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Abstract Anthropogenic nutrient enrichments and concerted
efforts at nutrient reductions, compounded with the influences
of climate change, are likely changing the net ecosystem pro-
duction (NEP) of our coastal systems. To quantify these chang-
es, scientists monitor a range of physical, chemical, and biolog-
ical parameters sampled at various frequencies. Water column
chlorophyll concentrations are arguably the most commonly
used indicator of net phytoplankton production, as well as a
coarse indicator of NEP.We compared parameters that estimate
production, including chlorophyll, across an experimental nu-
trient gradient and in situ in both well-mixed and stratified
estuarine environments. Data from an experiment conducted
in the early 1980s in mesocosms designed to replicate a well-
mixed mid-Narragansett Bay (Rhode Island) water column
were used to correlate changes in chlorophyll concentrations,
pH, dissolved oxygen (O2), dissolved inorganic nitrogen, phos-
phate, and silicate concentrations, cell counts, and 14C carbon

uptake measurements across a range of nutrient enrichments.
The pH, O2, nutrient, and cell count measurements reflected
seasonal cycles of spring blooms followed by late summer/
early fall respiration periods across nutrient enrichments.
Chlorophyll concentrations were more variable and rates of
14C productivity were inconsistent with observed trends in nu-
trient concentrations, pH, and O2 concentrations. Similar com-
parisons were made using data from a well-mixed lower
Narragansett Bay station and a more stratified upper
Narragansett Bay station in 2007 and 2008. Trends among
pH, O2, and nutrient concentration parameters were similar to
those observed in the mesocosm dataset, suggesting that con-
tinuous free water measurements of pH and O2 seem to reliably
reflect ecosystem metabolism and, while not perfect measures,
may be underused indicators of NEP.
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Introduction

Humans have had an indelible influence on coastal ecosystems,
with actions often resulting in eutrophication, which is the en-
hancement of gross primary productivity associated with an
increased supply of nutrients (Nixon 1995). Productivity is
the rate of production of a constituent (i.e., the amount of car-
bon or organic matter generated over a certain period of time),
while production is the stock of that constituent (e.g., the total
carbon or organic matter present at a given time, Cloern et al.
2014). As regulators andmanagers work to mitigate the flow of
nutrients to the coast, there are more and more examples of
ecosystems undergoing oligotrophication, where reductions in
nutrient supplies impact gross and net ecosystem production,
often in unexpected ways (e.g., Duarte et al. 2009; Nixon
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2009). For example, in Narragansett Bay, Rhode Island, where
nutrient inputs are dominated by point sources, all of the major
sewage treatment plants discharging to the estuary and associ-
ated tributaries have upgraded, or are in the process of
upgrading, to tertiary treatment (Krumholz 2012). Tertiary
treatment will reduce inputs of nitrogen (N), the primary limit-
ing nutrient in the estuary, from 16-20 to ≤8 mg l−1 (Krumholz
2012). As there is little historical context within which to eval-
uate the response of an ecosystem to nutrient reductions of this
magnitude, this is an opportunity to assess how nutrient reduc-
tions will impact food webs and water quality (e.g., Borja et al.
2010; Duarte et al. 2009; Kemp et al. 2009; Nixon et al. 2009).

Overprinted on the ecosystem response to changing nutrient
loads are the impacts of climate change, including rising sea
levels and warming waters (e.g., Sallenger et al. 2012; Yin et al.
2009) as well as other more subtle changes such as the increas-
ing frequency of large storms (Kunkel et al. 2013; Redmond
and Abatzoglou 2014) and ocean acidification (Zeebe 2012).
As researchers struggle to gauge the impacts of these changes
during an era of ever-tightening budgets, there is a need to
reassess how we measure and monitor changes in estuarine
production and determine which tools may yield reliable obser-
vations of future changes.

To understand the impacts of changing nutrient inputs and
climate on coastal ecosystems and food webs, scientists have
traditionally sought to characterize the amount and type (e.g.,
phytoplankton, macroalgae, seagrass, kelp) of primary produc-
tion in the ecosystem (e.g., Glibert et al. 2014; Greening et al.
2014). The abundance of primary producers is controlled by a
complex interplay of abiotic factors such as nutrient supply,
light, and temperature as well as by top-down grazing. It has
been generally demonstrated that increasing nutrient supplies
result in higher primary production, subsequently resulting in
higher secondary production (Nixon 1982; Nixon and Buckley
2002), at least up to a point (Breitburg et al. 2009a, b;
Oczkowski andNixon 2008). Coastal ecologists and ecosystem
managers, concerned with the response of ecosystem processes
to human influences, want to quantify and monitor these im-
pacts, typically by quantifying the base of the food chain: the
primary producers. Because food chains are dynamic, the phy-
toplankton present in the water column at any given time are
not the total population produced, rather those left after con-
sumption by higher trophic levels. Abundance measures do not
account for energy consumed via maintenance respiration. We
frame our subsequent discussions of water column productivity
using the following operational definitions:

NEP ¼ NPP–Rhetero ð1Þ

NPP ¼ GPP–Rauto ð2Þ

Where NEP is net ecosystem production, Rhetero is hetero-
trophic respiration, NPP is net primary production, GPP is

gross primary production, and Rauto is autotrophic respiration.
Specifically, this work compares and contrasts different
methods for estimating NEP. We acknowledge that there is
no direct or Bcorrect^ way of measuring NEP, NPP, or GPP;
thus there is no Bright answer^ against which to compare other
measures. The goal of this work is to identify the method best
suited to addressing the question: How do we monitor the net
ecosystem production of an estuary or coastal system in re-
sponse to large perturbations like major nutrient reductions?

