MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 535: 29–45, 2015
doi: 10.3354/meps11386

Published September 15

Comparison of surface chlorophyll, primary
production, and satellite imagery in hydrographically
different sounds off southern New England
Lindsey Fields1, 5,*, Jeffrey Mercer1, Kimberly J. W. Hyde2, Mark Brush3,
Scott W. Nixon1, Candace Oviatt1, Malia L. Schwartz4, David Ullman1, Daniel Codiga1
1

Graduate School of Oceanography, University of Rhode Island, Narragansett, RI 02882, USA
2
NOAA/NMFS, Narragansett, RI 02882, USA
3
Virginia Institute of Marine Science, College of William & Mary, PO Box 1346, Gloucester Point, VA 23062, USA
4
University of Rhode Island, Kingston, RI 02881, USA
5

Present address: Department of Marine Sciences, University of Georgia, 325 Sanford Drive, Athens, GA 30602, USA

ABSTRACT: Block Island Sound (BIS) and Rhode Island Sound (RIS) are adjacent inner continental shelf ecosystems with contrasting hydrographic regimes. BIS exhibits more energetic tidal
mixing, and water column stratification remains weak but persists year-round due to nearby estuarine exchange flow; RIS is less influenced by estuaries, and more seasonal with strong stratification in summer. We compared annual cycles of phytoplankton biomass and primary production in
BIS and RIS using measurements (surface chlorophyll, 14C primary production), primary production models (Webb/Platt and BZE models), and satellite ocean color products. During 22 mo
of sampling, measured surface chlorophyll was not significantly different between BIS (mean =
1.86 mg m−3) and RIS (1.69 mg m−3), and bimodal peaks of phytoplankton biomass and production
occurred concurrently in both Sounds. In contrast, a 12 yr ocean-color based chlorophyll time
series indicated higher long-term average surface chlorophyll in the more well-mixed system
(BIS, mean = 1.50 mg m−3; RIS, mean = 0.86 mg m−3). BIS annual primary production (318 to 329 g
C m−2 yr−1) was higher than RIS (239 to 256 g C m−2 yr−1; p < 0.001). These differences were most
apparent during the summer, concurrent with the largest differences in water column stratification. Phytoplankton bloom phenology was driven by physical processes, with chlorophyll significantly related to water column stratification (r = −0.51, p = 0.01), depth of the euphotic zone (r =
−0.54, p = 0.05), and surface water salinity (r = 0.54, p = 0.04). Primary production was correlated
with surface water temperature (r = 0.57, p = 0.03) but the mechanisms underlying production
differences between the Sounds remain unresolved. We hypothesize that different hydrographies
give rise to different productivity between the Sounds.
KEY WORDS: Chlorophyll a · Primary production · Continental shelf · Stratification · Remote
sensing · Empirical model
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The continental shelf occupies less than 10% of the
area of the open ocean, yet it accounts for a considerable amount of primary production relative to its size
(Smith & Hollibaugh 1993). Roughly 10 to 33% of

oceanic primary production (Walsh 1988, Knauer 1993,
Smith & Hollibaugh 1993, Longhurst 1995, MullerKarger et al. 2005) and 5 to 10% of global primary
production (Walsh 1988) occurs on the continental
margin. These areas are also ‘hot spots’ for biogeochemical processes and play important roles in
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global nutrient cycles (Christensen et al. 1987, Smith
& Hollibaugh 1993, Seitzinger et al. 2002, MullerKarger et al. 2005). The relatively high rates of primary production, physical energy inputs (e.g. tidal
and wind energy), and input of organic material from
land that are typical of these boundary ecosystems
often translate into areas with thriving fisheries of
local economic importance (Nixon 1988, Smith &
Hollibaugh 1993, Nixon & Buckley 2002). This is
certainly the case for the continental shelf of the
northwest Atlantic Ocean. The area from the Gulf of
Maine to Cape Hatteras, NC, is one of the most productive shelf ecosystems in the world. The fishing
industry there has provided income to the nearby
coastal states since the late 17th century, and is currently producing profits of at least 1 billion dollars
per year (Sherman et al. 1996, Costanza et al. 1997,
Hall et al. 2008).
Phytoplankton form the base of the food chain in
most marine ecosystems, and understanding the drivers and dynamics of their productivity is essential
to understanding ecosystem function and variability.
The physics of the ocean, in large part, drive the patterns of plankton phenology (Banse 1994), though
this relationship is far less straightforward in coastal
ecosystems compared to the open ocean. Nutrient
availability is typically high in coastal marine ecosystems because of allochthonous inputs and autochthonous remineralization in the water column and benthos; benthic remineralization typically supplies a
large portion of the nutrients that fuel water column
production (Nixon 1981). However, water column
stratification fosters exhaustion of nutrients in the
surface waters by limiting the addition of nutrients
above the pycnocline, and primary production can
decrease as phytoplankton deplete the nutrient supply (Taft et al. 1980). In this respect, stratification can
play a critical role in regulating the overall productivity of an ecosystem.
Many studies have examined the influence of mixing and/or water column stratification on phytoplankton dynamics in single coastal ecosystems over different timescales (e.g. mixing events and across annual
cycles; Malone et al. 1986, Cushing 1989, Townsend
et al. 1992, Koseff et al. 1993, Doyon et al. 2000, Holliday et al. 2006). Here, we simultaneously measured
differences in phytoplankton dynamics between 2
adjacent ecosystems with contrasting hydrographic
regimes across an annual cycle. Our objective was to
compare annual cycles of phytoplankton biomass
and primary production between 2 adjacent inner
continental shelf ecosystems that are characterized
by different hydrographic regimes using a combina-

tion of measurements, primary production models,
and ocean color satellite data. We measured annual
cycles of chlorophyll a (chl a), primary production,
and physical characteristics of the water column
throughout Block Island and Rhode Island Sounds,
Rhode Island, USA. To further inform our comparison
between the Sounds, we expanded our dataset over
space and time by (1) validating SeaWiFs satellite
chl a data with our measurements, and using satellite
ocean color products to extrapolate across a 10 yr
period of time in our study areas, and (2) using our
primary production measurements and ancillary data
to construct models of daily primary production.

