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a b s t r a c t
Dramatic changes occurred in Narragansett Bay during the 1980s: water clarity increased, while phytoplankton
abundance and chlorophyll concentration decreased. We examine how changes in total suspended solids (TSS)
loading from wastewater treatment plants may have inﬂuenced this decline in phytoplankton chlorophyll. TSS
loading, light and phytoplankton observations were compiled and a light- and temperature-dependent
Skeletonema-based phytoplankton growth model was applied to evaluate chlorophyll supported by TSS nitrogen
during 1983–1995. TSS loading declined 75% from ~0.60 × 106 kg month−1 to ~0.15 × 106 kg month−1 during
1983–1995. Model results indicate that nitrogen reduction related to TSS reduction was minor and explained a
small fraction (~15%) of the long-term chlorophyll decline. The decline in NBay TSS loading appears to have increased water clarity and in situ irradiance and contributed to the long-term chlorophyll decline by inducing a
physiological response of a ~20% reduction in chlorophyll per cell.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
A long-term decrease in phytoplankton (as chlorophyll) has occurred in lower Narragansett Bay (NBay), declining from ~ 6 μg L− 1
(1983) to ~3 μg L−1 in 1995 (Li and Smayda, 1998), continuing at the reduced level through the 2000s (Fulweiler et al., 2007). The long-term
decline in chlorophyll in NBay has been attributed to various processes:
increased water temperature (Cook et al., 1998; Oviatt, 2004; Nixon
et al., 2009), changes in light availability related to increased cloudiness
(Borkman, 2002; Nixon et al., 2009), changes in ctenophore (Sullivan
et al., 2001) and copepod (Keller et al., 1999; Oviatt, 2004) grazing,
and long-term variations in coupled ocean–atmosphere forcing such
as the NAO (North Atlantic Oscillation; Hawk, 1998; Oviatt, 2004;
Borkman and Smayda, 2009a) and the Gulf Stream (Borkman and
Smayda, 2009b). During the early portion of the chlorophyll decline in
the 1980s, improved wastewater treatment led to a dramatic decline
in suspended solid loading (TSS) into NBay from wastewater treatment
plants (WWTP). From 1983 to 1995, TSS loading decreased ca. 75%, from
ca. 9 × 106 kg year−1 (1983–84) to b3 × 106 kg year−1 (1992 to 1995)
(Save the Bay, 1996; Borkman and Smayda, 1998). These solids, through
their release of nitrogen and other nutrients, are a potential nutrient
⁎ Corresponding author.
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source no longer available to phytoplankton. Although particulate N is
a relatively small portion of N loading to NBay (~ 5%; Hamburg et al.,
2008; Nixon et al., 2008), the potential role of the 6 × 106 kg year−1 reduction in WWTP particulate loading on the 13-year decline (1983–
1995) in mean annual chlorophyll has not been evaluated. The question
we examine is how much of the decrease in lower NBay chlorophyll
may be attributed to the decrease in TSS loading via two potential
mechanisms, 1) nitrogen reduction and 2) increased in situ light. A
large body of ﬁeld and experimental evidence indicates nitrogen limits
phytoplankton growth in NBay (Smayda, 1974; Furnas et al.,1986;
Furnas, 1983; Oviatt et al., 1995; Nixon, 1997; among others). Applying
dose-yield kinetics leads to the expectation that the reduction in TSS
loading would decrease biomass. However, if the decline in chlorophyll
is related to N availability, the relationship is paradoxical because the
early phase of chlorophyll reduction (1983–1995) occurred during a period of no apparent change in nitrogen loading (Hamburg et al., 2008;
Nixon et al., 2008).
We apply a proximate, mass balance approach to quantify the linkages between the long-term (n = 13 years during 1983 to 1995) decline
in wastewater TSS loading and chlorophyll concentration in lower NBay
in an effort to explain the 1980s to 1990s decline in chlorophyll concentration. The model integrates the light and temperature-dependent
growth rate of the dominant diatom (Skeletonema costatum s.l.) in
NBay (Karentz and Smayda, 1984; Borkman and Smayda, 2009a) and
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2. Methods

Fall River and Blackstone (Worcester) Facilities. The nitrogen content
of sludge from a representative RI treatment plant (located in Cranston,
RI) was 2.5% of dry sludge weight (Oviatt et al., 1987). Monthly TSS
loading was multiplied by this nitrogen content to approximate monthly nitrogen loading into NBay from sewage plant TSS.