There is a long history of developing methods and tech-
niques to measure primary production and respiration well-
documented elsewhere (for example, Williams et al. 2002).
In particular, work has focused on determining whether sys-
tems were net heterotrophic (consumption > production) or
autotrophic (production > consumption). The first efforts at
quantifying net ecosystem productivity (the rate of produc-
tion), were based on measures of dissolved oxygen (O2) made
via discrete water collection and subsequent Winkler titration
(Clesceri et al. 1990; Winkler 1888). By quantifying O2 con-
centration changes between dawn and dusk measurements,
the net amount of productivity could be estimated, with the
difference between dusk and dawn yielding an estimate of
respiration. The advent of Steeman Nielsen’s 14C method, in
which radioactive carbon uptake by phytoplankton was direct-
ly measured, was widely considered a major breakthrough as
the high sensitivity of the method allowed for the quantifica-
tion of production in oligotrophic (low productivity) systems.
However, the question of whether net (productivity–respira-
tion) or gross productivity (total productivity) was measured
has been a source of some discussion (Cloern et al. 2014;
Marra 2009; Peterson 1980). The 14C method for quantifying
productivity rates is still widely used, with data feeding into
ecological models such as the light·biomass (BZI) models
(e.g., Brush and Brawley 2009; Cole and Cloern 1984).

Primary production is also estimated using measures of
chlorophyll concentrations via two methods; discrete mea-
surement using a fluorometer (DOE 1994) and via probes,
which measure in situ water column fluorescence (e.g.,
Stoffel and Kiernan 2009). When using total chlorophyll con-
tent in a unit of water as a means to assess NPP, a representa-
tive chlorophyll/carbon ratio is assumed (i.e., Eppley 1968;
Ryther and Yentsch 1958; Williams and Murdoch 1966).
Neither fluorescence-based measurements nor the 14C method
account for phytoplankton consumed by zooplankton nor the
contributions from other primary producers including
macroalgae, seagrass, and kelp. Finally, some scientists have
adapted H.T. Odum’s open water method for measuring net
production using data-logging oxygen probes (e.g., Caffrey
2004; Caffrey et al. 2014; Howarth et al. 2014; Mortazavi
et al. 2012).

With researchers using different measures of production
and productivity—often interchangeably—across a wide
range of coastal systems and under increasing pressure to
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monitor, model, and characterize these systems, it is important
to periodically reassess these measures and what they tell us.
While there has already been some thoughtful comparison
among measures of NEP, such comparisons focus on some,
but not all, of the measures discussed here (e.g., Alvarez-
Fernandez and Riegman 2014; Bender et al. 1987; Howarth
and Michaels 2000). Given an increasing need to use pre-
existing data to support models and decision support tools
designed to predict future production, we believe that a re-
evaluation of commonly used production measures is impor-
tant. While conducted more than 30 years ago, data from the
Marine Ecosystems Research Laboratory (MERL) experi-
ments provide the opportunity for such a comparison across
a wide range of nutrient enrichment. Observations from
MERL were consistent with available water quality data col-
lected in 2007 and 2008 in nearby Narragansett Bay, Rhode
Island. We suggest that free water pH and O2 methods should
be employed more frequently in assessments of coastal pro-
duction and respiration, whether as high-frequency measures
of net production or as baseline information from which to
compare different aspects of production, such as chlorophyll
concentrations, cell counts, or 14C incubations.

Methods

MERL Mesocosm Experiment (1981–1983)

The MERL nutrient enrichment experiment was carried out
from 1 June 1981 to 26 September 1983 in a series of fiber-
glass mesocosms designed to replicate the mid-Narragansett
Bay water column. This experiment is described in detail in
Frithsen et al. (1985a, b) and Nixon et al. (2015). The
mesocosms were 1.83 m in diameter and contained a 5-m
water column and 0.37m of intact benthic sediments collected
from the nearby bay. Estuarine water was pumped into each
tank at a rate designed to mimic the long-term mean residence
time of the adjacent bay (27 days; Pilson 1985). Three
mesocosms served as controls while the remaining six were
treated with incrementally increasing amounts of inorganic
nitrogen (N), phosphorous (P), and silica (Si) in a ratio of
12.80 N:1.00 P:0.91 Si; the ratio was based on measured sew-
age effluent (Nixon 1981). The lowest level of nutrient enrich-
ment (1X mesocosm) was meant to approximate the daily,
areal-weighted input of nutrients into the entire Narragansett
Bay from sewage and runoff (Frithsen et al. 1985a). In the 1X
mesocosm 7.57 mmol of N, 0.591 mmol of P, and 0.54 mmol
of Si were added daily. The 2X mesocosm received double
this amount and the 4X mesocosm, quadruple. While there
were some additional mesocosms that underwent even more
extreme enrichment as part of this experiment, they are not
included in this manuscript as only the control (C), 1X, 2X,

and 4X mesocosms spanned the feasible range of nutrient
inputs to this ecosystem (as based on Nixon et al. 2008).

Measurements of water column nitrate + nitrite (NO3 +
NO2), ammonia (NH3), phosphate (PO4), and dissolved silica
(DSi) were made weekly, during a mixing cycle, with a
Technicon Autoanalyzer and following the methods of
Solorzano (1969), Wood et al. (1967), Hager et al. (1972) and
Brewer and Riley (1965) (Table 1). Samples for chlorophyll-a
(subsequently referred to as chlorophyll) were also collected on
the same day as water samples for nutrient analysis and ana-
lyzed using the method outlined in Yentsch andMenzel (1963),
as modified by Lorenzen (1966). Diel measures of oxygen and
pH were made weekly following a dawn-dusk-dawn cycle.
Oxygen was measured via the Winkler method (Carritt and
Carpenter 1966) and estimates of daily system production were
made from the oxygen measurements and were corrected for
diffusive flux (Frithsen et al. 1985a). To compare dawn-dusk-
dawn measures of productivity and respiration to 14C-based
rate measures, they were converted to carbon units
(g C m−2 day−1) using a photosynthetic quotient of 1.2 and
respiratory quotient of 1.1. These values were based on com-
parisons from this dataset (Oviatt et al. 1986b).

