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Use of Dissolved Oxygen Monitoring to Evaluate
Phosphorus Loading in Connecticut Streams, 2015-18

By Brittney Izbicki and Jonathan Morrison

Abstract

The Connecticut Department of Energy and
Environmental Protection (CT DEEP) has developed an
interim phosphorus reduction strategy to establish water-
quality-based phosphorus limits in nontidal freshwaters for
industrial and municipal water pollution control facilities.

A recommendation in the strategy included the addition of
diurnal dissolved oxygen (DO) sampling to the sampling of
diatom communities collected by CT DEEP. The chemistry
data coupled with biological data will help to examine the
effects of phosphorus loading in streams. The U.S. Geological
Survey (USGS), in cooperation with the CT DEEP and New
England Interstate Water Pollution Control Commission,
implemented a summer DO monitoring program from 2015 to
2018 to examine the effects of phosphorus loading in streams.
Continuous DO data were collected at 18 sites in streams with
varying concentrations of phosphorus throughout the State

of Connecticut. Discrete water-quality nutrient data were
collected by the USGS at 11 of the 18 sites. All continuous
and discrete data collected from June to September for the

4 years were examined for all sites. This report documents a
pattern of diurnal DO for monitoring sites across 4 years and
presents estimated daily gross primary productivity (GPP),
ecosystem respiration (ER), and a standardized rate coefficient
for gas exchange for selected streams. Relations of phospho-
rus concentrations to the diurnal DO response and stream
metabolism are described. Interannual variability in average
annual total phosphorus (TP) concentrations and maximum
daily DO concentrations were evaluated among sites in years
of the study. Streams identified as impaired by CT DEEP such
as Naugatuck River at Beacon Falls (USGS station 01208500),
Still River at Route 7 at Brookfield Center (USGS sta-

tion 01201487), and Quinnipiac River at Wallingford (USGS
station 01196500) had higher TP concentrations (greater

than 0.10 milligram per liter [mg/L]) throughout the study.
Reference streams considered unimpaired had lower concen-
trations of TP (less than 0.10 mg/L). The range in daily DO
concentrations remained less than 4 mg/L for most of the sites
during the study except for Naugatuck River at Beacon Falls
and Still River at Route 7 at Brookfield Center. Daily GPP and
ER were summarized for 11 sites using the maximum likeli-
hood estimation model of the streamMetabolizer package

in the R statistical program. The models indicated that most
sites had an estimated negative net primary productivity,
based on the daily estimates of GPP and ER, which indicates
the systems are heterotrophic and dominated by respiration.
The high variation of GPP and ER reported for several sites
can be affected by many physical, chemical, and biological
factors, including the abundance and community composition
of phytoplankton, periphyton, and macrophyte algae present.
The variability in mean GPP was similar to the variability in
maximum DO concentrations when plotted against annual
average TP concentrations for the maximum likelihood esti-
mation model in streamMetabolizer. The concept that phos-
phorus loading can affect the stream metabolism requires more
detailed knowledge of stream geomorphic variables (canopy
cover, stream velocity, water depth) and algal communities

to help improve the scientific basis for managing phospho-
rus loading.

Introduction

Excessive inputs of phosphorus, driven by point and
nonpoint sources, alter the structure and chemistry of inland
waters, which can threaten the stream ecosystems (Carpenter
and others, 1998; Correll, 1998). The State of Connecticut
has many streams that are affected by phosphorus loading
from municipal wastewater treatment facilities and nonpoint
source runoff. Nutrient enrichment in streams and rivers can
increase biomass of aquatic plants and algae, which not only
alters the habitat but affects dissolved oxygen (DO) concen-
trations (Frankforter and others, 2010). Studies on nutrient
enrichment in streams have focused on factors such as algal
and plant biomass and nutrient concentrations as indicators of
nutrient enrichment, but developing predictive models can be
difficult because there are many other biological and physi-
cal aspects to consider (Dodds and Welch, 2000). Continuous
water-quality data provide information on the physical and
chemical factors that play major roles in many aspects of
stream ecosystems and can provide valuable data for assess-
ing the nutrient enrichment of streams. Evaluation of primary
production, from direct measurements of daily diurnal changes
in DO (Odum, 1956), can improve the understanding of the
effects of excess nutrient loading in streams, which can be
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useful towards the improvement and development of nutrient
management (Dodds and Welch, 2000; U.S. Environmental
Protection Agency, 2000).

DO is a measure of how much oxygen is dissolved in
the water—the amount of oxygen available to living aquatic
organisms (Rounds and others, 2013). Odum (1956) intro-
duced a method that uses diurnal (24 hours) trends in DO to
measure whole-system metabolism. The diurnal DO concen-
trations observed in the streams are driven by metabolic rates
of gross primary productivity (GPP) and ecosystem respira-
tion (ER). GPP is the rate of formation of organic matter from
inorganic sources of carbon through photosynthesis, produc-
ing oxygen. ER converts organic carbon to carbon dioxide,
consuming oxygen. GPP and ER are estimated by measuring
changes in oxygen concentration over time and can indicate
total biotic activity (Riley and Dodds, 2013). Net primary
productivity (NPP) is the amount of energy stored from meta-
bolic activity in streams (NPP = GPP + ER). NPP is positive
when the GPP is greater than the ER and negative when the
GPP is less than the ER. Estimated positive NPP indicates that
ecosystems are exporting organic carbon, and negative NPP
indicates stream ecosystems must be importing organic carbon
(Fisher and Likens, 1973).