2.1. Geographic setting and data sources

2.2. Model development

Narragansett Bay (ca. 327 km2) is a well-mixed, relatively shallow
(mean depth 9 m), estuary located southwest of Cape Cod along the
eastern U.S. coast (ca. 41°30′N, 71°20′W), and is contiguous with
Rhode Island Sound and Long Island Sound. Nutrient-enriched freshwater ﬂowing into the upper NBay produces a pronounced salinity - nutrient gradient over the length of its 30 km axis, progressing from an upper
region of low salinity (ca. 20) and elevated nutrients to a region of high
salinity (ca. 33), and decreased nutrient at its entrance (Smayda and
Borkman, 2008). The mean residence time of NBay water is 26 days,
varying from 10 to 40 days dependent on the volume of freshwater
input and wind conditions (Pilson, 1985). A detailed description of the
geographic setting and the biological, physical and chemical oceanography of NBay is available in Desbonnet and Costa-Pierce (2008).
Water temperature, water clarity, incident and in situ irradiance,
chlorophyll concentration and numerical abundance of S. costatum s.l.
were measured weekly at a long-term monitoring station in unpolluted
lower NBay (41°32′N × 71°23′W) from 1983 to 1995. Methodological
details for measurement of water temperature, irradiance and water
clarity are described in Smayda (1984, 1998) and Borkman and
Smayda (1998); chlorophyll methods are available in Li and Smayda
(1998), and Skeletonema numerical abundance methods are in
Borkman and Smayda (2009a, 2009b). The 1983 to 1995 data used in
our study are a subset from the long-term (1959 to present) Narragansett Bay Plankton Time Series. We analyze only the 1983 to 1995 portion
of the data set because it is the only portion of the time series for which
synchronous measurements of phytoplankton, chlorophyll concentration, irradiance, water clarity and TSS loading data are available. Incident solar irradiance during the time series initially was measured in
the non-SI units of Langley day−1 (Pratt, 1965; Hitchcock and Smayda,
1977). We converted those data into Watts using the conversion 1 Langley day1 = 0.485 W m−2 day−1 (National Institute for Standards and
Technology, 2008). Incident irradiance was recorded using an Eppley
pyrheliometer installed at the URI-GSO campus in Narragansett, RI
(~ 10 km south of the long-term sampling site) during 1983 until
1987. From 1988 until 1995 incident irradiance was recorded using an
Eppley pyrheliometer installed at Eppley Laboratories in Newport, RI
(~11 km southeast of the long-term sampling site). The mean weekly
in situ irradiance (‘I bar’) at the monitoring station was calculated
from the daily in situ irradiance during the 1983 to 1995 period using
the equation of Riley (1957) as modiﬁed by Hitchcock and Smayda
(1977):

We used the diatom Skeletonema as the representative phytoplankton taxon to model whether the recorded decline in mean annual chlorophyll in NBay was related to the decline in TSS discharge. S. costatum
s.l. is numerically the most abundant diatom in NBay year-round; it accounts for a mean of 42% of total phytoplankton numerically (annual
mean contribution range of 11% to 69%; Karentz and Smayda, 1984;
Borkman and Smayda, 2009a). There is a wealth of experimental data
for Skeletonema strains and populations from NBay, both in situ and in
culture, including cellular N and chlorophyll quotas, the effect of irradiance, nutrients and temperature on cellular nutrient composition and
growth rate (Smayda, 1973; Yoder, 1979; Falkowski et al., 1981;
Sakshaug and Andresen, 1986; Langdon, 1987; Anning et al., 2000).
We used the experimentally derived linear, positive relation between
growth irradiance and nitrogen content of S. costatum s.l. reported by
Langdon (1987) for the NBay strain SK 6C:

the time series data available for WWTP TSS loading, incident irradiance, water clarity, temperature, chlorophyll, and Skeletonema abundance during 1983–1995.

I bar ¼

Io

kz 1–e–kz

ð1Þ

where Io is incident irradiance, k is the extinction coefﬁcient (calculated
from Secchi disk depth (D) after the formula of Holmes (1970): k =
1.44/D) and z is the mixed layer depth equivalent to the depth (8 m)
of the long-term sampling station.
The collective monthly and annual WWTP TSS loading levels during
1983 to 1995 from 17 waste water treatment plants that discharge into
NBay were compiled from reports issued by Save the Bay (1996). Locations of the main WWTP and the long-term loading history of metals, nitrogen and other pollutants to Narragansett Bay are shown in detail by
Nixon and Fulweiler (2012). Some plants provided only total annual
discharge data. For those, the total annual TSS discharge was seasonally
adjusted based on the mean monthly pattern of TSS discharge at the
three largest treatment plants during 1994 and 1995, i.e., Fields Point,

pg N cell−1 ¼ 0:028 I þ 2:97

ð2Þ

where I is irradiance as W m−2.
Accepting that nitrogen is the nutrient that primarily limits phytoplankton growth in NBay (Smayda, 1974; Furnas, 1983; Furnas et al.,
1986; Kremer and Nixon, 1978; Oviatt et al., 1995), we applied the following schematic. TSS discharge was converted to the nitrogen concentration potentially available for phytoplankton assimilation. The
estimated number of Skeletonema cells and their chlorophyll content
produced by this nitrogen accretion from TSS was calculated using the
relationships reported between light, temperature and cellular nitrogen
content of Skeletonema and between light and chlorophyll (Langdon,
1987). The lower NBay station is well-mixed over its 8 m depth through
most of the year (Hitchcock and Smayda, 1977), validating the use of
depth-averaged irradiance (I bar) in the model. Using I bar as input
(Eq. (1)), the nitrogen content of the in situ concentration (cells ml−1)
of Skeletonema was estimated for each month during 1983–1995
using the weekly population densities recorded at the monitoring site
(Borkman, 2002; Borkman and Smayda, 2009a). Dividing the monthly
TSS nitrogen load by the light-dependent, mean monthly cellular nitrogen content yielded an estimate of the number of Skeletonema cells potentially supported by the monthly TSS nitrogen load. Note that this is a
maximum potential estimate and that given the relatively high ambient
DIN levels, the actual phytoplankton growth response stimulated by
TSS-derived DIN will be less than the predicted potential response.
The model monthly nitrogen load only accounts for DIN; we have ignored the potential role of dissolved organic nitrogen (DON) in the
model. DON was excluded because it was not regularly monitored during the 1983–1995 period (Nixon et al., 2005). For reference, available
data indicates the percentage of total N as DON discharged into NBay
by WWTP is of the order of 14% to 19% of total N discharged (Nixon
et al., 2008).
The Skeletonema cell number estimates were converted to chlorophyll applying Langdon's (1987) equation (Eq. 3) relating chlorophyll
content of S. costatum cells to light intensity:
−2