MATERIALS AND METHODS
Study area
Block Island Sound (BIS) and Rhode Island Sound
(RIS) are adjacent ecosystems on the inner continental shelf of southern New England (northwest
Atlantic Ocean). They are both open-water, phytoplankton-based systems that are dynamically connected to Narragansett Bay, Buzzards Bay, Long
Island Sound, Vineyard Sound, and the Atlantic
Ocean. RIS transitions into BIS in the area west of
Block Island, RI (Fig. 1). Despite their similar mean
depths (~30 m), BIS and RIS have different hydrographic regimes that make for an interesting comparison. BIS exhibits cooler surface waters during
summer and a relatively more well-mixed water column as a result of strong tidal mixing, while RIS has
warmer surface waters and is vertically stratified during the summer (Shonting & Cook 1970, Codiga &
Ullman 2010). For comparisons between BIS and RIS,
we assigned study area boundaries that were based
on contours of mean annual surface water temperature between the Sounds (Fig. 1a).

Characterization of hydrography
A hydrographic grid survey was conducted throughout BIS and RIS across an annual cycle from September 2009 to December 2010. Four vessel-based surveys of 48 stations were conducted at the beginning
of each season across a 2 to 3 d period. Vertical profiles of electrical conductivity, temperature, pressure,
dissolved oxygen concentration, chlorophyll fluorescence, turbidity, and photosynthetically active radiation (PAR) were obtained with a hand-lowered package at each station. Profiles were taken using a SeaBird
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Fig. 1. (a) MODIS satellite mean summer (July to September) sea surface temperature image of Block Island Sound
(BIS) and Rhode Island Sound (RIS) for 2002 to 2007. Note
the warmer surface water in seasonally stratified RIS compared with the cooler, more well-mixed BIS. (b) Study area
boundaries used for this study, shown with surface chl a
and primary production sampling stations

Electronics SBS 19plus CTD, a Turner Designs SCUFA
2000-007 Fluorometer, and a BioSpherical QSP2300
PAR sensor. CTD casts were also made at our 2 14C
primary production sampling stations (see ‘14C Primary production’ below) during each trip for water
sample collection. CTD data were processed using
SBE data processing software, and salinity was calculated from the measured conductivity, temperature, and pressure data (for detailed results from the
grid survey, see Ullman & Codiga 2010). Measurements were used to construct a temperature and
salinity record for the 2 primary production sampling
stations. Hydrographic characteristics on days in between CTD casts were interpolated using the Natural
Neighbor method with Delaunay triangulation (Lee
& Schachter 1980, Watson 1992, 1994).

opaque polypropylene bottles, and kept in a cooler
on ice during transport. The time between water collection and laboratory analysis varied due to circumstance, but typically was less than 5 h. Because samples were collected during cruises of opportunity,
they were not collected at regular time intervals or at
fixed locations (Fig. 1b). Metadata were recorded for
each sample. Surface chl a concentrations from each
station were measured in triplicate by immediate
extraction on 0.7 µm Whatman GF/F filters (100 ml
sample) in 90% acetone (Mantoura et al. 1996, Arar
& Collins 1997, Graff & Rynearson 2011). Samples
were analyzed on a Turner 10AU fluorometer, and
mean chl a and phaeopigment concentrations were
calculated from the triplicate samples measured at
each station.

Surface chl a

Validation of SeaWiFs chl a

Surface water samples were collected throughout
the study areas from December 2008 to September
2010 during cruises of opportunity by laboratory
personnel, local fishermen, and other assisting scientists. Bucket samples were collected, transferred into

Individual daily merged local area coverage
(MLAC) SeaWiFS images were mapped at 1 km pixel
resolution for the southern New England coast using
a cylindrical map projection. The standard SeaWiFS
chl a (CHL_OC4) and remote sensing reflectance
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(Rrs) products were derived using SeaDAS 6.2 (R2010,
http://oceancolor.gsfc.nasa.gov/). A second chl a product was calculated using a regional algorithm developed by Pan et al. (2008, 2010) for the Mid-Atlantic
Bight (an inner shelf ecosystem located just south of
our study area). Around the coordinates of each in
situ sampling station, a 3 × 3 pixel array was extracted from the satellite images captured within 6 h
of water sample collection. Standard validation procedures recommend a comparison window of ± 3 h
(Bailey & Werdell 2006); however, due to the opportunistic nature of the in situ sampling, we expanded
the time window to ± 6 h to increase the number of
potential comparisons. The geometric means of satellite-derived chlorophyll arrays with 5 or more valid
(cloud-free) pixels were calculated and compared to
the in situ chl a samples. The geometric mean was
used because chl a concentrations are commonly lognormally distributed, and the geometric mean reduces the influence of a small number of high or low
values (outliers) on the mean compared to the arithmetic mean (Campbell 1995, Bricaud et al. 2002,
Yoder et al. 2002, Yoder & Kennelly 2003). A 12 yr
time series (1998 to 2010) of SeaWiFS surface chlorophyll was constructed for BIS and RIS using the Pan
et al. (2008, 2010) regional chlorophyll algorithm.