The pH values were measured using an Orion Ross com-
bination electrode and a Beckman Model 71 m. All of the pH
data presented in this manuscript are given in the National
Bureau of Standards scale (or pHNBS). Working buffers (pH
4, 7, and 9, all ±0.02) for standardization were made monthly
and placed in a water bath set at the temperature of the
mesocosms. A check of the electrode was done before each
measurement in a pH 7 buffer. To quantify the potential influ-
ence of water temperature on pH values, alkalinity, ambient
pH, salinity, and in situ temperature data were input to the
CO2SYS program (Lewis and Wallace 1998) to calculate dis-
solved inorganic carbon (DIC) concentrations. These DIC
concentrations, together with the original alkalinity and salin-
ity values, were re-input to CO2SYS in order to derive the pH
at 12 °C for all mesocosm treatments.

The 14C incubations were conducted on alternate weeks to
O2 and pH sampling and methods were based on Steemann-
Nielsen (1952). Water samples were collected, zooplankton
filtered out using a 200-μm mesh, and samples were treated
with radioactive carbon (14C). Bottles were suspended at five
depths (0.1, 0.5, 1, 2.5, and 4.5 m) in each mesocosm from
10:00 hours to 16:00 hours (Keller 1986). Hourly production
per square meter of surface water was calculated by following
Strickland and Parsons (1972) (Table 1) where hourlymeasures
of 14C uptake were converted to daily estimates using parame-
ters derived from a photosynthesis-light (P-I) curve (Keller
1986). Light data available in Frithsen et al. (1985b) indicated
that the mean 1 % light level ranged from 4.17±0.70 m in the
control mesocosm to 2.98±0.60 m in the 4X treatment. Given
that the water column was 5 m, growth from benthic primary
producers was not considered.
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Weekly water samples were collected to determine phyto-
plankton species composition. Equal volumes of water were
drawn from surface, mid, and bottom depths and combined.
Samples were size fractionated into cell sizes greater and less
than 10 μm. The <10 μm portion was counted live using a
Fuchs-Rosenthal hemocytometer (Oviatt et al. 1989).

Narragansett Bay Data (2007–2008)

High-frequency pH, dissolved oxygen, and chlorophyll data
were available from the University of Rhode Island’s Graduate
School of Oceanography (GSO at 41° 29.535′ N, 71° 25.137′
W) for 2007 and 2008 (Table 1). The quality assurance plan
describing the sensors used is available online (QAPP
NBFSMN 2014). During these years, some 14C and discrete
chlorophyll concentration data were also available (NBFSMN
2014; Smith 2011). Fifteen-minute measurements of pH, dis-
solved oxygen, and chlorophyll were used to create daily aver-
age values (measurement details are available at NBFSMN

2014). Water samples were collected 1 m below the surface
and at the depth of the chlorophyll maximum for chlorophyll
and 14C analysis. Details of the 14C uptake measurements are
described in Smith (2011). For chlorophyll analysis, water was
filtered through glass fiber filters and the filters were subsequent-
ly extracted in a 90 % acetone solution for 24 h and analyzed on
a Turner 10-AU fluorometer.Weekly nutrient concentration (dis-
solved inorganic nitrogen (DIN), PO4, DSi) data were collected
at the surface (MERL 2015).

To assess a more stratified water column, high-frequency
pH, O2, and chlorophyll (as fluorescence) data from the sum-
mers of 2007 (May 24 to Dec 5) and 2008 (May 8 to Nov 9)
from the Providence-Seekonk River Estuary (Bullock Reach
buoy at 41° 44.434′ N, 71° 22.480′ W) were examined
(NBFSMN 2014) (Table 1). As described earlier, 15-min mea-
surements were used to create daily averages. Surface and bot-
tom data (~7-m deep and 1 m above the sediment) were avail-
able and presented separately. Nutrient concentrations were
measured twice a month at the Bullock Reach buoy by the

Table 1 A list of parameters measured as part of theMarine Ecosystem
Research Laboratory (MERL) nutrient enrichment experiment as well as
those measured at two locations in Narragansett Bay in 2007 and 2008.
Sampling frequency and sampling location within the water column are
also given. Nutrient measurements include dissolved inorganic nitrogen

(DIN), phosphate (PO4), and dissolved silica (DSi). The final column
represents our best estimate of what these different parameters are actu-
ally measuring, albeit net ecosystem production (NEP), net primary pro-
duction (NPP), or gross primary production (GPP)

Measurement Frequency Water column position Production measurea

MERL nutrient enrichment experiment (1981–1983)

nutrients weekly surface NEP

chlorophyll weekly surface NEPb

oxygen weekly surface NEPc

pHNBS weekly surface NEP
14C alternate weeks bottles suspended at 5 depths NPP, GPPd

cell counts weekly mix of surface, mid, and bottom NEPb

Lower Narragansett Bay station (2007–2008)

pHNBS 15 min surface NEP

oxygen 15 min surface NEP

fluorescence (chlorophyll) 15 min surface NEPb

chlorophyll monthlye 1 m below surface and at chlorophyll maximum NEPb

14C monthlye 1 m below surface and at chlorophyll maximum NPP, GPPd

nutrients weekly surface NEP

Providence-Seekonk River estuary station (May–Dec. 2007 & May–Nov. 2008)

pHNBS 15 min surface, bottom NEP

oxygen 15 min surface, bottom NEP

fluorescence (chlorophyll) 15 min surface, bottom NEPb

nutrients ∼twice monthly surface, bottom NEP

a Samples were not necessarily collected for this purpose
b For phytoplankton component of production only
cWhile oxygen concentration data were measured, they were used to calculate rates of productivity, both are presented in this study
d These measures represent productivity, not production
e Twice monthly from May through August. Sampling ended in August 2008
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Narragansett Bay Commission (NBC 2016). In this dataset,
multiple DIN and PO4 results were censored due to the original
result falling below the detection limit.