−1

Irradianceb24 W m ; Chlorophyll ¼ 0:72 pg cell
−2
−1 :
IrradianceN24 W m ; Chlorophyll ¼ 0:41 pg cell

ð3Þ

The estimated chlorophyll biomass supported by WWTP TSS was divided by the volume (2724 × 106 m3) of Narragansett Bay (Pilson, 1985)
to get a coarse monthly estimate of the potential concentration of
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chlorophyll supported by sewage plant TSS. The TSS nitrogen –
Skeletonema model was run in Excel spreadsheets using a one month
time step. The one month time-step is appropriate for a coarse estimate
of the potential contribution of TSS nitrogen chlorophyll concentration
as it approximates the average residence time of water in Narragansett
Bay (Pilson, 1985).
2.3. Data analysis
Linear regression and was used to assess the hypothesis that changes
in model output and ﬁeld data occurred during 1983–1995. Monthly
time step series of model output and ﬁeld data were decomposed into
seasonal cycle and long-term (1983–1995) trend components using
time series analyses. We used Broekhuizen and McKenzie's (1995)
time series analysis method, which is optimized to detect trends in
time series that have strong seasonal variation, to decompose the time
series into seasonal and trend components. This method has been
used successfully to detect trends in North Sea zooplankton
(Broekhuizen and McKenzie, 1995) and plankton abundance in Massachusetts Bay (Hunt et al., 2010) and NBay (Borkman and Smayda,
2009a). Linear regression was used to ﬁt a straight line to trends, with
the statistical ﬁt (p value b 0.05) of the linear regression used as an indicator of the long-term linear trend. Time series analysis and data manipulation were done using Excel spreadsheets, and statistical analyses
were completed using SAS JMP (SAS, 2012) and Prism (GraphPad,
1999) statistical software.
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(r2 = 0.97, n = 144 month, p = b0.0001). Converted to annual loading,
this reduction is equivalent to a TSS decline at a linearized rate of
0.46 × 106 kg per year.
We estimated the monthly nitrogen delivered into the bay
from sewage plant TSS (Fig. 2) by multiplying the monthly TSS
loading levels by the sludge nitrogen conversion factor of 2.5% of
dry sludge weight derived by Oviatt et al. (1987). Monthly TSS nitrogen decreased from about 15 × 103 kg month− 1 in 1983–1984 to ca.
2.5–5.0 × 103 kg month − 1 in 1994–1995. Deseasonalized TSS
nitrogen loading also displayed a linear decrease during 1983–1995
(linear regression, r2 = 0.97, n = 144 months, p = b0.001; Fig. 2).
On an annual basis, TSS nitrogen declined at a rate of ca. 11,490 kg
per year during 1983–1995.
3.1. Chlorophyll

Wastewater suspended solids (TSS) loading into Narragansett Bay
during the 1983 to 1995 period displayed two dominant features: a
strong seasonal signal and a long-term decline (Fig. 1). TSS loading varied seasonally; it was ca. 1.5 to 2-fold above annual mean levels during
winter and spring (January–May) each year, decreased during June–
October, and returned to above-mean levels during November–December. Removal of this strong seasonal cycle yielded a long-term, progressive decline in TSS loading during the 13 years from 1983 to 1995
(Fig. 1). Deseasonalized TSS loading declined 4-fold, from
0.6 × 106 kg month−1 in 1983–1984 to approximately
0.15 × 106 kg month− 1 in 1994–1995, i.e., a 75% reduction (Fig. 1).
This trend was linear judged by the ﬁt of a linear regression model

The potential impact of TSS nitrogen discharge into NBay on chlorophyll concentration was estimated using a N-assimilation Skeletonema- chlorophyll model. In this model, the light-dependent cellular N-content of a NBay strain of Skeletonema experimentally derived
by Langdon, (1987; Eqs. (2) and (3)) was used to estimate the number
of Skeletonema cells and Skeletonema chlorophyll that TSS nitrogen
could support at monthly time steps during 1983–1995. The predicted
chlorophyll concentration supported by TSS nitrogen declined ~ 70%,
from 0.7–0.8 μg L− 1, during 1983–1984 to 0.2 μg L−1 during 1994–
1995 (Fig. 3). The decline was linear during 1983–1995 (linear regression, r2 = 0.88, n = 13 years p = b 0.0001). Following the linear regression, chlorophyll supported by TSS nitrogen fell from approximately
0.70 μg L− 1 during the early 1980s to 0.24 μg L− 1 during the mid1990s. The progressive decrease in TSS nitrogen discharge over the
13 year period is predicted to have led to a ca. 0.50 μg L−1 decrease in
mean annual chlorophyll.
During the 1983–1995 period, both TSS loading and mean annual
chlorophyll concentration in lower NBay were in long-term decline.
During the three decades from 1972 to 1997, mean annual chlorophyll
concentrations progressively decreased ca. 50%, from 6 to 8 μg L−1 in
the early 1970s to ca. 3–4 μg L−1 in 1990 (Li and Smayda, 1998), and
remained at 3–4 μg L−1 during the 1999–2006 period (Fulweiler et al.,
2007). During this period, 1995 – a year when the winter was unusually
cold and chlorophyll elevated to levels typical of the 1970s - deviated
from this long-term decline in chlorophyll. Excluding 1995, mean