Methods have been developed to measure trophic state
of stream ecosystems by measuring whole-stream metabo-
lism. Trophic state is the attribute of energy availability to the
food web and is linked to biotic integrity and water quality
of streams. Autotrophic systems convert inorganic carbon to
organic carbon for metabolism and growth using energy from
light. Heterotrophic systems consume carbon for metabolism
and growth from organic carbon (Dodds, 2007). GPP and ER
can be used to classify heterotrophic and autotrophic states in
rivers (Odum, 1956).

The Connecticut Department of Energy and
Environmental Protection (CT DEEP) has been actively
involved in developing a phosphorus reduction strategy for
inland nontidal waters. In 2012, the Connecticut Legislature
passed Public Act 12155, which directs the chief elected
officials of the cities of Danbury, Meriden, and Waterbury;
the towns of Cheshire, Southington, and Wallingford; and
any other municipalities affected by the statewide strategy to
evaluate and make recommendations regarding a statewide
approach to reduce phosphorus loading in inland nontidal
waters. These recommendations must comply with standards
established by the U.S. Environmental Protection Agency
(EPA). Section 1 of this act states: “Such evaluation and
recommendation shall include: (1) a statewide response to
address phosphorus nonpoint source pollution, (2) approaches
for municipalities to use in order to comply with standards
established by the United States Environmental Protection
Agency for phosphorus, including guidance for treatment and
potential plant upgrades, and (3) the proper scientific meth-
ods by which to measure current phosphorus levels in inland
nontidal waters and to make future projections of phospho-
rus levels in such waters (Public Act 12—-155, 2012).” As

part of this legislation, the Connecticut Academy of Science
and Engineering recommended that future monitoring by

CT DEEP include (a) the collection of diurnal DO measure-
ments in addition to CT DEEP’s sampling of diatom com-
munities and (b) use of the “stressor response model,” which
links a stressor such as phosphorus pollution to the ecological
state of a stream. Using a single numeric standard in some sys-
tems can be difficult (Stressor Response Model; Connecticut
Academy of Science and Engineering, 2014). Setting appro-
priate standards for limiting the amount of phosphorus
discharged in a stream can be difficult because of factors that
can affect the degree of impact from phosphorus on a stream
or river. When mitigating the effect of phosphorus loading,
selecting response parameters such as diurnal DO concen-
trations can measure the effects most directly (Connecticut
Academy of Science and Engineering, 2014).

CT DEEP has been evaluating diatom data they have
collected in conjunction with phosphorus concentrations and
DO data collected by the U.S. Geological Survey (USGS) to
help evaluate response parameters and strengthen the approach
for determining a concentration-based nutrient criterion in
streams (Becker, 2014; Connecticut Academy of Science and
Engineering, 2014). Diatom and DO measurements are cost
effective, can integrate changes in nutrient concentrations
over time, and are important measures of biotic integrity.
Because of their strong correlation to phosphorus impair-
ment, it has been recommended that these two parameters
be used by Connecticut as the “response parameters” in
establishing phosphorus impairment and developing numeric
criteria for phosphorus (Connecticut Academy of Science and
Engineering, 2014).

The USGS, in cooperation with the CT DEEP and New
England Interstate Water Pollution Control Commission,
implemented a summer DO monitoring program from 2015 to
2018 to examine the effects of phosphorus loading on stream
metabolism, using DO as an indicator of primary productivity
and biological response to streams. Continuous DO data were
collected at 18 sites on streams with varying concentrations of
phosphorus throughout the State of Connecticut. Direct DO
measurements from continuous data collection allow for the
modeling of stream metabolism and provide a better under-
standing of the functionality of stream ecosystems (Bales and
Nardi, 2007). Data collected for the present study were used to
document a pattern of diurnal DO for monitoring sites across
4 years during the summertime; to estimate GPP, ER, and
a standardized rate coefficient for gas exchange (K600) for
selected streams; and to evaluate the relation among phospho-
rus concentrations, diurnal DO response, and stream metabo-
lism. This analysis, along with the physical, chemical, and
biological data that were compiled (by USGS and CT DEEP)
will be beneficial for determining the appropriate phosphorus
reductions and for setting targets for waste load allocations
and nonpoint source reductions required to meet Connecticut
water-quality standards.



Purpose and Scope

This report provides information on continuous DO
concentrations and phosphorous concentrations during the
summer months of 201518 at 18 stream sites in the State
of Connecticut. The diurnal daily DO data and discrete total
phosphorus (TP) data are documented and summarized for
all sites throughout the 4-year study. In addition, the report
provides estimated daily mean rates of GPP, ER, and K600 for
select sites determined using the streamMetabolizer package.
The information in this report is intended to provide and sum-
marize data that will be used by CT DEEP to help evaluate the
effects of phosphorus loading in Connecticut streams.

Description of Study Area and Data-Collection
Sites

The study sites included 12 streams identified by the
CT DEEDP as priority sites for DO monitoring that were either
impaired by phosphorus or were reference stations generally
unimpaired by phosphorus, based on section 303(d) of the
Clean Water Act (CT DEEP, 2015). An additional 6 streams
were monitored by the USGS for other studies, such as the
Northeast Regional Stream Quality Assessment (Van Metre
and others, 2016), which totaled 18 study sites throughout
Connecticut (fig. 1). The drainage area of the study sites
ranged from 21 to 1,022 square miles (miz) and land use
ranged from forested to high intensity development. Data were
collected during the months of June—September from 2015 to
2018 at the CT DEEP priority sites, April-September 2016 at
the Northeast Stream Quality Assessment sites, and during the
entire 20162018 water year for North Branch Park River at
Hartford (USGS station 01191000). Of the 18 sites, 11 also
had discrete water-quality samples for nutrients (various forms
of phosphorus and nitrogen) collected by the USGS. All con-
tinuous and discrete data collection from June to September
were evaluated for all sites in the report (fig. 1).