Statistics

Statistical correlation analyses were performed using SAS 9.2
and NCSS9 software. For the analyses, only MERL
mesocosm O2 and pH results from the first dawn measure-
ments were used. All other MERL and Narragansett Bay re-
sults were used as reported in the analyses, with the exception
of one MERL 2X mesocosm chlorophyll data point and one
Narragansett Bay silica data point. In these two cases, the
results deviated strongly from the neighboring results, even
in the context of seasonality and appear to be transcription
errors. While no explanation could be identified for the un-
usual results, a sensitivity analysis indicated that removing
these two results did not affect the statistical significance of
any correlations.

Associations between nutrients and production parame-
ters in the MERL and GSO data were assessed using
Pearson product moment correlations, with statistical sig-
nificance assessed at the 95 % confidence level. The dis-
tributions of the results were tested for normality using
both statistical and graphical methodologies. In order to
meet the assumption of normality for the Pearson product
moment correlation, fluorescence, chlorophyll, DIN, and
14C results from the Narragansett Bay dataset, and the chlo-
rophyll and phytoplankton counts from the MERL dataset,
were log (base 10) transformed prior to performing any
analyses. For the Narragansett Bay Bullock Reach data,
due to a higher frequency of non-detects among the DIN
and orthophosphate measurements, the non-parametric
Spearman Rank correlation was used instead of the para-
metric Person correlations.

To assess whether any associations between nutrients
and production parameters occurred after a time lag, cross-
correlation analyses were performed for the MERL and
Narragansett Bay data (GSO and Bullock Reach; Fig. 1).
Analyses were based on calculated weekly mean concentra-
tions to enable evaluating all parameters using a consistent
time interval despite the differing sample collection/
analysis frequencies. As 14C and cell counts were measured
less frequently, these data were included and analyzed as
monthly means. To minimize the effect of seasonality on
the non-zero lags, data were modeled using seasonal
AR(1) time series models, with first differencing (Box and
Jenkins 1976), in which a model was fit to each variable that
described the seasonal variation of the data, but not any
other increasing, decreasing, or other non-seasonal trends.
Therefore, model residuals correspond to the results after
the seasonal component has been removed, but still includ-
ed any other patterns found in the original results, including

interrelationships across variables. As a result, the correla-
tions at non-zero lags would not be biased by the concur-
rence of the seasonal cycles of the two variables.

In addition to evaluating the nutrients and physical parame-
ters individually, multiple regression models were fit to com-
pare the overall association between chlorophyll concentrations
for MERL (fluorescence for GSO) and nutrients, pH, and O2.
For each data set, a full regression model was fit with
chlorophyll/fluorescence as the dependent variable and individ-
ual nutrients (including all possible two-way and three-way
interactions) as independent variables. A second model was
fit using O2, pH, and its interaction term as independent vari-
ables. The adjusted R-squared value was determined in each
case as it estimates the total variability of the productivity pa-
rameter explained by the independent variables. The adjusted
R-squared value does not automatically increase with each ad-
ditional independent variable added to the model, allowing for
more direct comparisons. An adjusted R-squared value gener-
ated using the O2/pH model that was comparable to the R-
squared value generated using the nutrient model would indi-
cate that a similar amount of predictive information could be
obtained using O2/pH. To avoid bias, only sampling events for
which results were obtained for all nutrients and physical pa-
rameters were included in this assessment. All transformations
used for the regression models were the same as those used for
the correlation analyses. However, because only 16 days from
the Bullock’s Reach sampling included all parameters, which
would likely result in model over-fitting when including all
nutrients and interaction terms were included, these data were
excluded from the analysis.

Results

MERL Mesocosms

Inorganic Measurements

Across the range of nutrient enrichment (C to 4X), seasonal
variations in pH and O2 were consistent with the well-
established seasonal patterns of phytoplankton biomass in the
bay (e.g., Oviatt et al. 1986a), which were largely based on
observations of cell abundances and chlorophyll concentrations
and supported by inverse relationships with nutrient concentra-
tions. Narragansett Bay was characterized by a spring bloom of
diatoms that, at least up until the early 1980s when these ex-
periments were conducted (e.g., Nixon et al. 2009), occurred in
late February/early March (Keller and Riebesell 1989; Pratt
1965). The pH and O2 measurements closely correlated with
one another (p< 0.0001 and correlations factors >0.9;
Table S1, Figs. 2 and 3), indicating that the inhaling
and exhaling of the mesocosms were linked. Highest
pH values and O2 concentrations occurred in February
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and March in both 1982 and 1983 (Fig. 2). The reverse
was true during periods of presumed low production
and/or respiration in the late summer and fall.

When the pH and O2 values were greatest, concentrations of
DIN, PO4, and DSi were low (Fig. 2). There was a significant
negative correlation between nutrient levels, particularly DSi,
and both pH and O2 and, in general, the strength of this corre-
lation increased with level of enrichment (Table S1). The sea-
sonality that characterized the pH and O2 data was also
reflected in the nutrient data, in which nutrient concentrations
were drawn down to values close to zero in the winter, starting
in January, and concentrations only rose again beginning in the
late summer and early fall, when respiration presumably
exceeded production. Nutrient concentrations remained high
until another spring bloom appeared (Oviatt et al. 1986a;
Pratt 1965).

Biotic Measurements

Chlorophyll concentrations reflected the mesocosm enrich-
ments, ranging from 0.9 to 22.4 mg l−1 in the control, 0.8 to
58.2 mg l−1 in the 1X, 0 to 80.3 mg l−1 in the 2X, and 1.7 to
112.8 mg l−1 in the 4X mesocosms. Chlorophyll concen-
trations were significantly (p< 0.0001) in phase with pH
and O2, and increases in chlorophyll concentrations were
associated with a decline in nutrient concentrations
(p< 0.0001, with the exception of chlorophyll and DSi in
the control tank, where p= 0.01) (Table S1, Fig. 4). While
the highest chlorophyll concentrations corresponded to
peaks in pH and O2, the chlorophyll data were more vari-
able during the bloom periods. Chlorophyll concentrations
greater than 15–20 mg l−1 were always associated with
periods of high production according to measurements of

Fig. 1 Map of Narragansett Bay
showing the locations of the
MERL Mesocosm experiments
(at the GSO Dock) and the mid
and upper Narragansett Bay
monitoring stations (GSO Dock
and Bullock Reach, respectively).
Darker shaded land areas
indicate developed landscapes
and lighter shaded areas indicate
undeveloped regions
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pH, O2, and nutrients, but the chlorophyll measurements
within those periods varied widely, for example ranging
>100 mg l−1 in the 4X tank during a bloom (Fig. 4).