Fig. 1. Time series of Narragansett Bay waste water treatment plant total suspended solids
(TSS) discharge 1983–1995. Monthly mean values (gray squares), trend (solid line)
derived from time series analysis and linear regression (dashed line) ﬁtted to trend are
shown.

Fig. 2. Time series of estimated nitrogen derived from Narragansett Bay waste water
treatment plant total suspended solids (TSS) discharge 1983–1995. Monthly mean
values (gray squares), trend (solid line) derived from time series analysis and linear
regression (dashed line) ﬁtted to trend are shown.

3. Results
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Fig. 3. Time series of modeled chlorophyll concentration derived from Narragansett Bay
waste water treatment plant total suspended solids (TSS) discharge 1983–1995.
Monthly mean values (gray squares), trend (solid line) derived from time series analysis
and linear regression (dashed line) ﬁtted to trend are shown.

annual chlorophyll concentrations declined at a linear rate of
0.28 μg L−1 year−1 during 1983–1994, (r2 = 0.36, n = 12 years, p =
0.0394). Relative to in situ chlorophyll measurements in NBay, the potential annual contribution of TSS nitrogen to chlorophyll synthesis to
the in situ standing stock declined linearly from ca. 15% in 1983 to 6%
in 1995 (linear regression, r2–0.57, n = 13 years, p = 0.0028).
3.2. Water clarity and Chlorophyll
During 1972 to 1996, water clarity increased ca. 25%, with Secchi
depth recordings increasing from ca. 2.4 m to 3.2 m (Borkman and
Smayda, 1998). The water clarity trend during 1983–1995 was consistent with this long-term trend as Secchi depth increased from 2.7 m to
3.3 m in a linear fashion (linear regression, r2 = 0.40, p = b 0.0001;
Fig. 4A) during 1983–1995. More recent measurements (http://www.
gso.uri.edu/phytoplankton/Sample.xls) indicate water clarity has
remained at the increased level that developed in the early 1990s;
mean Secchi disk depth during 1990 to 2013 (mean = 3.1 m) was signiﬁcantly greater than the pre-1990 mean of 2.6 m (Mann–Whitney
test; p b 0.0001). The increase in water clarity led to an increasing
trend in in situ light (I bar) during 1983–1995 (linear regression,
r2 = 0.67, p = 0.0007; Fig. 4B). The in situ mean irradiance during the
mid-1990s (~40 W m−2) was ~25% higher than that observed during
the mid-1980s (~32 W m−2). There was no change in incoming irradiance during that period, i.e. the change in in situ light was entirely attributable to increased water clarity. The increased mean in situ irradiance
that occurred during the 1983–1995 period corresponds to a ca. 25% increase over the mean annual in situ irradiance level of ca. 32 W m−2 observed during the 1960–1980 period reported by Smayda (1984). The
number of weeks annually in which in situ light (I bar) exceeded the
physiological threshold of 25 W m−2, the intensity at which the cellular
chlorophyll of the NBay strain of Skeletonema used in our model shifts
from high to low cellular chlorophyll quotas (Langdon, 1987), increased
decadally from 29.5 weeks (1970s) to 34.3 weeks (1980s) to 36.7 weeks
(1990s) (ANOVA, F ratio = 4.002, df = 2, 24, p = 0.0329). This increase
in water mass transparency added two additional months each year in
the 1990s having a mean in situ light greater than 25 W m−2. Model results, based on Langdon's (1987) chlorophyll - irradiance experiments
on Skeletonema, showed a decrease in its mean cellular chlorophyll during 1983–1995 (linear regression, r2 = 0.82, n = 13 years, p =
b0.0001); i.e., predicted cellular mean annual chlorophyll, which varies

Fig. 4. Trend in lower Narragansett Bay in situ light (I bar) at the long-term monitoring
station during 1983 to 1995. Time series of 1983 to 1995 monthly mean observations
(ﬁlled diamonds) with trend derived from time series analysis (solid line) and linear
regression ﬁtted to the 1983–1995 trend (dashed line) are shown.

seasonally, decreased from ~0.5 pg cell−1 (mid 1980s) to ~0.4 pg cell−1
during the mid-1990s. This change is equivalent to a 20% decline in cellular chlorophyll content between the mid-1980s and mid-1990s. The
potential effects of TSS reduction on lower NBay water column chlorophyll concentration included both a direct reduction due to minor N reduction and an indirect effect due to the physiological reduction of
chlorophyll per cell in response to clearer water and greater ambient irradiance. The maximum possible reduction in chlorophyll attributed to
TSS nitrogen is an approximately 0.6 μg L− 1 reduction in mean