Methods

A combination of continuous and discrete water-quality
data was collected by the USGS. All data are available through
the USGS National Water Information System (NWIS) data-
base (U.S. Geological Survey, 2020). Continuous monitoring
and discrete phosphorus samples for each site are summarized
in table 1. Estimates of GPP, ER, and K600 were obtained
using the maximum likelihood estimation (MLE) model with
the streamMetabolizer package in the R statistical program
(Appling and others, 2017) at 11 sites.

Methods 3

Characterization of Study Sites

The sites were characterized by factors needed to
provide inputs required for streamMetabolizer and to obtain
a general understanding of the habitat and stream dynam-
ics (table 2). Lotic systems with low gradients were visually
identified. Most of the sites were wadable at normal flows,
except for Housatonic River near New Milford (USGS sta-
tion 01200600) and Quinnipiac River near Meriden (USGS
station 01196222). Average depth is a required input variable
for streamMetabolizer and was measured at the monitoring
location when possible. General characteristics such as width,
dominant land use, canopy cover, velocity, and number of
upstream wastewater treatment plants were summarized to
help provide context for interpreting the metabolism estimates.
Velocity was directly measured near the monitoring location
at base flow conditions during the summer. The locations of
National Pollutant Discharge Elimination System (NPDES)
facilities that discharge phosphorus into receiving waters were
identified using the municipal facilities geographic informa-
tion system layer provided by the EPA Discharge Monitoring
Report (https://echo.epa.gov/tools/data-downloads/icis-npdes-
dmr-and-limit-data-set). The dominant land use for each site
was characterized using the land use geographic information
system layer provided by National Land Cover Database 2011
(https://www.mrlc.gov/data/legends/national-land-cover-
database-2011-nlcd2011-legend). Canopy cover was mea-
sured using a densiometer at the center of the stream near the
monitoring location using modified methods from Fitzpatrick
and others (1998).

Continuous Monitoring Data Collection and
Analysis

Multiparameter water-quality monitors were deployed
from June to September from 2015 to 2018. Each monitor pro-
vided continuous 15-minute measurements of DO, water tem-
perature, specific conductance, and pH. Most monitors were
deployed to log data internally, and data were downloaded
during site visits. Some sites had real-time existing moni-
tors. All data are available through the USGS NWIS database
(https://waterdata.usgs.gov/ct/nwis/qw). Monitor maintenance
and data reporting followed standard procedures defined in
Wagner and others (2006).

Cross sections were completed at every site during the
deployment each year to ensure that the monitor locations
were representative of the streams. Cross sections consisted of
five section measurements recorded middepth in the streams
and measured water temperature, specific conductance, DO,
and pH. All monitors were checked for accuracy and function
in the laboratory-controlled environment, and water tempera-
ture thermistors were checked to ensure they passed five-point
temperature checks against a National Institute of Standards
and Technology certified laboratory thermometer before
deployment.


https://echo.epa.gov/tools/data-downloads/icis-npdes-dmr-and-limit-data-set
https://echo.epa.gov/tools/data-downloads/icis-npdes-dmr-and-limit-data-set
https://www.mrlc.gov/data/legends/national-land-cover-database-2011-nlcd2011-legend
https://www.mrlc.gov/data/legends/national-land-cover-database-2011-nlcd2011-legend
https://waterdata.usgs.gov/ct/nwis/qw
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Discrete Sampling Data Collection and Analysis

Several of the sites monitored for continuous DO in
this study were colocated at sites that are part of the USGS
and CT DEEP ambient water-quality monitoring network.
These sites have discrete water-quality samples collected for
nutrients (various forms of phosphorus and nitrogen) and
other analytes at varying frequencies throughout the year. All
samples were analyzed at the USGS National Water Quality
Laboratory in Denver, Colorado, using methods described
by Fishman (1993), Patton and Truitt (2000), and Patton
and Kryskalla (2011). Discrete water-quality samples were
collected using procedures described in the USGS Field
Manual (U.S. Geological Survey, 2008). Sites with discrete
water-quality data, as well as the sample numbers that are
concurrent to the periods of data collection for this study,
are shown in table 1. The Quinnipiac River at Wallingford
(USGS station 01196500), Housatonic River near New
Milford, and Still River at Route 7 at Brookfield Center
(USGS station 01201487; hereafter referred to as “Still River
at Brookfield”) had increased sampling frequencies as part of a
specific study to measure phosphorus fluxes in those drain-
age basins.

Stream Metabolism Computations

The streamMetabolizer package (version 0.10.9) was
used at 11 of the 18 sites that had sufficient data to model daily
estimates of average GPP and ER. Data generated during this
study are available in Izbicki and Morrison (2021). Naugatuck
River at Beacon Falls (USGS station 01208500), Still River at
Brookfield, Quinnipiac River at Wallingford, and Quinnipiac
River downstream from West Center Street at Southington
(USGS station 01195510) were run for all 4 years of the study.
The estimates were made from direct observations of DO con-
centrations, water temperature, and average depth from a sin-
gle location in the channel, as well as barometric pressure and
photosynthetic active radiation (PAR). Whole-stream metabo-
lism was estimated using an open channel, single station
approach based on Odum (1956). The model makes implica-
tions about metabolic activity at the monitoring locations and
the upstream reach (Odum, 1956). A general assessment of
the monitoring location and upstream reach of about 150 feet
(ft) was made to better understand the instream habitat of the
reach. Depth and width measurements were compared to the
upstream reach at most sites to assess variation.

Streams have a constant exchange of oxygen concentra-
tions with the atmosphere, which requires empirical estimates
of K600 to better estimate the metabolic rates in streams.
K600 is the daily average value of the standardized gas
exchange rate coefficient scaled to a Schmidt number of 600
(Appling and others, 2018b; Holtgrieve and others, 2010).
The MLE model was used to estimate metabolism and K600
values. This inverse model classifies GPP and ER values
that produce the best fit between modeled and observed DO
concentrations.