In all of the mesocosms, cell counts ranged over four orders
of magnitude per 1 ml of water. The phytoplankton popula-
tions across all mesocosms, particularly during the winter-
spring blooms, were largely composed of diatoms, specifical-
ly Skeletonema spp. which was consistent with the adjacent
Narragansett Bay at that time (Frithsen et al. 1985b; Nixon

et al. 2009; Pratt 1965). There were statistically significant
correlations between cell counts and all other parameters in
the 2X and 4X mesocosms (Fig. 5, Table S1); however, cell
counts were often not significantly correlated to pH, O2, and
DSi in the C and 1X mesocosms. Overall, however, species
composition was similar across treatments, particularly during
bloom periods (Frithsen et al. 1985b; Oviatt et al. 1986a).

Measurements of 14C-based rates of carbon uptake did not
begin until July 1982, or roughly halfway through the MERL
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experiment. Because of this, we did not include those data in
our correlation analyses and discuss only our observations
(Fig. 5). We also considered them in the context of the estimat-
ed rates of daily system production and respiration that were
based on the dawn-dusk-dawn oxygen measurements (Fig. 6).

A Case Study of Narragansett Bay

The Well-Mixed Water Column

To determine whether our observations from the MERL
mesocosms were still relevant in a contemporary well-mixed
water column (mid-Narragansett Bay is either well mixed or
very weakly stratified and the lower bay is well mixed)
(Spaulding and Swanson 2008), we compiled a dataset for
2 years (2007 and 2008) from adjacent Narragansett Bay as
pH, O2, nutrients,

14C, and both discrete measurements of
chlorophyll and fluorescence data were available, albeit at
different sampling frequencies (Fig. 7). The weekly mean
pH and O2 were most closely correlated to one another
(p<0.0001, correlation factor = 0.776), and both were also
significantly and negatively correlated with nutrient concen-
trations (pH vs. fluorescence: p=0.001, pH vs. all other nutri-
ents: p<0.0001, O2 vs. PO4 and DSi: p<0.0001, and O2 vs.
DIN: p=0.002) (Table S2). In contrast, O2 and fluorescence
data were not significantly correlated over the 2 years. As the
discrete chlorophyll and 14C data were obtained less frequent-
ly, they were compared to the other parameters using monthly

bins (Table S3) because nutrient and discrete chlorophyll sam-
pling were intended to represent the conditions for the month
and not just the specific day that was sampled. Reassuringly,
discrete chlorophyll measurements were most closely corre-
lated with in situ fluorescence (correlation factor = 0.749,
p=0.0001). But the only other significant correlation was with
DIN (−0.527, p=0.0171) (Table S3).

While there were stronger correlations between the 14C
measurements and the other parameters, these correlations
were opposite of the expected direction. The 14C data were
negatively correlated with pH (correlation factor =−0.615,
p=0.0039) and O2 (−0.691, p=0.0008), but positively corre-
lated with PO4 (0.465, p=0.0389) and DSi (0.567, p=0.0092)
(Table S3). The amount of 14C uptake by phytoplankton
should be greatest when production is greatest, as there would
be more cells to take up the carbon. Productive periods, such
as a phytoplankton bloom, should result in more dissolved
inorganic carbon removal (and associated increases in partic-
ulate 14C retention and pH) and more water column O2. While
pH and O2 were consistent with the patterns observed in the
larger dataset, the 14C data were not.

Bullock Reach, a More Stratified Water Column

At Bullock Reach, in upper Narragansett Bay, both pH and O2

data were available for surface and bottom depths (~6.5 m from
bottom) for the 2007 and 2008 growing seasons (Fig. 8). In
both years, there was a clear decoupling of surface and bottom
data in the summer months (roughly June through September)
and a reconvergence of values later in the fall. When surface
and bottom O2 and pH data were plotted against one another,
there was a linear trend similar to those observed in the MERL
experiments and in the lower bay, but the stratification was
evident (Fig. 9). In general, the lowest pH and O2 values were
associated with summer bottom waters and highest pH and O2

with summer surface waters. The mid-range points that over-
lapped tended to be spring and fall data.

The pH, O2, and chlorophyll (as fluorescence) data were
highly correlated (p<0.0001, Table S4). While both the DIN
and PO4 were correlated to pH (p=0.017 and p=0.003), only
DIN was significantly correlated to chlorophyll concentrations
(p=0.008) and neither nutrient was correlated to O2. Of course,
the strength of these relationships (or lack thereof) may be
influenced, at least in part, by the much smaller number of
discretely collected nutrient samples compared to the buoy data
(n=17 vs. n≥300, respectively). However, there were enough
nutrient samples to observe that DIN concentrations were lower
in the summer than they were in the spring and early fall. The
highest DIN concentrations observed at this upper bay station
were akin to those from the 2X tank of the MERLmesocosms.
Like the 2X tank, concentrations dropped close to zero in the
summer, when the system is considered most productive, and
rose back up in the late fall (Oviatt et al. 1986a) (Fig. 8).
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Multiple Regression Models

The adjusted R-squared values obtained from the physical pa-
rameter and nutrient models ranged between 27.4 % (for the

GSO fluorescence) and 60.4 % (MERL 4X chlorophyll)
(Table S5). The adjusted R-squared values calculated using the
nutrient models ranged between 27.4 % (GSO fluorescence) and
66.4 % (MERL 2X chlorophyll). For chlorophyll, the nutrients
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explained a greater proportion of observed variability in the 1X
and 2X tanks, and a smaller proportion of the observed variability
in the control and 4X tanks. For the GSO data, both the nutrients
and physical parameters were relatively poor predictors of fluo-
rescence, with both yielding R-squared values less than 30 %.