Please cite this article as: Borkman, D.G., Smayda, T.J., Coincident patterns of waste water suspended solids reduction, water transparency increase
and chlorophyll decline in Narragansett..., Marine Pollution Bulletin (2016), http://dx.doi.org/10.1016/j.marpolbul.2016.04.004

D.G. Borkman, T.J. Smayda / Marine Pollution Bulletin xxx (2016) xxx–xxx

Fig. 5. Mean annual chlorophyll concentration (μg L−1, ﬁlled circles) at lower Narragansett
Bay monitoring station during 1983 to 1995; model estimates of mean annual chlorophyll
concentration derived from TSS nitrogen (μg L−1, open circles), model estimates of the
reduction in chlorophyll concentration (μg L−1, open squares) due to reduced
chlorophyll per cell induced by increased water clarity relative to 1983 water clarity.

chlorophyll during 1983–1995 (Fig. 5). The reduction in cellular chlorophyll in response to clearer water has been greater - up to a 1.4 μg L−1
reduction in mean chlorophyll in some years (such as during 1991,
1995, Fig. 5). This reduction was solely a physiological response to increase in situ irradiance accompanying clearer water. The 1985 deviation in chlorophyll reduction (Fig. 5) was related to the drastic
reduction in water clarity that occurred during the prolonged 1985
‘brown tide’ bloom of Aureococcus anophagefferens (Smayda and
Borkman, 2008).