(approximately monthly) throughout 2010 (see
Table 2). Water samples were collected with a Niskin
bottle 1 m below the surface, filtered through a
300 µm mesh screen (to remove mesozooplankton)
into opaque 1 l polyethylene bottles, and maintained
at near-ambient temperature during transportation to
the laboratory (< 6 h). While on station, surface chl a
samples were collected (see methods above), and a
CTD profile was taken using a SeaBird CTD equipped
with a Biospherical Scalar PAR sensor.
Primary production was measured on the same
day as sample collection immediately upon return
to the laboratory using a small volume/short incubation time method (Lewis & Smith 1983, Smith 2011)
and standard 14C procedures (Strickland & Parsons
1972) following Oviatt et al. (2007). For each water
sample collected, a series of 18 incubation vials
were prepared (16 light and 2 dark) to be incubated at a range of different light intensities between 0 and 2000 µE m−2 s−1. Vials of 5 ml sample
plus 100 µl of 10 µCi ml−1 14C stock solution were
incubated for 2 h within 2°C of in situ temperature.
Upon removal from the incubator, 200 µl of 0.10 N
HCl was added to each vial, mixed, and gently agitated uncapped in the dark for ~40 h to allow all
of the unincorporated 14C to be converted to CO2
gas and removed from the sample. Measurements
of 14C converted into organic carbon were made on
14
C primary production
a Packard TriCarb Liquid Scintillation Counter
(Model 2900), and dissolved inorganic carbon was
Two stations were sampled for carbon-14 (14C)
determined by acidifying samples and measuring
primary production measurements, one in BIS and
carbon dioxide released using an O.I. Analytical
one in RIS (Fig. 1b). Stations were sampled 14 times
1010 total carbon analyzer.
In the majority of cases, we meas14
ured
photoinhibition and used the
Table 1. Definitions of C primary production model variables
equation Pd = Ps (1 – e – α )e –β (Platt et
al. 1980) to fit hourly incubation phoPara- Units
Model(s)
Description
meter
tosynthesis−irradiance (P−E) curves to
obtain volume-specific primary proE m−2 d−1
Webb/Platt,
Ambient photosynthetically
Eo
duction (variables and their units are
BZE
active radiation (PAR)
Zp
m
BZE
Depth of photic zone (1% light
defined in Table 1). On 4 occasions
level)
(2 at each station), we did not meask
m−1
Webb/Platt,
Light attenuation coefficient
ure photoinhibition, and fit P−E cur BZE
α
mg C μE m−1 Webb/Platt
Initial slope of the productionves using the equation Pd = Pmax(1 –
irradiance curve
e – α ) (Webb et al. 1974) (Table 2). P−E
β
mg C μE m−1 Webb/Platt
Degree of photoinhibition
−3 −1
curves were integrated through the
Pmax mg C m h Webb/Platt
Light-saturated rate of
production (Webb equation)
water column to the euphotic depth
Ps
mg C m−3 h−1 Webb/Platt
Theoretical value of Pmax in
(Zp) in 1 m increments using measured
the absence of photoinhibition
extinction coefficients and hourly ir (Platt equation)
radiance data (measurements of total
B
µg l−3
BZE
Phytoplankton biomass
measured as chl a
solar radiation made every 15 min at
Pd
g C m–2 d–1
Webb/Platt,
Daily areal photic zone primary
a nearby weather station in Kingston,
BZE
productivity
RI; National Climatic Data Center,
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Table 2. Values of each model variable measured during 14C primary production incubations. See Table 1 for definitions of model parameters. Dates
are given as mm/dd/yyyy; BIS: Block Island Sound; RIS: Rhode Island
Sound; n/a: not applicable
Parameter
α
β