Methods 7

Model Input Variables

The input variables required to fit the MLE model were
solar time, DO concentration, DO saturation, depth, water
temperature, and light. Discharge was optional and was only
used to verify that there was no tidal effect, which would be
apparent if certain periods had indicated discharge was nega-
tive. Available time-series data such as DO concentrations,
water temperature, gage height, and available PAR data were
retrieved from the USGS NWIS database. Not all monitor-
ing stations collected continuous gage height or continuous
PAR data. Sites that did have continuous gage height, which is
needed to calculate time-varying stream depth, were able to be
used in streamMetabolizer for this report. For sites that did not
have continuous PAR data available, PAR data were calcu-
lated in the streamMetabolizer package using modeled light
according to the latitude and longitude of each site. Additional
data collected were barometric pressure and calculations of
average depth. Stream depth was derived as the average of
the cross-sectional depth measurements at the monitor loca-
tion. The cross-sectional depth measurements were obtained
through discharge measurements of 20 section measurements
that recorded depth only. Continuous depth estimates were
calculated by an equation that related continuous stage data to
the actual depths that were measured when the cross-sectional
depth data were collected (average depth — associated stage
data = depth correction for streamMetabolizer). Continuous
barometric pressure data were collected in 2017 and 2018
using Onset HOBO water level loggers, which allowed DO
saturation to be calculated. Data were recorded in 15-minute
intervals near all stations where change in air pressure was
minimal. To calculate DO saturation for 2015 and 2016, the
Northeast Regional Climate Center at Cornell University
provided hourly barometric pressure data for these years from
weather stations at nearby airports: Bradley International
Airport, Tweed-New Haven Regional Airport, and Igor 1.
Sikorsky Memorial Airport. The 15-minute barometric pres-
sure data were interpolated from the hourly data and corrected
for altitude using an approximate formula provided by Yellow
Springs Instrument: true barometric pressure = (corrected
barometric pressure) — (2.5 * [local altitude, in feet above sea
level/100]) (https://www.ysi.com/ysi-blog/water-blogged-blog/
2017/01/dissolved-oxygen-meters-q-a-the-ultimate-list).

Some input variables required to model metabolism were
derived in the streamMetabolizer package. Clock time was
converted to mean solar time to determine the timestep length
and assign each observation to daily values of GPP, ER, and
K600 (Appling and others, 2017). Missing depth and light
data were estimated using linear interpolation when deemed
effective. If consecutive hours or days of values were miss-
ing and the gap fill function could not provide an effective
interpolation, estimates were not made for that date and the
entire day was omitted (Appling and others, 2017). DO and
water temperature variables were not generally interpolated
for the streamMetabolizer. The data were removed during the
approval process of the time series and were not gap filled,
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with the exception of Norwalk River at South Wilton (USGS
station 01209700). Consecutive days were missing one
15-minute DO value, which was estimated by interpolation.

Model Outputs

The MLE model was used to estimate the metabolism
and K600 value with the default parameters. The MLE models
are simple and thus do not have many parameters to set;
changing any of the specifications for the model does not have
significant effects on the resulting output. After fitting the
model, the daily metabolism estimates and DO predictions and
observations were plotted and examined. The K600 value was
estimated by the model, and the time series of daily estimated
K600 values was used to determine a mean fixed K600 value
for each simulation. The model was rerun using the mean
K600 value specific to each site and year compared to the
modeled K600 data. Any large or unrealistic values of K600
were removed in the new model output, and the fixed K600
value indicated less variability for most of the sites when
comparing daily values of GPP and ER. The model estimates
can sometimes generate unrealistic estimates of GPP, ER, and
K600 values. This is referred to as equifinality and can occur
when the metabolism signal strength is weak and the estimates
of GPP, ER, and K600 produce similar curves of oxygen
(Appling and others, 2018a). Establishing a mean fixed K600
value from the modeled K600 daily estimates helped to avoid
equifinality when estimating stream metabolism for each site.

Model Validation

Technical validation model diagnostics were completed
for the study to validate estimates produced from the MLE
model. Errors and warnings were extracted after running the
model to help identify days with questionable or unrealistic
values or possible equifinality. Unrealistic modeled output val-
ues were identified as negative GPP values, positive ER val-
ues, and estimates that seem significantly higher than normal
(normal based on consistency with neighboring days). Days
with storm events were left in the dataset unless they caused
unrealistic estimates. The Quinnipiac River upstream from
Route 22 at North Haven (USGS station 01196528) was not
used in estimating metabolism because tidal variation in stage
and streamflow occurred. The MLE model for Still River at
Robertsville (USGS station 01186500) produced many unre-
alistic outputs for 2017, even with the fixed K600 value, and
the estimates were not used in the analysis. A qualitative scale
was used to estimate model confidence of GPP and ER outputs
based on the number of days with negative GPP and positive
ER. Low, medium, and high model confidences were assigned
based on the following scale: high confidence was 0 to 5 days,
medium confidence was 6 to 10 days, and low confidence was
11 days or more. K600 coefficient variations for 0—50, 50-100,
and greater than 100 have confidences of high, medium, and
low, respectively. For many K600 modeled values that were

greater than 100, confidence is still high although the values
fall in the medium or low criteria. This is based on the confi-
dence of the fixed K600 values and the consistency between
years for each site. Qualitative assessments of each model are
compiled by site and year (table 3).