4. Discussion
4.1. Chlorophyll decline
An unresolved question is what explains the long-term decline in
lower NBay chlorophyll? Enrichment experiments, bioassays, dialysis
chamber experiments, in situ N-15 experiments and N budget analyses
collectively suggest NBay is an N-sensitive ecosystem, although it has
not been established whether this reﬂects physiological limitation or a
yield-dose relationship (Smayda, 1974; Kremer and Nixon, 1978,
Furnas et al., 1986; Furnas, 1983; Oviatt et al., 1995; Nixon, 1997).
There are multiple sources of dissolved inorganic nitrogen (DIN) into
NBay – river discharge, sewage waste water, advection of bottom
water, and in situ recycling (Nixon et al., 2008). Hence, our interest in
the inﬂuence of the progressive decline in TSS loading during 1983–
1995 on the decline in chlorophyll during that 13-year period - when
mean annual chlorophyll concentration declined by 44% from near
5.5 μg L−1 during the mid-1980s to 3.2 μg L−1 during the mid-1990s.
Our proximate, mass balance analysis and Skeletonema light-nitrogenchlorophyll growth model suggest the chlorophyll concentration supported by TSS nitrogen declined from 0.7 μg L− 1 during the mid1980s - equivalent to 12% of in situ chlorophyll - to 0.2 μg L−1 during
the mid-1990s; a reduction equivalent to 6% of in situ chlorophyll. Our
growth model predicts a relatively small change in TSS nitrogen loading
- equivalent to b 2% of total N-loading occurred and accounted for approximately 0.5 μg chl L−1 of the decline in in situ chlorophyll concentration during 1983–1995.
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Wastewater treatment plants have been estimated to contribute approximately 65% of total N-loading into NBay (Nixon et al., 2008). More
efﬁcient N removal measures implemented post-2010 have further reduced wastewater treatment plant N-loading by an additional 20%
(Krumholz, 2012) and upper Bay in situ DIN concentration has declined
50% post-2013 (Narragansett Bay Commission, 2014). Prior to these Nreduction measures, improvements in removal of sewage solids (TSS)
during the late 1980s (Save the Bay, 1996) decreased TSS loading into
NBay by 67% such that by the late 1990s TSS loading was one-third
(ca. 0.2 × 106 kg month−1) the level observed during the early 1980s
(ca. 0.6 × 106 kg month−1; Fig. 1). Particulate N loading is a relatively
minor component of the total NBay N budget, contributing approximately 30 × 106 mol N y− 1, i.e., about 5% of the total N loading of
576 × 106 mol N y−1 (Nixon et al., 2008). During 1983–1995, the contribution of TSS nitrogen to total N-loading declined. Using the N-budget
of Nixon et al. (2008), sewage treatment plant particulate N loading declined from 2.4% of the total N loading in 1983 to 0.8% in 1995.
The trend in ambient concentration of dissolved inorganic nitrogen
(DIN) in lower NBay did not coincide with the 1982–1995 decline in
TSS N loading (Li and Smayda, 1998; Smayda, unpublished). Mean annual DIN concentration at the long-term monitoring station varied between 4 and 9 μM and mean DIN concentration increased 37%
between 1983 and 87 and 1991–1995 (Smayda, unpublished). Similarly, mean DIN concentration at the Graduate School of Oceanography
dock, located approximately 10 km south of the long-term monitoring
station, remained between approximately 4–6 μMol during 1983–
1995, with no discernible trend (Krumholz, 2012) The dramatic reduction in chlorophyll (44% decline) during the 1980 to early 1990s period
of no apparent change in N-loading and no apparent change (or even a
modest increase) in in situ N-concentration, suggest factors other than
nitrogen - separately or collectively - were driving the observed decline
in chlorophyll concentration in lower NBay.
4.2. Model limitations
Our model is a simpliﬁcation of the TSS loading-nitrogen-lightphytoplankton chlorophyll aspects of a complex, coupled humannatural system: Narragansett Bay. The model used physiological data
derived from laboratory and ﬁeld studies of S. costatum s.l. (i.e.,
Langdon, 1987) and applied those measurements to a modeled NBay
in which all phytoplankton cells are assumed to behave as Skeletonema
cells. While Skeletonema spp. are important, and even the dominant diatom in NBay, present in 87% of samples examined during 1959 to the
1980s and 1990s (Karentz and Smayda, 1984, 1998; Borkman and
Smayda, 2009a), incorporation of other dominant phytoplankton species into the model would be useful in further identiﬁcation of longterm changes in nutrient-light control of phytoplankton. Similarly, we
have used numerical abundance as a metric of Skeletonema dominance
of phytoplankton abundance. This masks the million-fold range in phytoplankton size expressed as cell volume (Maranon, 2014) and may
over-emphasize the importance of Skeletonema spp. Conversion of cell
counts to their biovolume equivalents has not been completed for the
long-term NBay time series, preventing a volume or carbon-based assessment of Skeletonema dominance of the phytoplankton community.
Another potential limitation of the model is the focus on dissolved
inorganic nitrogen (DIN) as the only available N source for Skeletonema
cell growth. Clearly, dissolved organic nitrogen (DON) is an important
component of the global ocean N-budget (Zehr and Ward, 2002) and
coastal N-budgets (Sharp, 1983). However, DON was not routinely
monitored during the 1983–1995 period of interest (Nixon et al.,
2005) and we have no quantitative DON data to evaluate. Available
data indicated that while DON was a major component of WWTP N discharge prior to 1980, the DON fraction has fallen following treatment
upgrades beginning in 1980 such that DON was on the order of 14% to
19% of total N discharged for samples collected during 1983, 2002 and
2003 (Nixon et al., 2008). The above caveats suggest areas for model
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reﬁnement and also suggest the estimates of Skeletonema may be
underestimated by 15–20% depending on the fraction of DON that was
available for Skeletonema growth.
One may also question the geographic extent of TSS particle loading
changes in NBay. Most of the TSS loading was from large WWTP in the
upper bay (Providence area and northward), approximately 24 km
north of the long-term sampling station. There are limited Bay-wide
TSS data available to evaluate the spatial distribution of suspended particles in the bay. However, model studies have shown a preferential
transfer of suspended material from the upper bay to the West Passage
of the Bay where the long-term sampling station is located (Corps of
Engineers, 1959; Morton, 1972; Schenck and Davis, 1973; Oviatt and
Nixon, 1975), with the amount of suspended particles decreasing exponentially with distance down-bay from Providence (Morton, 1972).
Sediment accumulation rates reﬂect the gradient in particle loading,
with slower rates in the lower bay (7–10 mg cm −2 year− 1) than in
the upper bay (135–200 mg cm −2 year−1; Santschi et al., 1984). However, there is a differential transfer of relatively small (~8 μm diameter)
particles to the lower bay (Collins, 1976). These smaller particles have a
greater weight-speciﬁc effect on light attenuation than larger particles
(Postma, 1961) predominant in the upper bay. Given this preferential
transport of small, light-attenuating particles, the dramatic reductions
in TSS particle loading in the northern region of NBay are expected to increase water clarity at the long-term monitoring station and the lower
NBay region.
The model estimated the standing crop of phytoplankton cells and
phytoplankton chlorophyll in response to changing water clarity associated with reduction of TSS particle loading. A remaining question is
whether the changes in standing crop have been accompanied by
changes in photosynthetic rate that may have been driven by changing
in situ irradiance. Unlike phytoplankton abundance and chlorophyll
concentration, there is no continuous, long-term phytoplankton production time series data available for NBay. Interpretation of several primary production estimates completed during the 1970s (Furnas et al.,
1976) through the 2000s (Oviatt et al., 2002) led Nixon et al. (2009)
to the conclusion that primary production in lower NBay has declined
from ~370 g C m−2 y−1 during the 1970s to ~210 g C m−2 y−1 during
the 2000s. That is, increases in water clarity and in situ irradiance were
not associated with a stimulation of primary production. This is not surprising given that experimental (Yoder, 1979) and model (Borkman,
2002) studies indicate that light limitation of phytoplankton growth in
lower NBay is only expected for 12–16 weeks of the year (generally
from late November through early February) and that phytoplankton
growth rates during that period are ~ 70% of the temperature-limited
maximum growth rate (Borkman, 2002). Also, this winter light limitation is largely due to reduction in day length rather than water clarity.
Any potential stimulation of primary production rate associated with
the trend towards clearer water has been offset by the reduction in
standing crop and resulted in an apparent long-term decline in production in lower NBay (Nixon et al., 2009).
4.3. Plankton habitat changes
The 1980s were a period of rapid meteorological changes in the
western North Atlantic, with distinct shifts in air and sea surface water
temperature during 1982–1983 (Rodionov and Krovnin, 1992). NBay
habitat changes coincident with the decline in chlorophyll include an increase in water temperature (Smayda, 1984; Cook et al., 1998; Nixon
et al. 2009), decline in wind speed (Smayda 1984; Pilson 2008), a decline in incident irradiance (Smayda 1984; Nixon et al. 2009), and increase in water clarity (Borkman and Smayda 1998). Collectively,
these changes in environmental variables during 1983–1995 present
mixed signals regarding the potential mechanisms driving the longterm decline in chlorophyll concentration. Bottom-up control via nutrient limitation was not suggested since the concentrations of most (Si,
PO4, NH4) nutrients at the lower Bay station increased and there was