Pmax

Ps

B

0.27
0.29

0.1
0.15

0.023
0.002

n/a
n/a

29.59
14.83

5.97
6.07

21.91 13.78
16.64

0.33
0.28

0.1
0.07

0.007
0.001

n/a
n/a

14.51
12.2

5.03
4.3

35.8

24.35
24.21

0.19
0.19

0.01
0.02

0.003
n/a

n/a
2.56

3.82
n/a

1.4
1.31

04/14/2010
BIS
RIS

52.38 22.19
24.75

0.21
0.19

0.02
0.02

n/a
< 0.001

5.58
n/a

n/a
2.73

1.33
0.88

04/30/2010
BIS
RIS

54.73 21.38
20.96

0.22
0.22

0.04
0.03

0.016
< 0.001

n/a
n/a

22.54
2.86

2.1
0.94

05/12/2010
BIS
RIS

16.38 24.24
32.48

0.19
0.14

0.02
0.02

0.002
0.001

n/a
n/a

3.76
3.26

0.24
0.84

41.4

17.65
25

0.26
0.18

0.05
0.01

0.001
0.001

n/a
n/a

8.16
1.59

0.81
0.93

07/01/2010
BIS
RIS

51.37 20.83
26.27

0.22
0.18

0.05
0.03

0.001
< 0.001

n/a
n/a

9.22
4.97

1.13
0.75

07/23/2010
BIS
RIS

15.82 20.45
21

0.23
0.22

0.04
0.02

0.002
0.001

n/a
n/a

10.34
5.33

0.85
1.14

08/17/2010
BIS
RIS

34.04 22.14
22.36

0.21
0.21

0.13
0.12

0.014
0.007

n/a
n/a

46.57
24.35

4.62
3.12

09/14/2010
BIS
RIS

38.65 18.58
19.84

0.25
0.23

0.04
0.04

0.002
0.001

n/a
n/a

11.29
8.88

1.27
1.3

10/13/2010
BIS
RIS

34.06 13.47
14.9

0.34
0.31

0.23
0.18

0.052
0.001

n/a
n/a

11/29/2010
BIS
RIS

20.15 14.46
16.7

0.32
0.28

0.02
0.04

n/a
0.002

8.34
n/a

12/30/2010
BIS
RIS

18.43 13.61
16.13

0.34
0.29

0.04
0.04

0.013
n/a

n/a
9.36

01/19/2010
BIS
RIS
02/05/2010
BIS
RIS
03/10/2010
BIS
RIS

06/17/2010
BIS
RIS

Eo

Zp

k

1.35

16.8
15.69

www.ncdc.noaa.gov/crn/report) that were converted to PAR (Eo) assuming PAR = 0.4363 ×
Irradiance (Calabretta 2009). Production rates were
also integrated through time (each hour of daylight)
to obtain daily production estimates.
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Models of primary production
Two different empirical models were
used to scale up our monthly 14C measurements and predict daily values of
primary production for an annual cycle
using 14C measurements described in
this study, additional data collected
throughout the duration of the project,
and supplementary data available from
other sources (see Table 1 for description of model parameters).

Webb/Platt model
The Webb/Platt model entails interpolation of daily areal photic zone
productivity (Pd, g C m−2 d−1) for days
in between 14C measurements. 14C productivity rates that were measured
and calculated according to the equations listed above (see ‘14C primary production’) were linearly interpolated to
daily values for the entire year (2010)
from the 14C measurements (n = 14) by
calculating a weighted average production rate for each day that took into account both the measurement before and
after a given day, with greater influence
from the measurement that was closest
in time (Oviatt et al. 2007, Smith 2011).

BZE model

The BZE model is an empirical regression for computing Pd based on
the relationship between measured 14C
91.69 5.79
29.91 3.93
production and the parameter BZ p Eo
(Table 1; Cole & Cloern 1987). A sepan/a
1.96
rate BZE model was generated for each
9.25
2.52
Sound using the 14C production rates,
surface chl a concentration and light
16.83 2.73
attenuation measured in either BIS or
n/a
3.8
RIS, and using daily integrated irradiance measurements from the National
Climatic Data Center (Table 2).
Once the BZE models were constructed, Pd was
calculated for an annual cycle (2010) in BIS and RIS
using daily interpolated values of model parameters
(B and Zp) and daily irradiance measurements (Eo).
Surface chl a measurements collected over 22 mo
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(including cruises of opportunity and 14C sampling
days) were compiled into 1 annual cycle (month and
day) to calculate average values for each day. When
more than one chlorophyll sample was collected in
each study area (see Fig. 1 for spread of sampling stations), daily arithmetic mean values were computed
across all stations within BIS and RIS. Daily surface
chl a concentrations (B) were linearly interpolated
between the mean values for each day of the year
that measurements were made for BIS (n = 67) and
RIS (n = 78; Fig. 2a,c). Zp was calculated from extrapolated measurements of extinction coefficients (k)
using Beer’s Law. To extrapolate k between measurements, we used a best fit through data over the
annual cycle (n = 65 and 67 for BIS and RIS, respectively). For BIS, a linear fit was used (R2 = 0.27) and
although the slope was significantly different from
zero (p < 0.0001), the slope was so small that the overall average k value was used for all days in the model
to prevent a continuous infinite increase (Fig. 2b). For
RIS, a second order polynomial fit was used (R2 =
0.45) to extrapolate daily k values (Fig. 2d).

Statistical analysis
Geometric means of surface chl a values were compared for the entire sampling period and on an
annual basis using un-pooled Student’s t-tests. 14Cmeasured primary production was normalized to biomass (surface chl a values), P Bd in mg C mg chl a−1
d−1, and qualitatively compared between BIS and
RIS. Linear regression analysis was used to determine how much of the variation in primary production could be attributed to chl a concentrations. A
2-way ANOVA was used to compare average daily
modeled primary production between Sounds and
empirical models at a significance level of p < 0.05.
Analyses were performed in JMP Pro 11 (SAS).
Correlation analyses were performed to examine
potential relationships between 14C-measured primary production, surface chl a, and various environmental characteristics of the 2 Sounds that might
provide insight into the mechanisms driving phytoplankton dynamics. These environmental characteristics included CTD measurements of Zp, salinity,
temperature, and PAR made at each station on sampling days. Values from 1 m below the surface were
used for each parameter (excluding Zp). For each
CTD cast, we calculated a value for vertical water
column stratification as in Ullman & Codiga (2010),
using the difference in density (Δρ) between deep
(~1 to 3 m above the bottom) and surface (1 m depth)

water. We included these measures of water column
stratification in our correlation analysis. Follow-up
linear regression analyses determined the percent
variance accounted for by each related variable.