Analysis of Dissolved Oxygen
Concentrations

DO values fluctuated at each site from June through
September. The highest concentrations of DO occurred at the
Naugatuck River at Beacon Falls where DO concentrations
were as high as 13.8 milligrams per liter (mg/L), which was
178 percent of saturation (table 4). During the study, most
stations recorded minimum values greater than the State’s
water-quality standard of 5 mg/L (Connecticut Department
of Environmental Protection, 2011); however, several sta-
tions did have values less than 5 mg/L. North Branch Park
River at Hartford recorded the lowest DO concentration
(1.6 mg/L in July 2016) with many days having values less
than 5 mg/L from 2016 to 2018. This station also had the most
consecutive days with the minimum daily DO values less than
5 mg/L, having 16 days recorded during 2016. Still River
at Brookfield, Quinnipiac River upstream from Route 22 at
North Haven, Quinnipiac River near Meriden, and Quinnipiac
River downstream from West Center Street at Southington
recorded DO values less than 5 mg/L during 2016 and 2018
with the lowest instantaneous value of 3.9 mg/L recorded at
Quinnipiac River near Meriden during 2018. Colder water
holds more DO, so monitoring stations that were colder
tended to have higher concentrations of DO. The daily ranges
of oxygen concentrations and temperature for each of the
stations measured are shown in figure 2. Water temperatures
ranged from 13.4 to 31.8 degrees Celsius (°C) during the
study with the predominately forested sites having the lowest
and Naugatuck River at Beacon Falls having the highest. The
maximum daily water temperature at most sites was recorded
during 2016, which was likely due to low-flow conditions
that most streams experienced in Connecticut during 2016. In
general, the urban sites tended to have higher water tempera-
tures; however, the Salmon River near East Hampton (USGS
station 01193500) had the largest daily range in water tem-
perature during the study with 9.5 °C.

DO concentrations fluctuated at monitored stations daily.
These daily fluctuations (diel cycles) are the result of changes
in oxygen concentrations from primary productivity and res-
piration in each of the monitored stations. This can be seen in
data from the North Branch Park River at Hartford (fig. 3) that
document how changes in DO and pH concentrations recorded
throughout the day at the sites indicate that both constituents
often were lowest in the early morning, before photosyn-
thesis begins to supply oxygen in the stream and assimilate
carbon dioxide in the process. After sunset, DO would begin
to decrease as the gross respiration in the stream would begin
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Figure 2. Daily ranges in study sites in Connecticut across the 4 years (June-September). A, daily dissolved oxygen range (in

milligrams per liter); B, daily water temperature range (in degrees Celsius).
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Figure 3. Daily fluctuations of dissolved oxygen (in milligrams per liter) and pH (in standard units) in
response to stream metabolism for North Branch Park River at Hartford, Connecticut (U.S. Geological

Survey station 01191000).

to consume oxygen and release carbon dioxide to the stream,
lowering the DO and pH. The large diel cycles at some sites
are a result of a productive ecosystem.

This study focused on maximum daily DO ranges, which
may be a beneficial metric for stream assessment. Large
diurnal DO fluctuations can be unhealthy for stream biota.
Maximum daily DO ranges from the study ranged from 1.4
to 7.7 mg/L, with reference sites typically having ranges of
daily DO that were often less than 2 mg/L and most sites
downstream from wastewater treatment plants having ranges
greater than 2 mg/L (table 4). The Naugatuck River at Beacon
Falls, Still River at Brookfield, and North Branch Park River
at Hartford had the largest maximum daily DO ranges. Still
River at Brookfield recorded a maximum daily DO range of
5.9 mg/L in 2016. Naugatuck River at Beacon Falls recorded
a maximum daily DO range of 7.5 mg/L in 2015, and North
Branch Park River recorded a maximum daily DO range of
7.7 mg/L in 2018. The four sites along the Quinnipiac River
had lower daily DO ranges, generally less than 4 mg/L. Note
that Naugatuck River at Route 118 at East Litchfield (USGS
station 01205890) was removed from the analysis of daily DO
ranges because the monitor was repeatedly buried by sediment
for most of 2018 and data recorded from only June to July did
not seem representative of the stream conditions for the study.

In general, reference streams (considered unimpaired)
indicated lower average summertime concentrations of TP,
with concentrations typically less than 0.05 mg/L. Streams
identified as impaired by CT DEEP, such as Naugatuck River
at Beacon Falls, Still River at Brookfield, and Quinnipiac

River at Wallingford (CT DEEP, 2019), had higher TP concen-
trations throughout the study. Sites downstream from waste-
water treatment plants had TP concentrations greater than and
less than 0.1 mg/L (fig. 4). These results indicate additional
factors other than the source of nutrients are affecting instream
nutrient concentrations in this study. Instream biogeochemical
processes and transport can affect concentrations of phos-
phorus and should be considered when interpreting effects
from phosphorus loading. Most urban sites classified as “low/
medium/high intensity development” (table 2) have TP con-
centrations at varying flows opposite of what are measured
for reference sites. Phosphorus concentrations at Naugatuck
River at Beacon Falls come primarily from a point source
such as treated wastewater, and low flows generally resulted
in higher TP concentrations, which usually occur around the
late summer and early fall. During a high-flow event, the
phosphorus from treated wastewater is diluted, which lowers
concentrations. Reference sites indicate the opposite effects;
for example, Salmon River near East Hampton is categorized
as “deciduous forest,” with higher TP concentrations driven
by nonpoint source runoff occurring during high-flow events
(fig. ).