Discussion

Observations from the MERL Mesocosms

The range in pH was quite wide across the mesocosm enrich-
ments, from about 7.5 to 9.2, which is similar to lower
Narragansett Bay, where pH typically ranges from about 7.6
to 8.6 over the course of a year (Hinga 1992). For perspective,
pH in the open ocean typically varies <0.1 (e.g., Duarte et al.
2013; Hoffman et al. 2011). In each of the experimental
mesocosms, the pH values covaried with O2 (Table S1,
Fig. 3), a relationship which has been well-documented else-
where (e.g., Wallace et al. 2014). Seawater pH is primarily
controlled by the components of the CO2 system (collectively
known as DIC) in seawater, although temperature and salinity
also influence pH (Pilson 1998). Photosynthesis reduces CO2,
increasing the pH of the water column in estuarine areas of
high NEP. Inputs of CO2, such as those released into the water
column during the consumption of organic matter through
respiration, and possibly via anthropogenic CO2 contributions
associated with climate change, cause a decline in pH. In
productive coastal systems, DIC concentrations are largely
driven by production and/or respiration of the ecosystem
(Duarte et al. 2009). Additionally, the pH is influenced by
changes in temperature and salinity. The impacts of all of these
factors are difficult to separate out, but appear to be less than
that of production and respiration (Nixon et al. 2015). While
the impacts of ocean acidification are difficult to discern, giv-
en the dynamic range of pH, the decline in pH in surface ocean
waters attributable to acidification is on the order of 0.1
(Hoffman et al. 2011). Salinity ranges in the mesocosms
(and Lower Narragansett Bay) are quite narrow, from 26 to
33, while seasonal water temperatures span a much broader
range, generally from 0 to 23 °C (Fulweiler et al. 2015;
NBFSMN 2014); however, this wide ranging temperature
has a fairly minor impact on pH values. To assess how much
of the observed pH variation could be attributable to seasonal
shifts in temperature, we calculated the pH at 12 °C for our
dataset (according to Nixon et al. 2015) and found that the
difference between the in situ pH and the pH at the constant
temperature was generally <0.15 (the maximum difference
was, for two data points, 0.17, calculated via Lewis and
Wallace 1998).

Despite having a faster rate of air-sea gas exchange, the O2

concentration data reflect the same metabolic trends.
Dissolved oxygen is released during production and con-
sumed as organic matter is broken down by microorganisms.
Of course, an estuary is not a closed system and pH and O2

values can be influenced by exchange with other water bodies
(advection) and the atmosphere (Hoffman et al. 2011; Kemp
and Testa 2011; Nixon et al. 2015) and, as recent work has
demonstrated, can vary substantially over the course of a day
(Howarth et al. 2014). These exchange rates vary with factors
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like temperature, wind speed, surface films, rain, bottom-
generated turbulence, surface turbulence, turbidity, and fetch.
The parameterization of exchange rates varies significantly in
the literature (e.g., Abril et al. 2009; Borges et al. 2004; Ho
et al. 2011; Raymond and Cole 2001; Zappa et al. 2007). In
the case of the MERL experiments, the lip of the mesocosms
further decreased air-sea gas exchange rates by protecting the
water surface from the full impact of the wind. The boundary
layer thickness in the mesocosms (560±90 μm) was more
than three times thicker than Narragansett Bay (60–180 μM
whenwinds were 1.8–3.3 m s−1; Bopp et al. 1981; Nixon et al.
1980). The air-sea fluxes of O2 and CO2 are also often depen-
dent on estuarine and landscape geomorphology, where the
rate of flux is influenced by water depth and exposure. For
example, in two shallow (<1.5 m depth) estuaries near
Waquoit Bay, MA, calculated air-sea fluxes accounted for
between 5 and 50 % of the apparent daytime production in
the summer (Kremer et al. 2003). Another study of 22 estuar-
ies estimated that fluxes were greater in shallow water, ac-
counting for about 25 % of the oxygen flux in waters 1-m
deep, but less than 5 % of the flux in 8-m deep waters
(Caffrey 2004). The water column in the MERL mesocosms
was 5-m deep (Frithsen et al. 1985a). Considering the much
slower exchange rate of CO2, the close agreement between pH
and O2 suggests that the effects of air-sea fluxes in and out of
the mesocosms were relatively minor.

Considering the internal consistency of the nutrient, O2, and
pH datasets, we found it surprising that the chlorophyll data
during periods of peak production were so variable, although
others have shown chlorophyll-a to be a weak indicator of
phytoplankton biomass (e.g., Alvarez-Fernandez and
Riegman 2014; Kruskopf and Flynn 2006). Overall, if we ac-
cept that nutrient concentrations, pH, and O2 values tracked
NEP in theMERLmesocosms, then chlorophyll measurements

made via discrete water sample collections were able to detect
periods of high production, but depending on sampling fre-
quency and timing, may have failed to capture or reflect the
full bloom period (Figs. 3 and 4). Cell counts were undertaken
to identify which species of phytoplankton were present and to
measure their relative abundances; these counts were not made
with the intent to assess net production, but rather to character-
ize the phytoplankton community. Counts were highly corre-
lated to all of the other parameters in the more enriched 2X and
4X mesocosms (Table S1). Correlations were not as strong in
the C and 1X mesocosms, suggesting that lower density popu-
lations were more difficult to characterize based on the weekly
sampling. However, at the higher levels of nutrient enrichment,
both chlorophyll concentrations and cell counts were highly
correlated to the other parameters.