no change in NO3 during 1983–1995. The increase in ambient concentration of some nutrients, such as silica, may reﬂect reduced phytoplankton uptake rates coincident with the decline in diatom
abundance during the 1980s (Borkman and Smayda, 2009a). Topdown control was not supported as zooplankton dry weight (a proxy
of zooplankton abundance declined 83% during the period of chlorophyll decline (Smayda, unpublished). A long-term decline in mean annual incident irradiance (Io) has occurred in the Narragansett Bay
region, having declined 10% (from 170 to 155 W m− 2) during the
1959 to 1980 period (Smayda, 1984). Similarly, Nixon et al. (2009)
found winter irradiance (January–April) during the 37-year period
from 1959 to 1996 declined ca. 15% - from ca. 140 to 120 W m−2 for
the winter–spring bloom period (when the long-term seasonal decline
in chlorophyll was greatest; Li and Smayda, 1998). The winter decline in
irradiance was temperature related (Nixon et al., 2009). Irradiance during cold winters (typical of the 1960s) was ca. 15–20% greater than in
warm, cloudy winters typical of the 1990s (Borkman, 2002), a pattern
linked to variations in the North Atlantic Oscillation Index (Borkman
and Smayda, 2009a). The apparent long-term decline in incident irradiance (Io) is contrary to the trend of increasing in situ irradiance (I bar)
that occurred between 1983 to 1995 (Fig. 4). In situ irradiance is determined by the combined effects of incident irradiance (Io) and attenuation coefﬁcient. During the 1983 to 1995 period of rapid TSS decline,
there was no statistically signiﬁcant difference in incident irradiance.
We attribute the 28% increase in in situ irradiance to decreased light attenuation due to clearer water. The mean annual in situ light experienced by the phytoplankton in lower NBay, which is well-mixed
throughout the year (Hitchcock and Smayda, 1977), increased ~ 28%,
from 32 to 40 W m−2, in response to the 22% increase (2.7 to 3.3 m)
in mean Secchi depth observed during 1983–1995. This indicates the
long-term (1960s to present) decline in NBay in situ irradiance, on the
order of 10%, has been more than offset by the increase in lower Bay
water clarity that occurred during 1983–1995. This resulted in a net increase in in situ light experienced by the phytoplankton during that
period.
In situ light availability is an important regulator of temporal and
spatial variation in phytoplankton production and blooms, and strongly
linked to variations in water column turbidity (Hitchcock and Smayda,
1977; Cloern, 1987; Pennock and Sharp, 1994; Lancelot and Muylaert,
2011). For example, reduced in situ light levels limit the spatial distribution of Skeletonema blooms in Delaware Bay (Pennock and Sharp, 1994),
and variations in turbidity partially determined spatial and annual variations in phytoplankton biomass in Chesapeake Bay (Harding, 1994).
Initiation of winter–spring diatom blooms in NBay has been linked to attainment of an in situ mean irradiance threshold of 21 W m−2 threshold
(Hitchcock and Smayda, 1977). In addition to inﬂuencing population
processes like bloom distribution, turbidity through a reduction of in
situ light may also alter the cellular chlorophyll content of phytoplankton. A reduction in cellular chlorophyll in response to increased irradiance is a widespread trait across all functional groups of marine
phytoplankton (Prezelin and Alberte, 1978; Falkowski and Owens,
1980; Falkowski et al., 1981; Post et al., 1985; Geider et al., 1997).
S. costatum s.l., the diatom used in our TSS nitrogen-chlorophyll
model, exhibited a 2.5- to 18-fold decline in cellular chlorophyll, from
ca. 8–9 pg cell−1 to ca. 0.5–1.0 pg cell−1 in response to an irradiance increase from ca 0.5 Einstein m−2 day− 1 to ca 10 Einstein m−2 day− 1
(Langdon, 1987; Goericke and Montoya, 1998). Similarly, a decline in
chlorophyll content from 0.76 pg cell− 1 at low light
(0.15 mol photon m−2 h−1, 14:10 L:D cycle) to 0.39 pg cell−1 at high
light (2.2 mol photon m−2 h− 1, 14:10 L:D cycle) was observed in
Skeletonema spp. by Sakshaug and Andresen (1986). Anning et al.
(2000) observed a 50% reduction in Skeletonema cellular chlorophyll,
from 1 pg chl per cell to 0.5 pg chl per cell, in response to an increase
in irradiance from 50 to 1200 μmol photons m− 2 s−1. The diatom
Leptocylindrus danicus, abundant in NBay, displayed a ca. 4-fold decline
in chlorophyll (normalized to cell volume) in response to an irradiance
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increase from 6 to 41 W m−2 (Verity, 1981). Cellular chlorophyll quotas
vary at hourly to daily time scales (Post et al., 1985; Falkowski and
Raven, 1997), with both ‘shift-up’ responses (decrease in cell chlorophyll with increasing irradiance) and ‘shift-down’ responses (increase
in cell chlorophyll with decreasing irradiance). The physiological
‘shift-up’ response of decreased phytoplankton chlorophyll in response
to increased water clarity due to reductions in anthropogenic turbidity