A pattern between average summertime TP concentra-
tions and maximum daily DO ranges generally occurred
at each site during the 4 years data were collected (fig. 6).
Interannual variability in TP and DO concentrations among
sites is documented in all years of the study, and the concen-
trations tend to cluster by site. The highest DO ranges were at
Still River at Brookfield for all 4 years and Naugatuck River
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Figure 6. Average annual summertime maximum daily dissolved oxygen range (in milligrams per
liter) and average annual summertime total phosphorus concentrations (in milligrams per liter) for
study sites in Connecticut for June—September.
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at Beacon Falls for 2015. Most reference sites had an aver-
age TP concentration that did not exceed 0.05 mg/L and had
lower maximum daily DO range values of less than 2 mg/L.
Still River at Brookfield, Quinnipiac River at Wallingford,
and Naugatuck River at Beacon Falls had TP concentrations
greater than 0.10 mg/L. Although these sites had the high-

est TP concentrations during the study, Quinnipiac River at
Wallingford did not exceed daily DO ranges of 4 mg/L. The
sites downstream from municipal wastewater treatment plants
with lower daily DO ranges could be affected by variables
such as water temperature and velocity in the reach upstream
from the monitor. Note that Pequabuck River at Forestville
(USGS station 01189000) was not included in the graph
because of significantly higher TP concentrations. Pequabuck
River at Forestville had the highest average summertime con-
centrations of TP, greater than 1 mg/L in 2016 with a maxi-
mum daily DO range of 3.1 mg/L, and caused the scale to be
skewed to the right. This site has a high percentage of urban-
ized land use in the watershed drainage basin and tends to be
shallow with rapidly changing discharge during runoff events.

Streamflow is another important variable that affects
water-quality response in streams; this additional informa-
tion helps in understanding how DO varies as environmental
conditions change. Streamflow during the data-collection
periods varied within a year and from year to year. During the
study, 10 sites were at stream gaging stations and 2 sites were
close enough to provide reliable streamflow data for these
sites. Average streamflows were computed during the summer
months (June—September) for each year the site was active for
the project and compared to the 30-year summertime average;
however, at 4 of the 12 sites, 30 years of data were not avail-
able, so average summertime streamflows were compared to
the record of data that was available. The 2016 average sum-
mertime streamflow was less than 45 percent of the 30-year
average for all sites and had the lowest percentage of long-
term summertime average streamflow during all 4 years of the
study. The 2018 average summertime streamflow was greater
than 80 percent of the 30-year average for all sites and the
highest percentage of long-term summertime average stream-
flow during all 4 years of the study.

When observing the pattern in daily DO ranges and TP
concentrations over the 4-year study, the Naugatuck River at
Beacon Falls was the most notable, where the daily DO ranged
from 7 mg/L in 2015 to less than 4 mg/L during the remain-
ing years of the study (fig. 6). The Waterbury wastewater
treatment plant discharges into the Naugatuck River upstream
from Beacon Falls and underwent interim phosphorus reduc-
tions in 2015, according to the Waterbury NPDES monitoring
report from the EPA Discharge Monitoring Report website
for Waterbury (https://www.epa.gov/compliance/discharge-
monitoring-report-quality-assurance-study-program). The data
indicated that DO and TP concentrations in the Naugatuck
River at Beacon Falls decreased throughout the study.
Significant changes occurred in the daily DO concentrations
from 2015 to 2018. In 2015, daily DO ranges were as high
as 7 mg/L and gradually decreased throughout the remainder

of the study. From 2016 to 2018, the maximum daily DO
ranges did not exceed 4 mg/L. The average TP concentra-
tions at Naugatuck River at Beacon Falls decreased as well
from 0.367 mg/L in 2015 to 0.158 mg/L in 2018. All NPDES
permittees discharging to rivers that are not currently meeting
water-quality standards (CT DEEP, 303[d]) have interim limits
for phosphorus and are working to make upgrades to meet the
final limits. TP concentrations in the stream are expected to
decrease when final limits are completed (CT DEEP, 2019).

Analysis of Stream Metabolism
Outputs

Estimates of GPP and ER were calculated daily for select
sites during the summer periods for the 4 years of the study
(table 1). Daily GPP and ER were plotted against each other
for the 11 sites where metabolism was modeled (fig. 7). The
1:1 line indicates when GPP = ER (NPP =0) and will vary by
site. Points above the line indicate heterotrophy, and points
below the line indicate autotrophy the day metabolism was
estimated. Most sites were estimated to have negative NPP,
which indicates the streams were heterotrophic. Streams domi-
nated by respiration require allochthonous inputs of organic
matter, which can occur at streams that are tightly connected
to landscape and receive large inputs of organic matter, which
drives ER (Fisher and Likens, 1973). Streams tend to indicate
more variability in metabolism than other aquatic habitats
(Hall, 2016). Significant variation in GPP and ER indicated
that metabolism varied at some sites during the study, espe-
cially the Quinnipiac River downstream from West Center
Street at Southington and the Quinnipiac River at Wallingford.
Low GPP and highly variable ER were estimated at these two
sites, which may be caused by factors such as canopy cover,
stream velocity, water temperature, or connection to surround-
ing landscape (Hall, 2016). The Quinnipiac River downstream
from West Center Street at Southington is one of the smallest
streams in the study, with closed canopy at the monitor loca-
tion and upstream reach. The Quinnipiac River at Wallingford
had open canopy at the monitoring location, but open canopy
was not observed along the upstream reach of the river. In
addition, there is a small low-head dam upstream, about one-
half mile from the monitoring location. The Naugatuck River
at Beacon Falls had variations between positive and negative
NPP, indicating the river was alternating between autotrophic
and heterotrophic states throughout all 4 years of the study.