RESULTS
Hydrography
In BIS, a weak thermocline formed during the late
spring and lasted until the fall (Fig. 3a), and there
was a weak halocline throughout the year along with
fresher surface water in winter and spring (Fig. 3b).
In RIS, thermal stratification began in the spring,
and the system became more stratified throughout
the summer/fall (Fig. 3c). There was also very weak
salinity stratification at most times throughout the
year, and pools of fresh surface water in the winter,
spring, and fall (Fig. 3d). Stratification in BIS, while
persistent year-round, was always much weaker than
spring/summer conditions in RIS. In RIS, the winter
stratification essentially vanished, resulting in a
much sharper seasonal cycle (Ullman & Codiga 2010).
The average measured Zp was 19.3 m in BIS and
23 m in RIS.

Chl a
During the 22 mo sampling period, surface chl a
concentrations ranged from 0.27 to 8.58 mg m−3
in BIS and 0.17 to 9.76 mg m−3 in RIS. As is typical
of chlorophyll concentrations, the data were lognormally distributed, so we compared the geometric
means (Campbell 1995). We excluded 1 very high
outlier from the analysis, which was likely due to
analytical error. Overall mean surface chl a concentrations in BIS (1.86 mg m−3) and RIS (1.69 mg m−3)
were not significantly different from each other. The
phenology of phytoplankton biomass was also consistent between both Sounds. During the first year of
data collection, surface chl a concentrations in both
Sounds peaked during the winter/spring (January to
March), and reached a second, larger peak during
the fall (October and November; Fig. 2a,c). The bimodal peaks were also present during Year 2, though
there were far less data available.
Chl a measured in surface water samples was significantly correlated with surface water salinity (r =
0.54, p = 0.04), and was negatively correlated with
both water column stratification (r = −0.51, p = 0.01)
and Zp (r = −0.54, p = 0.05). Zp explained the largest
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Fig. 2. Daily variable input values for the BZE models of primary production shown with in situ measurements. (a,c) Surface
chl a was linearly interpolated (solid line) between daily average measurements for both Sounds. Points are the mean of triplicate samples collected at each station throughout the 22 mo sampling period. (b,d) Extinction coefficients (k, used to calculate
the 1% light level) were extrapolated using the best fit

amount of variance in chl a data (42%; Fig. 4a), followed by stratification (26%; Fig. 4b) and salinity
(19%; Fig. 4c). There was no significant relationship
between chlorophyll and either temperature or PAR.
After filtering the satellite chlorophyll observations
to meet the criteria for inclusion (see ‘Materials and
methods: Validation of Sea WiFs chl a’), a sample size
of n = 93 remained for the comparison between in situ
measurements versus satellite data. The ship-based
measurements and satellite observations derived
using the Pan et al. (2008, 2010) regional algorithm
had a better fit and explained a higher percent of the
variance (slope = 0.96, R2 = 0.41; Fig. 5a) compared to
the OC4 algorithm (slope = 0.59, R2 = 0.34; Fig. 5b).
The comparison with the regional algorithm exhibited a slope reflective of a nearly 1:1 relationship,
however the satellite algorithm tended to overestimate in situ chlorophyll at low concentrations, and
predict higher chlorophyll concentrations less definitively (Fig. 5a). Additionally, the regional algorithm

showed bias at chlorophyll concentrations around 2
to 7 mg m−3; satellite values tended to overestimate in
situ measurements of chlorophyll in RIS, but underestimate those in BIS (Fig. 5a). The 12 yr time series
of surface chlorophyll constructed using the regional
algorithm indicated that phytoplankton biomass was
higher overall in BIS (mean = 1.50 mg m−3) than in
RIS (mean = 0.86 mg m−3), and that the largest difference between the 2 Sounds occurred during the summer and fall, when chlorophyll was at a minimum in
RIS (Fig. 6).

Primary production
14

C measured primary production was significantly
correlated with surface water temperature (r = 0.57,
p = 0.03; Fig. 4d), but we found no relationship between production and any other measured forcing
variable (salinity, stratification, PAR, or Zp). There
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Fig. 3. Annual (a,c) temperature and (b,d) salinity regimes at the primary production samplings stations in (a,b) Block Island
Sound and (c,d) Rhode Island Sound. Black lines: days on which CTD casts were taken

was a weak but significant correlation between measured primary production and chl a (r = 0.38, p = 0.04)
for both study areas (BIS and RIS) combined, and
chlorophyll explained only 15% of the variance in
primary production (p = 0.04; Fig. 7a). When each
Sound was considered individually, however, there
were no significant relationships between surface
chlorophyll and primary production. P Bd ranged
from 0.66 to 28.52 mg C mg chl a−1 d−1 in BIS, and
from 0.86 to 33.60 mg C mg chl a−1 d−1 in RIS. Peaks in
P Bd occurred during the summer in both Sounds, and
rates were minimal during the winter months (Fig. 7b).
The regression equations for BZE models made for
both RIS and BIS were statistically significant (p <
0.0001; Fig. 8). Modeled annual primary production
was higher in the more well-mixed BIS (318 to 329 g
C m−2 yr−1) than in seasonally stratified RIS (239 to
256 g C m−2 yr−1; Table 3). Modeled daily average
primary production was significantly higher in BIS
(887.6 ± 27.3 mg C m−2 d−1) than in RIS (669.5 ±
20.8 mg C m−2 d−1; F1,1400 = 40.3, p < 0.0001). Primary
production reached its maximum in late summer in
BIS (Fig. 9a, Table 3). This was followed by a second,
but slightly smaller peak in mid-October, after which
production levels decreased to their lowest values
in the winter (Fig. 9a). In RIS, peaks in production
occurred simultaneously with those in BIS, but
the peak magnitudes were different between the
Sounds; peaks in RIS were lower than those in BIS
(Fig. 9b).