is not usually considered in models of long-term chlorophyll change.
Our TSS-light-chlorophyll model suggests cellular chlorophyll
(pg chlorophyll cell−1) declined 17% in response to the increase in in
situ irradiance during 1983–1995, during a period in which ﬁeld data
showed a ca. 67% decline in chlorophyll concentration at the monitoring
station. Thus, the physiological response of a 17% decline in cell chlorophyll in response to increased in situ light may explain approximately
1.5 to 2.0 μg L−1 of the long-term chlorophyll decline (Fig. 5). While
the model results are simpliﬁed by being based solely on Skeletonema
physiology, the ﬁeld results most likely are complicated by changes in
the relative abundance of phytoplankton species (Karentz and
Smayda, 1984, 1998) not captured by the model.
Estuarine plankton populations are inﬂuenced by a combination of
long-term variation in climatic forcing and local forcing (Smayda,
1998). In Narragansett Bay, long-term patterns in phytoplankton biomass (Li and Smayda, 1998), variations in winter–spring bloom intensity (Keller et al. 1999) and the bloom patterns of dominant
phytoplankton (Skeletonema spp.; Borkman and Smayda 2009a) have
been related to variations in coupled atmosphere–ocean forcing in the
form of the NAO. However, the inﬂuence of regional climate variations
and climate change may be enhanced or dampened by local, often anthropogenic, changes in the planktonic habitat (Cottingham et al.,
2000; Cloern, 2001; Hallegraeff, 2010; Moss et al., 2011; Cloern and
Jassby, 2012). The decline in NBay TSS loading appears to have strengthened the long-term chlorophyll decline by increasing both water clarity
and in situ irradiance and inducing a physiological response resulting in
reduced chlorophyll per cell. The shift in model-estimated chlorophyll
per cell suggests that a transition from high (~0.52 pg chlorophyll cell−1)
to lower (~0.43 pg chlorophyll cell−1) occurred in about 1987 coincident with a drop in TSS loading (Fig. 1) and the ongoing long-term
warming trend (Cook et al., 1998; Oviatt, 2004; Nixon et al., 2009). In
freshwater systems, transitions from eutrophic, turbid water with abundant phytoplankton to oligotrophic, clear water with reduced phytoplankton abundance have been linked to temperature-modulated topdown (grazer) control (Scheffer et al., 2001). In NBay the coincident
warming trend, increased grazing (Keller et al., 1999; Sullivan et al.,
2001) and increasing water clarity may have combined to cause a transition to a reduced chlorophyll concentration state in lower NBay.
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but the discharge of WWTP suspended sediment particles was reduced
by ~ 67% during 1983–1995. Patterns of declining TSS loading and declining chlorophyll concentration were associated. The indirect effect
of increased in situ light and concomitant reduction in cellular chlorophyll content was an unexpected result of the TSS-reduction phase of
the ongoing oligotrophication (Borkman, 2002; Borkman and Smayda,
2009a, Nixon et al., 2009) of NBay.
Our analyses suggest that a reduction in waste water treatment
plant suspended sediment loading to the Bay had two effects on chlorophyll concentration. The ﬁrst was a maximum of ~0.5 μg L−1 reduction
of chlorophyll concentration due to the reduction in phytoplankton
growth from reduced nitrogen in wastewater treatment plant TSS. The
second effect is indirect, yet much larger. The 3.6 million tons per year
reduction in TSS particle loading into NBay that occurred between
1983 and 1995, and the concomitant increase in water clarity induced
a fundamental, physiologically-driven decline in phytoplankton cellular
chlorophyll content. This physiological change in response to increased
in situ irradiance explains ~1.5 μg L−1 of the long-term decline in lower
Bay chlorophyll. A notable ﬁnding is that the indirect, physiological effect of reduced cellular chlorophyll in response to increased water clarity, a ~1.0–1.5 μg L−1 decline in chlorophyll, was approximately 3-fold
greater than the maximum estimated direct effect (a ~0.5 μg L−1 d) of
reduced N from TSS. Our model and analyses suggest that the reduction
in TSS loading to NBay increased in situ light availability and resulted in
a physiological response of decreased cellular chlorophyll content that
has enhanced the climate-driven, long-term chlorophyll decline. The
TSS-reduction during the 1980s set the stage for later water quality improvements such as N-reduction, by reducing chlorophyll concentration. This response, combined with temperature-sensitive climatemediated changes, such as increased grazing (Keller et al., 1999;
Oviatt, 2004), appear to have resulted in an oligotrophication of lower
NBay during 1983–1995 characterized by reduction in chlorophyll
without an apparent decline in N loading or in situ N concentration.
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