Summertime averages of the daily estimated GPP and ER
were also calculated for each year of the study. The maximum
daily estimated GPP of 18.89 grams of oxygen per meter
squared per day (gOszzdfl) occurred at Naugatuck River
at Beacon Falls during 2015. GPP estimated at Naugatuck
River at Beacon Falls had the highest summertime average of
8.64 g02m72d7l during the summer in 2015. French River at
North Grosvenordale (USGS station 01125100) and Salmon
River near East Hampton had high estimated daily average
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. E. Salmon River near East Hampton—USGS station 01193500
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F. Quinnipiac River downstream from West Center Street at
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GPP values as well. French River at North Grosvenordale esti-
mated the highest summertime average ER at 11.9 g02m72d71
in 2017. At Naugatuck River at Beacon Falls, a noticeable
decrease occurred in the daily ranges of DO and average TP
concentrations since 2015, presumably because of upgrades to
the wastewater treatment plant upstream that was previously
mentioned. The highest estimated daily rates of GPP and ER
occurred at this site in 2015, where GPP and ER were approxi-
mately equal and NPP near 0. This pattern could indicate that
reductions in TP resulted in reduced daily ranges of DO, daily
estimated GPP, and ER.

The mean GPP was variable across all the urban and
reference sites. A lower mean GPP value for the reference
sites may be expected because of low nutrient concentrations

and lower daily DO ranges limiting productivity in the
stream but was not observed after running the MLE model.
Naugatuck River at Beacon Falls had the highest mean GPP.
Salmon River near East Hampton had rates of GPP higher than
expected for a reference site. Both sites measured 0-percent
canopy cover at the monitor location, and there was little
variation in canopy cover in the upstream reach at both sites of
the channel. These two sites also had the largest median daily
range in water temperature among all the sites, which may
contribute to the high degree in variability in GPP (fig. 2B).
The pattern between GPP and TP (fig. 8) is similar to the
pattern between daily maximum DO range and TP concentra-
tion seen in figure 5 for most sites, with GPP values and TP
concentrations clustering by site. Still River at Brookfield did
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Quinebaug River at Quinebaug—U.S. Geological Survey (USGS) station 01124000
French River at North Grosvenordale—USGS station 01125100

Salmon River near East Hampton—USGS station 01193500

Quinnipiac River at Wallingford—USGS station 01196500

Norwalk River at South Wilton—USGS station 01209700

Still River at Route 7 at Brookfield Center—USGS station 01201487

Naugatuck River at Beacon Falls—USGS station 01208500

Saugatuck River near Redding—USGS station 01208990

Figure 8. Average annual summertime gross primary productivity estimates (in grams of oxygen
per meter squared per day) and average annual summertime total phosphorus concentrations (in
milligrams per liter) for study sites in Connecticut for June-September.



not have GPP values as high as Naugatuck River at Beacon
Falls even though the two sites recorded daily DO ranges
greater than 5 mg/L. Salmon River near East Hampton had
TP concentrations lower than 0.05 mg/L and estimated higher
rates of GPP than Still River at Brookfield, which had TP
concentrations exceeding 0.15 mg/L. As stated earlier in

the report, additional variables including water temperature,
streamflow, and canopy cover can affect the relation. The
effect of canopy cover can be seen by plotting daily maximum
DO against GPP; sites with open canopy tend to group with
higher values than sites classified as closed canopy (fig. 9).
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Values of K600 were variable from year to year at
each site and ranged from a low value of 2.06 g02m72d71
at the Quinnipiac River at Wallingford to a high value of
29.4 g02m72d71 at Salmon River near East Hampton. North
Branch Park River at Hartford had the most consistent values
ranging between 4. 15 and 4.78 g0, m 2d”" with an average
value of 4.47 g0, m 2d"". The statlon with the highest variabil-
ity in K600 values was the Salmon Rlver near East Hampton,
which ranged from 16.7 to 29. 4 gO m °d”" with an aver-
age K600 value of 23.8 g0, md’ Coeﬂ“lments of variation
(CVs) were calculated to evaluate confidence in the modeled
K600 values (table 3). The CVs ranged from a low of 23.1 at
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Site identifiers

Quinebaug River at Quinebaug (open canopy site)—U.S. Geological Survey (USGS) station 01124000
French River at North Grosvenordale (open canopy site}—USGS station 01125100

Salmon River near East Hampton (open canopy site)—USGS station 01193500

Quinnipiac River at Wallingford (open canopy site)}—USGS station 01196500

Still River at Route 7 at Brookfield Center (closed canopy site)}—USGS station 01201487

Naugatuck River at Beacon Falls (open canopy site)—USGS station 01208500

Saugatuck River near Redding (open canopy site)}—USGS station 01208990

Norwalk River at South Wilton (closed canopy site}—USGS station 01209700

North Branch Park River at Hartford (closed canopy site)—USGS station 01191000

Quinnipiac River downstream from West Center Street at
Southington (closed canopy site)}—USGS station 01195510
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Figure 9. Average annual summertime gross primary productivity estimates and average annual
summertime maximum daily dissolved oxygen ranges for study sites in Connecticut for June—

September.
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Naugatuck River at Beacon Falls to a high of 170 at Quinnip-
iac River downstream from West Center Street at Southington.
K600 values greater than 100 were deemed unrealistic, based
on professional judgement, and were truncated to calculate
the CVs.

Discussion

Nutrients are important for sustaining healthy stream
ecosystems, but excessive nutrients can negatively affect
stream ecosystems and aquatic life. Continuously monitored
DO concentrations for this study demonstrated daily diurnal
ranges that indicate the relative magnitude of productivity in
streams. This information can aid in understanding the effects
of nutrient loading on ecological processes in streams. The
water quality of streams can change rapidly, and continuous
measurements of DO along with other parameters can help
characterize these variations. In general, streams in this study
are relatively shallow; these lotic systems can experience
more gas exchange with the atmosphere compared to deeper
or lentic systems. Instream metabolism in lotic systems can
vary greatly with differences in channel geomorphology and
hydrology, which can make it difficult to extrapolate specific
monitoring locations to other parts of the drainage basin
watershed (Naiman, 1983). Analysis of diurnal daily DO con-
centrations, TP concentrations, and stream metabolism at these
sites can identify streams strongly affected by phosphorus
loading. The continuous DO data combined with biological
datasets (that continue to be sampled by CT DEEP) can help
determine stream response.