BZE models for both Sounds had negative y-intercepts; these deviations of the y-intercept from the
origin occurred as an artefact of fitting the regression
line to the data (Brush et al. 2002). Forcing the
regression lines through the origin would correct
this, but we chose not to do so to avoid altering the
slope of the regression line, and because none of the
y-intercepts were significantly different from zero.
We instead assigned all negative production rates a
value of zero when integrating daily rates to seasonal
and annual values (Table 3).

DISCUSSION
Hydrographic regimes
The CTD casts made at both of our 14C sampling
stations throughout the year were consistent with
previous studies of temperature and salinity regimes
in BIS and RIS (Fig 3; e.g. Shonting & Cook 1970,
Snooks et al. 1977, Codiga & Ullman 2010). Despite
their proximity, there are substantial differences
in hydrography between BIS and RIS (for a detailed
literature review, see Codiga & Ullman 2010).
Throughout the year, the water column in BIS is much
less stratified than the water column in RIS (Fig. 3a,c)
because of stronger tidal currents and, less importantly, freshwater influence. Both Sounds have a seasonal temperature cycle that ranges from approxi-
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Fig. 4. Significant relationships between (a,b,c) chlorophyll and (d) primary production and measured forcing variables,
including (a) depth of the euphotic zone, (b) water column stratification, (c) surface water salinity, and (d) surface water temperature. Regression equations represent data from both stations combined. BIS: Block Island Sound; RIS: Rhode Island Sound

mately 3 to 21°C, but surface waters during spring/
summer tend to be cooler in BIS than in RIS (Fig. 3a,c)
because of stronger vertical mixing due to stronger
tidal currents. We found that seasonal formation of a
mid-depth thermocline began in April and broke
down around September in RIS (Fig. 3c), which is
consistent with previous studies of northeastern BIS
(Snooks et al. 1977) — farther away from the influence
of the Long Island Sound (LIS) outflow— and western-central and eastern-central RIS. Temperatures
became nearly homogeneous throughout the water
column in fall and winter (Fig. 3c) due to wind mixing
(Shonting & Cook 1970). During the summer, the
stratification peak that occurred in RIS did not occur
in BIS (Fig. 3a) because of the stronger tidal currents
mixing, which resulted in BIS being the more wellmixed system. Both BIS and RIS exchange water with
adjacent inshore ecosystems, but the estimated long-

term mean volume transport exchange between BIS
and LIS is an order of magnitude greater than with
any other body of water (23 ± 5 × 103 m3 s−1; Codiga &
Aurin 2007, Codiga & Ullman 2010). This interaction
has probably the most important influence on the
BIS−RIS region (Codiga & Ullman 2010), and contributes to differences between the Sounds because
of the closer proximity of BIS to LIS.
There was a weak annual cycle of salinity in both
Sounds (Fig. 3b,d); variations were due to the influence
of interactions with surrounding estuaries (Snooks et
al. 1977, Codiga & Ullman 2010). Freshwater influence occurred in BIS to a greater extent than in RIS
due to its proximity to LIS (Fig. 1), where a strong
estuarine exchange flow brings Connecticut Riverfreshened water out through BIS (Ichiye 1967, Williams 1969, Hardy 1972, Hollman 1974, Codiga &
Aurin 2007, Codiga & Ullman 2010). This exchange
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man et al. 1996), very few measurements of phytoplankton biomass have
been made in the BIS−RIS area, and
until recently, few studies of the 2
Sounds had been published at all. In
the 1940s, Riley (1952) made the first
measurements of phytoplankton biomass in northwestern BIS. Studies conducted by Staker & Bruno (1978a,b)
and those within the Marine Monitoring, Assessment, and Prediction Program (MARMAP; Pearce 1981, O’Reilly
et al. 1987, Sherman et al. 1996, O’Reilly
& Zetlin 1998) also addressed phytoplankton dynamics nearby, but no
sampling stations were located within the heart of BIS and RIS. Thus,
our measurements fill a long-standing
gap in knowledge for these inner shelf
regions.
The most remarkable feature of the
annual chlorophyll cycle was a strong
fall phytoplankton bloom that occurred in both Sounds (Fig. 2a,c),
concurrent with high rates of primary
production (Fig. 9). The weak but significant relationship between phytoplankton biomass (chlorophyll) and
production was driven by this occurrence in both Sounds. Statistically,
the most important forcing variables
for phytoplankton abundance that we
measured were water column stratification, depth of the euphotic zone, and
salinity in surface waters. More specifically, we measured the highest phytoplankton biomass in surface waters
of a less stratified water column with
Fig. 5. Reduced major axis regressions of measured surface chl a versus SeaWiFs satellite values calculated using (a) the regional algorithm developed by
oceanic (relatively higher) surface
Pan et al. (2008, 2010) for the mid-Atlantic Bight, and (b) the traditional ocean
salinity and a shallow euphotic zone.
OC4 algorithm for Rhode Island Sound (RIS), Block Island Sound (BIS), and
During the fall bloom, these conditions
samples collected outside of our study area (Offshore)
were present in both Sounds; in RIS
this occurred at the breakdown of the
has much less of an influence on RIS because the
seasonal thermocline, and the water column in BIS
fresher water mainly flows south out of BIS through
was relatively well mixed (Fig. 3a,b). In shallow estuthe gap between Montauk Point, NY and Block
arine and inner continental shelf ecosystems, the
Island (Fig 1a; Codiga 2005, Ullman & Codiga 2010).
relationship between phytoplankton phenology and
the physical variability of the water column is often
complex (Koseff et al. 1993). It has been shown that
Comparison of BIS and RIS
very little water column stability is necessary to elicit
a bloom, especially in nutrient-rich coastal waters
Despite the long history of commercial fishing suc(Townsend et al. 1992). We found this to be true durcess on the northwest Atlantic shelf as a whole (Shering both the fall and the winter/spring phytoplankton
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Fig. 6. Daily interpolated SeaWiFs chl a (Pan et al. 2008, 2010) from 1998 to 2010 in (a) Block Island Sound and (b) Rhode Island
Sound. Note the color bar is a log10 scale. Grey areas indicate periods of time during which no satellite data were available