The 14C measurements are much more challenging to in-
terpret, as determining exactly what the measurement repre-
sents is complicated in itself (Peterson 1980). Because the
zooplankton, or at least a portion of the zooplankton, is filtered
out of the samples, 14C uptake rates reflect a combination of
net and gross phytoplankton production (Cloern et al. 2014;
Peterson 1980; Oviatt et al. 1986b). For context, weekly mea-
surements of dawn-dusk-dawn oxygen concentrations were
used to calculate rates of daily productivity (dawn to dusk)
and respiration (dusk to dawn) (Frithsen et al. 1985a).
Established photosynthetic and respiratory quotients (1.2 and
1.1) were used to convert from oxygen to carbon, so values
could be compared to the 14C dataset (Oviatt et al. 1986b). The
oxygen-based measurements represent system apparent pro-
ductivity (SAP) or the net productivity of the whole
mesocosm (e.g., Nixon et al. 1986). While scrubbed frequent-
ly (approximately weekly), growth on the sides of the
mesocosms accounted for about 10 % of the total production
(Oviatt et al. 1986b). The 14C uptake rates reflect carbon up-
take by phytoplankton in the absence of grazers, the SAP
measurements, like the O2 concentrations, reflect the whole
mesocosm. This may explain why the ranges of rates for net
productivity and respiration are greater in the oxygen-based
measurements across all of the treatments (Fig. 6). These
ranges increased with nutrient enrichment, indicating that the
mesocosms had a high production efficiency (Cloern et al.
2014). Overall, a distinction should be made between daily
or seasonal differences in the amount of primary producers
present in the water column (stock) and the quantification of
the rate at which these changes occur. These measures provide
two different pieces of information.

Results from theMERL experiments suggest that, while 14C
may be a preferred method for estimating net daily productivity
by phytoplankton, periodic discrete 14C measurements do not
sensitively track shifts in whole system production over month-
ly or seasonal periods, particularly when compared to pH and
O2 concentration measurements (Figs. 2 and 5). In the case of
the MERL nutrient enrichment experiment, the highest rates of
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14C uptake did not coincide with the 1983 spring bloom, when
there were more phytoplankton in the water column (Fig. 5).
Rates of 14C uptake appeared greater during periods presumed
to have high respiration (and lower production) than they did
during periods with high pH, O2 concentrations, and chloro-
phyll. This apparent poor relationship may not be especially
surprising as 14C measures phytoplankton productivity and au-
totrophic respiration as the rate of radioactive carbon uptake by
a subsample of the phytoplankton population (in the absence of
larger zooplankton) over a specific interval of time (often a
day). Growth rates and associated carbon fixation vary with
nutrient availability, temperature, species composition, and
growth phase of the phytoplankton (e.g., Halsey et al. 2010;
López-Sandoval et al. 2014) and the accuracy could be influ-
enced by methodological factors (e.g., Cloern et al. 2014) We
further speculate that, during bloom periods, the growth of the
phytoplankton could have been nutrient limited in the non-
mixed bottles. This is in contrast to changes in pH, O2, and
nutrient concentrations, which respond to the overall net water
column processes, including the activities of all producers and
consumers (Fig. 5). Carbon uptake rates (as 14C) typically are
integrated throughout the water column, using dissipating light
curves, and the information resulting from this method is often
used to assess phytoplankton dynamics (e.g., Nixon et al. 2009;
Oviatt et al. 2002), including in the establishment of photosyn-
thetic quotients, which allows the conversion between units of
carbon and oxygen (e.g., Smith et al. 2012). This method was
never intended to monitor net ecosystem changes (or NEP) at
weekly to seasonal timescales, and it has been successfully
used to compare mean annual NEP both within (Oviatt et al.
2002) and across systems (Cloern et al. 2014). While phyto-
plankton growth and subsequent 14C uptake rates may be lim-
ited by nutrient availability during bloom periods, depending
on the method used, the impact of these underestimates could
be dampened when considering annual averages of 14C-based
productivity. Overall, we suggest that what is actually mea-
sured is production potential, i.e., the potential growth rate of
phytoplankton in idealized conditions (absence of predators,
physical forcing held constant), under fixed nutrient conditions.

Narragansett Bay, 2007–2008

To assess how representative the observations from theMERL
mesocosms were to a modern water column, we repeated our
analyses with data from the lower west passage of
Narragansett Bay, just offshore of the mesocosms location,
25 years after the nutrient enrichment experiment was con-
ducted. During the intervening decades, significant changes
in the Bay and its ecosystem have been documented as the
result of climate change and management practices (e.g.,
Fulweiler et al. 2015; Smith et al. 2010). Nixon et al. (2009
and references therein) synthesized the plankton dynamics in
the lower bay and associated phenological changes over the

past 50+ years, and observed changes in species composition
and abundance, particularly in the summer months. There has
been a shift from winter-spring Skeletonema spp. blooms, like
those observed in the MERL dataset, and smaller summer
flagellate blooms, to a smaller or absent winter-spring bloom
and much larger summer blooms of diatoms, including
Skeletonema spp. (Borkman 2002; Nixon et al. 2009). These
changes among and across years are important to document,
especially in the context of climate change and the recent
nutrient reductions to Narragansett Bay (Krumholz 2012;
Smith et al. 2010). The complexities of these co-occurring
impacts highlight the need for an assessment of not just
high-resolution net productivity fluxes or production esti-
mates, but other measures such as continued cell counts, phy-
toplankton species identification and rates of 14C uptake,
which could change with species composition or nutrient
availability.

Overall, the correlations observed among parameters in the
MERL mesocosms held for the more modern water column
(Fig. 7). pH and O2 trended similarly and were highly corre-
lated with one another. This was consistent with observations
for other northeast estuaries, including Narragansett Bay in the
summer of 2013 (Wallace et al. 2014). Both of these parame-
ters were also significantly inversely correlated with nutrients
(Table S2). In situ fluorescence-based chlorophyll measure-
ments were only weakly correlated to pH, were not signifi-
cantly correlated to O2, but were well correlated with discrete
chlorophyll measurements (Table S2). In 2008, the 14C carbon
uptake measurements were particularly inconsistent and diffi-
cult to interpret, where rates were lowest during the traditional
winter spring bloom period and greatest in the summer and
early fall, when all other parameters indicated low production
and high respiration (Fig. 7, Table S3).