This study identified the dominant land use, stream
channel width, velocity, and canopy cover to characterize
certain features of stream and riparian habitat. These variables
provided a general characterization of the upstream reach at
each monitoring location, but a more comprehensive stream
assessment in the future would provide a more comprehensive
habitat characterization. The one-station method was used for
this study to measure metabolic activity of one point in the
stream, at the monitoring location. Inferences can be made
about the upstream reach of the stream, and a general assess-
ment of the stream reach was made to determine if signifi-
cant variation existed that would affect the geomorphology.
Hydrologic disturbances that alter depth and width and could
cause variation in the model assumption about uniform chan-
nel geometries were identified and avoided as much as possi-
ble. The two-station method, which is based on measurements
at an upstream and downstream point, could help incorporate
variations in the stream (Bott, 2007), especially if it is known
that DO concentration is affected by upstream factors such
as groundwater inputs and dams. The additional information
would be used to better characterize the stream reach so that
more accurate estimates of the K600 values could be made
(Riley and Dodds, 2013). Changes in streamflow can affect
water velocities, scour benthic algae, flush phytoplankton

algae, and strand parts of the channel in isolated pools or dry
them out completely. Variations in streamflow can also change
light transmission, which in turn can affect the stream biota
response. A more thorough understanding of the changes

in streamflow would help in evaluating changes in the DO
response within a year and from year to year. Interannual
variability in average annual TP concentrations and maximum
daily DO concentrations indicated consistencies among some
sites and differences among other sites in the years of the
study. Reference sites had lower TP concentrations and daily
DO concentration ranges. Sites deemed as impaired had higher
concentrations of TP, but only Naugatuck River at Beacon
Falls and Still River at Brookfield had higher daily DO ranges.
Quinnipiac River at Wallingford had higher TP concentrations
but lower daily DO ranges throughout the study. The pattern in
daily DO ranges and TP concentrations for Naugatuck River
at Beacon Falls was particularly notable over the 4-year study.
The Waterbury wastewater treatment plant, which discharges
into the Naugatuck River upstream from Beacon Falls, had
interim reductions in 2015 that consequently have resulted in
lower daily DO ranges and TP concentrations.

Heterotrophic and autotrophic states can be essential
sources of energy and can be indicated by GPP and ER,
respectively. Modeled stream metabolism estimates for this
study indicate that most sites are heterotrophic with rates of
ER exceeding GPP. Streams receive energy from terrestrial
sources (allochthonous) of carbon when they are tightly con-
nected to the landscape and contribute to heterotrophic state.
Heterotrophic state can be a function of carbon inputs (leaf
debris) and phosphorus supply (wastewater), which fuel the
respirations rates. Phosphorus is one of the most important
nutrients (along with nitrogen) that stimulate heterotrophic
and autotrophic activity. Autotrophic and heterotrophic states
can be affected by different factors; light greatly affects the
autotrophic state whereas allochthonous carbon input greatly
affects heterotrophic state (Dodds, 2007). The balance between
GPP and ER can change along a stream depending on previ-
ously mentioned variables along the river system (Vannote
and others, 1980). Results from this study indicate that rates of
metabolism vary greatly in rivers and streams in Connecticut
and respond to phosphorus inputs differently. Nutrient con-
centrations, water temperature, streamflow, canopy cover, and
algal community are among the many variables that affect the
rate of productivity in streams. Streams that receive a given
high concentration of TP may respond differently because
of these other variables. A larger stream with open canopy
and slower stream velocity could be more productive than a
smaller forested stream with faster stream velocity. The high
variation of GPP and ER reported for several sites can be
affected by many physical, chemical, and biological factors,
including the abundance and community composition of
phytoplankton, periphyton, and macrophytes present. Better
understanding of the relations between phosphorus loading
and stream metabolism will require more detailed informa-
tion of habitat variables (canopy cover, stream velocity, water



depth), and algal and macrophyte community. This can help to
improve the scientific basis for managing phosphorus loading
(Dodds and others, 2009).

This study focused on measuring the DO of streams dur-
ing the summer months and additional information would be
needed to assess how metabolic rates of stream ecosystems
can vary throughout the year. For smaller streams in forested
drainage basins, light availability is greater during the spring
when the canopy cover is minimal. Increased light levels could
affect the rates of GPP in streams, which ultimately affect
the seasonal and diurnal fluctuations in DO concentrations.
Thus, additional data during this time would provide a better
understanding of the dynamics in the ecosystem and how the
streams respond to phosphorus loading during the different
seasons (Roberts and others, 2007).

Understanding how GPP and ER can differ between
headwater streams and large rivers is important in understand-
ing the effects of nutrient enrichment. The scope of this study
was primarily limited to wadable streams and rivers, although
evaluating DO and stream metabolism in larger rivers could
be a useful additional focus for a future study. Large rivers
with slower velocities, longer residence times for nutrient and
biotic interactions, deeper water depths, and consistently open
canopy cover may result in findings of higher autotrophic
activity in these systems. In addition, large river monitor-
ing would help expand the research on phosphorus loading
from upland watershed drainage basin loadings to biologi-
cal responses in larger rivers. Measuring stream metabolism
in larger rivers can provide an assessment of how small and
large drainage basins react to changing conditions that are
related to seasonal, interannual, and anthropogenic variation.
Expanding the data collection for these complex river systems
can provide a better understanding of the effects from phos-
phorus loading, which can aid in refining recommendations for
nutrient management.
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