blooms in both Sounds when the water column stratification was minimal. Surface salinity is probably
negatively correlated with stratification (i.e. lower surface salinity when stratification is stronger) because
the stratification is due to fresher water over water of
higher salinity. Unless the species involved are highly
sensitive to salinity, the mechanism linking phytoplankton abundance to lower stratification (and in turn
higher surface salinity) is the effect of stratification.
In both Sounds, there was a late summer peak in
primary production with no concurrent phytoplankton bloom. We measured high phytoplankton-specific production (P Bd; i.e. turnover) during the summer in both Sounds (Fig. 7b), which would explain
why biomass levels remained so low during this peak
in production. We cannot say with certainty what
caused this high phytoplankton-specific production,
which, according to the literature, is not unusual. In
nearby Narragansett Bay, there is a shift in the phytoplankton population towards smaller species (nanoplankton) with high turnover rates during the sum-

mer (Durbin et al. 1975), and this kind of shift might
also be occurring in the BIS−RIS area. Zooplankton
grazing is also a typical explanation of high production and low chlorophyll during summer in the temperate ocean. Early work by Riley (1952) suggested
that zooplankton quantity was likely not an important factor in governing phytoplankton dynamics
in the BIS area; however, an analysis of zooplankton
dynamics is outside of the scope of this study.
Though the standing crop of phytoplankton was
not significantly different between the Sounds, primary production per unit area was significantly
higher in BIS than in RIS. The higher rates of daily
and annual primary production measured in BIS
were due in large part to differences in production
between the Sounds during the summer, when production peaked in both Sounds but was nearly 50%
higher in BIS than in RIS (Table 3). These differences
occurred concurrently with the most drastic differences in water column stratification between BIS
(very weak/no stratification) and RIS (strong stratifi-
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mer (e.g. Kremer & Nixon 1978, Oviatt et
al. 1995, Smayda & Borkman 2008). We
hypothesize that deep, DIN-rich water
entering the Sounds from the outer shelf
along with DIN regenerated from the sediments is more rapidly mixed up into the
surface waters in BIS because it is less inhibited by density stratification. We suspect that the presence of a strong pycnocline in RIS facilitated rapid use and
depletion of available nutrients in surface
waters of the stratified area, making summer productivity in RIS sustained mostly
on regenerated nutrients that quickly overturn to maintain the productivity levels
(Malone et al. 1988, Cushing 1989). In
other coastal marine ecosystems, water
column stratification causes nutrient limitation in the surface waters over time as
phytoplankton deplete the nutrient supply
above the pycnocline (Taft et al. 1980).
Sustenance of summer production on regenerated nutrients is typical in estuarine
ecosystems (e.g. Chesapeake Bay: Boynton et al. 1982, Malone et al. 1988), and
within the thermocline of temperate waters
(Cushing 1989).

Comparison with other coastal marine
ecosystems
Chl a concentrations peaked bimodally
during
the winter/spring and fall in both
Fig. 7. (a) Surface chlorophyll versus measured ( C) primary production,
and (b) measured primary production normalized to biomass (P Bd, in mg C BIS and RIS (Fig. 2a,c). In an analysis of
mg chl a−1 d−1) throughout 2010. BIS: Block Island Sound; RIS: Rhode published reports of annual chl a cycles in
Island Sound
northern temperate open coastal ecosystems, Cebrián & Valiela (1999) found that
cation). In other words, phytoplankton were highly
65% of the systems they assessed exhibited the same
productive during the summertime stratification in
pattern, although the winter/spring peak in BIS and
RIS, but never achieved the same magnitude of proRIS occurred about a month earlier than the majority
ductivity as in the adjacent, more well-mixed BIS. At
of systems surveyed. This pattern has been observed
this time we cannot definitely identify the underlying
in most regions surrounding BIS and RIS on the
mechanism for these differences in production, but
northeast US continental shelf (Gulf of Maine,
we provide a hypothesis. Though we do not have
Georges Bank, Mid-Atlantic Bight: O’Reilly & Zetlin
direct measurements of nutrient availability in the
1998). However, in these areas the highest concenwater column, we suspect that the supply of distrations occurred during the winter/spring bloom
solved inorganic nitrogen (DIN) in surface waters is
instead of the fall bloom (O’Reilly & Zetlin 1998).
strongly regulated by water column stratification.
Peaks in both Sounds had higher concentrations than
There is strong evidence that the supply of DIN is
are typical for most open coastal systems (Cebrián &
one of the most important factors limiting phytoValiela 1999). Rates of primary production in both
plankton production and biomass in southern New
Sounds were similar to those of nearby inner contiEngland coastal waters, especially during the sumnental shelf systems, including Massachusetts Bay
14
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Fig. 8. Empirical regressions of measured daily primary production versus the composite parameter BZpEo (where B is phytoplankton biomass, Zp is the depth of the photic zone, and Eo is ambient daily PAR) for (a) Block Island Sound and (b) Rhode
Island Sound

