate plus Nitrate concentrations (V) in Penobscot Bay, June 1999.
Figure 33. Digribution of Nitrate plus Nitrate concentrations (mvl) in Penobscot Bay, August 1999.
Figure 34. Didribution of Phosphate concentrations (M) in Penobscot Bay, March 1999.

Figure 35. Digtribution of Phosphate concentrations (mivl) in Penobscot Bay, April 1999.

Figure 36. Digtribution of Phosphate concentrations (M) in Penobscot Bay, June 1999.

Figure 37. Digribution of Phosphate concentrations (1mM) in Penobscot Bay, August 1999.

Figure 38. Didribution of Silicate concentrations (mM) in Penobscot Bay, March 1999.

Figure 39. Didribution of Silicate concentrations (M) in Penobscot Bay, April 1999.

Figure 40. Didribution of Silicate concentrations (M) in Penobscot Bay, June 1999.

Figure 41. Didribution of Slicate concentrations (M) in Penobscot Bay, August 1999.

Figure 42. Didribution of Nitrate plus Nitrate concentrations (mM) in Penobscot Bay, March 1998.
Figure 43. Digribution of Nitrate plus Nitrate concentrations (mvl) in Penobscot Bay, April 1998.
Figure 44. Digribution of Nitrate plus Nitrate concentrations (V) in Penobscot Bay, June 1998.
Figure 45. Didribution of Nitrate plus Nitrate concentrations (mvl) in Penobscot Bay, August 1998.

Figure 46. Digribution of Phosphate concentrations (mM) in Penobscot Bay, March 1998.

Figure 47. Digribution of Phosphate concentrations (mivl) in Penobscot Bay, April 1998.
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Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.

Figure 53.

Didtribution of Phosphate concentrations (M) in Penobscot Bay, June 1998.
Digribution of Phosphate concentrations (M) in Penobscot Bay, August 1998.
Didtribution of Silicate concentrations (mM) in Penobscot Bay, March 1998.
Digtribution of Silicate concentrations (M) in Penobscot Bay, April 1998.
Digtribution of Silicate concentrations (M) in Penobscot Bay, June 1998.

Digtribution of Silicate concentrations (M) in Penobscot Bay, August 1998.
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