An Example from a More Stratified Water Column

The MERL mesocosms were designed to be vertically well-
mixed in order to replicate the well-mixed lower and mid-
Narragansett Bay. However, it is useful to assess our observa-
tions (and generalizations) from a well-mixed water column in
the context of a more stratified system, to see how decoupled
production and respiration compare. The upper portion of the
bay, and in particular the Providence-Seekonk River Estuary,
has a more traditional density-driven estuarine circulation and
is stratified during the summer growing season (Spaulding
and Swanson 2008). This stratification is one of the many
factors contributing to low oxygen bottom waters in the sum-
mer (Bergondo et al. 2005; Codiga et al. 2009; Spaulding and
Swanson 2008). Seasonal hypoxia has been a cause for great
concern throughout the region, and provided the impetus to
upgrade all the major sewage treatment plants to tertiary treat-
ment (N removal; RIDEM 2005).
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The summer stratification is clearly reflected in both the pH
and O2 data, particularly in 2008, with the water column
appearing more well-mixed after about October in both years
as surface and bottom values overlap (Fig. 8). These data
support the well-documented observation of summer net pro-
duction in the surface waters and net respiration in the bottom
waters of this portion of the estuary (e.g., Deacutis 2008;
Wallace et al. 2014). In this dataset, DIN and PO4 were sig-
nificantly correlated with pH (but not O2), where high pH
values in the summer surface water were associated with
low nutrient concentrations (Table S4). These concentrations,
particularly of DIN, rose steadily into the fall (Fig. 8). Given
the correlation between pH and O2, we speculate that the lack
of significant correlation between O2 and nutrient concentra-
tions may be, at least in part, due to the paucity of nutrient
concentration data (n=17; Table S4). But, if we accept that pH
is an accurate reflection of NEP, then the DIN concentration
data can potentially be used in conjunction with the pH data to
assess how N-limited the system is and how changes to nutri-
ent sources over time impact overall production.

Monitoring NEP

Each of the parameters presented, either directly or indirectly,
measure some aspect of estuarine production and were de-
signed and developed to address a specific research need. As
the concept of ecosystems developed in ecology, scientists
were particularly interested in understanding whether different
types of ecosystems were net producers or consumers of or-
ganic matter, i.e., net autotrophic or net heterotrophic (e.g.,
Golley 1993). These first studies sought to measure the flow
of carbon through the systems and to compare the inputs to the
outputs. Discrete dawn-dusk type carbon and oxygen mea-
surements were not intended to monitor daily or episodic pro-
duction; rather, they provided information that was used to
make an assessment of net production over a discrete period
of time (e.g., Oviatt et al. 1986b). The measurements often
formed the basis of more complex calculations developed to
characterize whole water column or estuarine metabolism
(e.g., Oviatt et al. 1981, 1986b). To paraphrase Staehr et al.
(2012), these metabolism studies were intended to compare
rates across ecosystems, look at organic matter transfer within
and among adjacent systems, to look at ecosystem-level re-
sponses to perturbations, and aid in the development of bio-
geochemical and trophic models.

Later, the 14C method was developed to address questions
of net autotrophy or net heterotrophy in low-productivity wa-
ters, as it directly quantified carbon uptake by phytoplankton.
While this technique may be useful for assessing rates of C
uptake for specific water columns or calculating annual mea-
sures of C produced, the data from the MERL mesocosms
suggest that, while sensitive to daily rates of C uptake, 14C

rates are not appropriate for capturing shorter term fluctuations
in production in these dynamic systems (Table S3, Fig. 5).

Discrete chlorophyll measurements roughly track fluctua-
tions in production in the MERL mesocosms, as suggested by
the pH, O2, DIN, PO4, and DSi data, where the highest chlo-
rophyll values corresponded to bloom periods. But, the chlo-
rophyll time series were not as closely correlated to these other
variables as we had expected. Regression models found that
nutrients could only predict 29–66 % the variance in chloro-
phyll and pH/O2 models could similarly predict 27–60 %. By
assuming that chlorophyll concentrations would reflect phy-
toplankton production, we also assumed that all phytoplank-
ton have roughly the same amount of chlorophyll in their cells
over their life cycles. TheMERL and Narragansett Bay 2007–
2008 datasets, as well as the work of others, indicate that this
may be a precarious assumption. With the advent of in situ
sensor packages that measure water column fluorescence, we
have often relied on fluorescence and chlorophyll measure-
ments to monitor and assess ecosystem production and bound
periods characterized by high production or high respiration.
But, these sensor packages also commonly measure pH, O2,
temperature, and salinity.

We suggest that pH and dissolved oxygen concentration
measurements are efficient, cost-effective tools for high-
resolution continuous monitoring of net production and respi-
ration, particularly when data are collected from the surface
and bottom of the water column. They are also integrative and
easy to obtain. Although they do not directly characterize the
producers themselves, the data from the MERL mesocosm
experiments and Narragansett Bay suggest that they sensitive-
ly reflect phytoplankton blooms.

There is no perfect or correct production measure; even the
most direct methods fail to capture the entire system. For
example, the potential impacts of temperature, salinity, advec-
tion, and air-sea exchange must also be considered when
assessing pH and O2 measurements. Thus, we must deliber-
ately select the parameters that are best suited to address the
questions or challenges we face. If the goal is to monitor the
changes in production of a system within and across seasons
and across years, we suggest that the ability to easily generate
more frequent pH and O2 data more than compensates for the
uncertainties associatedwith each parameter. Also, these high-
resolution pH and O2 data could be used to inform when and
where to focus sampling efforts for measures of chlorophyll,
cell counts, nutrients, and 14C, each of which provide unique
and useful insights into the production dynamics of the
system. As Oviatt et al. (1986b) wrote, Bevery measure of
primary production has its own complexities^ and should be
considered in the context of other supporting information.
Carefully calibrated buoy pH and O2 data, often available
online, can provide an important context, or baseline, of the
net ecosystem production from which to consider the infor-
mation provided by other primary production measures.
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