Table 3. Seasonal and annual primary production model
outputs for Block Island Sound (BIS) and Rhode Island
Sound (RIS). Values given are for both the Webb/Platt (W/P)
and BZE models. Winter: Dec to Feb; Spring: Mar to May;
Summer: Jun to Aug; Fall: Sep to Nov. Primary production is
given in g C m−2 season−1 (for winter, spring, summer and
fall) and in g C m−2 yr−1 (for annual rates)

Winter
Spring
Summer
Fall
Annual

BIS production
(g C m−2)
W/P
BZE

RIS production
(g C m−2)
W/P
BZE

43
43
134
110
329

47
34
86
89
256

49
48
130
92
318

45
39
73
82
239

(Kelly & Doering 1997, Keller et al. 2001, Hyde et al.
2008) and Georges Bank (Riley 1941 as cited in Kuring et al. 1990, O’Reilly et al. 1987, Sherman et al.
1996).

Surface chlorophyll concentrations on annual and
decadal time scales
Satellites have the ability to integrate data across
both space and time in a way that ship-based sample
collection does not allow. Given the high variability
in phytoplankton dynamics, continuous monitoring
of biomass (as chl a) via ocean color remote sensing is
a powerful tool for synthesizing trends of phytoplankton phenology. Retrieving accurate chlorophyll
measurements from remotely sensed ocean color
data in coastal areas is more difficult compared to the
open ocean due to interference of the optical signal
received by the satellite caused by dissolved and sus-

pended materials in the water (Morel & Prieur 1977,
IOCCG 2000) and higher concentrations of absorbing aerosols that lead to errors in chl a calculations
(Stumpf et al. 2003). However, the development of
regional algorithms calibrated using in situ measurements from specific areas has greatly improved the
accuracy of remotely sensed chl a values in coastal
regions, and reduced the error associated with satellite observations and post-processing of data in
coastal areas (e.g. Hyde et al. 2007, Pan et al. 2008).
Despite the in situ surface chl a measurements indicating that phytoplankton biomass was not significantly different between BIS and RIS, satellite observations over a longer time period tell a different story
(Fig. 6). Chlorophyll concentrations appear to be
higher throughout the entire satellite time series in
BIS than in RIS, almost without exception, and the
mean annual chlorophyll concentration in BIS is
nearly double that of RIS. We cannot rule out the possibility that the data density of our in situ measurements was insufficient to reveal biomass differences,
or that the 2 yr during which we sampled were anomalous. For example, during the late fall−early winter
of 2009, there was an intrusion of deep water from the
continental slope into RIS, causing anomalies in nearbottom salinity, temperature, density, and possibly
nutrients that likely mixed with inner shelf water (Ullman & Codiga 2010, Ullman et al. 2014). We also
point out that although the regional algorithm has
greatly improved the accuracy of satellite ocean color
data relative to the uncorrected (OC4) algorithm,
there are still issues with predictability of low
(<1 mg m−3) concentrations as well as an apparent
bias in chlorophyll predictability between stations in
the range of ~2 to 7 mg m−3. However, the satellite
data appear to capture longer-term regional patterns
that our ship-based measurements fail to capture.
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but was nearly 50% higher in BIS than in
RIS. We cannot identify the underlying
mechanism for this difference, though we
hypothesize that differences in water column stratification fostered surface nutrient limitation that limited production in
RIS.
In general, our findings appear to
support Riley’s (1952) postulation that
physical processes strongly affect both
the community size and structure of
phytoplankton in the BIS area, though
we cannot definitely say that physics are
the most important forcing factor without
a more thorough examination of other
‘bottom-up’ (e.g. nutrient limitation) and
‘top-down’ (e.g. grazing pressure) controls. As more work is conducted in these
areas, the relative importance of such
factors will become evident.
An increasing number of in-depth stud14
Fig. 9. Comparison of daily primary production ( C) measurements,
ies in various disciplines have been conWebb/Platt model outputs, and BZE model outputs in (a) Block Island
Sound and (b) Rhode Island Sound. The box around April through Sepducted in BIS and RIS over the past few
tember indicates the period of time during which water column stratificayears by a number of investigators (e.g.
tion was most different between BIS (very weak/no stratification) and RIS
Kincaid et al. 2008, Ullman & Codiga
(strong stratification)
2010, Heiss et al. 2012, Fields et al. 2014),
and their results have sparked additional
CONCLUSIONS
interest and further exploration. Re-evaluating these
results as additional work is conducted will allow us
Despite their proximity to each other, there are difto put our data into context with other chemical, bioferences in the hydrography between BIS and RIS.
logical, physical, and geological processes that are
RIS exhibits strong summer stratification and bepresently occurring in these 2 systems. We are only
comes unstratified in winter, while BIS is the more
just beginning to understand the ecosystem dynamwell-mixed system due to its proximity to LIS estuarics of these areas and establish a baseline of knowline circulation and stronger tidal currents. Using
edge that will assist with management issues such as
empirical models of primary production and ocean
fisheries and the potential for wind farm developcolor satellite data enabled us to make a more thorment, and enable us to understand and predict ecoough comparison between the 2 areas than would
system response to global environmental change.
have been possible with direct measurements alone.
There were similarities in phytoplankton dynamics
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