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River, Wellfleet, Massachusetts, November 2015 to 
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By Thomas G. Huntington, Alana B. Spaetzel, John A. Colman, Kevin D. Kroeger, and Robert T. Bradley

Abstract
The U.S. Geological Survey, Cape Cod National 

Seashore of the National Park Service, and Friends of Herring 
River cooperated from 2015 to 2017 to assess nutrient con-
centrations and fluxes across the ocean-estuary boundary at 
a dike on the Herring River in Wellfleet, Massachusetts. The 
purpose of this assessment was to characterize environmental 
conditions prior to a future removal of the dike, which has 
restricted saltwater inputs into the Herring River watershed 
for more than 100 years. Water temperature, dissolved oxy-
gen, pH, and specific conductance were monitored continu-
ously, and flow-weighted composite samples were collected 
approximately twice per month at the ocean-estuary boundary. 
Bidirectional discharge was computed for the U.S. Geological 
Survey Herring River at Chequessett Neck Road at Wellfleet, 
Massachusetts, streamgage (011058798) by using a stage-area 
rating and index-velocity ratings developed with acoustic 
Doppler current profile measurements made upstream and 
downstream from the dike. LOADEST regression modeling 
software was used to estimate nutrient fluxes (loads) from 
composite, paired nutrient concentration and discharge data 
in conjunction with continuous discharge data. Temperature, 
dissolved oxygen, pH, and specific conductance were also 
monitored continuously on two tributaries to the Herring 
River, Pole Dike Creek and Bound Brook, from late-May 2016 
to mid-June 2017. Composite or discrete water samples were 
collected from the tributaries approximately twice per month 
in most months from late-May 2016 to mid-June 2017 and 
analyzed for total nitrogen, total phosphorus, and dissolved 
organic carbon.

Flow-weighted concentrations of ammonium, nitrate, and 
total nitrogen on the Herring River at the dike on the ebb tide 
generally varied between 0.01 and 0.1, 0.003 and 0.03, and 
0.3 and 0.7 milligram per liter as nitrogen, respectively. Flow-
weighted concentrations of orthophosphate, total dissolved 
phosphorus, and total phosphorus generally varied between 
0.002 and 0.02, 0.003 and 0.06, and 0.03 and 0.1 milligram 
per liter as phosphorus, respectively, on the ebb tide. Flow-
weighted concentrations of silicate and dissolved organic 
carbon on the ebb tide generally varied between 0.08 and 

3.0 milligrams per liter of silica (silicon dioxide), and 1.7 and 
5.6 milligrams per liter of carbon, respectively. Ebb tide 
concentrations of nitrate were highest in winter and lowest in 
summer. By contrast, ebb tide concentrations of phosphorus 
species were highest in late summer and early fall and lowest 
in winter. Silica and dissolved organic carbon did not exhibit 
systematic variation in seasonal concentrations. There was 
uncertainty in estimates of nutrient fluxes, but the LOADEST-
estimated fluxes indicated that annual (and in almost all cases 
seasonal) exports (ebb tides) exceeded inputs (flood tides). 
Ebb tide concentrations of ammonium, nitrate, total nitrogen, 
and silica were positively correlated with antecedent cumula-
tive 7-day precipitation.

Introduction
To characterize environmental conditions in advance 

of the removal of a dike at the Herring River in Wellfleet, 
Massachusetts, the U.S. Geological Survey (USGS), in coop-
eration with the National Park Service, Cape Cod National 
Seashore, and Friends of Herring River assessed nutrient 
concentrations and fluxes across the ocean-estuary boundary 
from 2015 to 2017.

Background

The Cape Cod National Seashore (CACO) of the 
National Park Service (NPS) is preparing to restore the 
Herring River salt marsh that has been diked off from the 
ocean for more than 100 years. Restoration will consist of 
restoring tidal flushing to large parts of the former salt marsh. 
Restoration of the marsh is expected to result in improvements 
in coastal habitat, ecosystem services, and water quality from 
increased tidal exchange (Portnoy, 1999; Portnoy and Allen, 
2006). Restoration will potentially improve water and soil 
quality, increase river herring and shellfish habitat, minimize 
the spread of invasive plant species, and provide improved 
recreational opportunities, among other benefits (Tim 
Smith, NPS, written commun., 2016). Salt marsh restoration 
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(movement towards targets in vegetation, fish, and bird 
assemblages) by restoring previously restricted tidal inputs 
has been documented in New England (Warren and others, 
2002; Roman and Burdick, 2012; Chaffee and others, 2012). 
To monitor biogeochemical and hydrologic changes that may 
occur in response to increased tidal exchange, restoration will 
proceed incrementally during an adaptive management phase 
by use of adjustable gates at Chequessett Neck Road. The 
restoration planning process is being overseen by the CACO 
NPS, the Herring River Restoration Committee, and Friends 
of Herring River.

Diking of substantial areas of subtidal zone, salt marsh, 
brackish wetlands, freshwater wetlands, and woodlands in 
the Herring River watershed have degraded habitats with 
severe ecological consequences (Soukup and Portnoy, 1986). 
Diking and ditching, primarily for mosquito control, have 
resulted in the oxidation of pyrites, causing acidified leach-
ates to lower pH and mobilize aluminum. Habitat degradation 
in surface waters has included depletion of dissolved oxy-
gen (DO) (Portnoy, 1991), increases in acidity and alumi-
num (which is toxic to sensitive aquatic biota) (Soukup and 
Portnoy, 1986), and increases in fecal coliform concentrations 
(Portnoy and Allen, 2006). Habitat degradation in wetlands 
has also included loss of salt marsh species, including salt 
meadow grass (Spartina patens), smooth cordgrass (Spartina 
alterniflora), black grass (Juncus gerardii), and spike grass 
(Distichlis spicata) (Roman, 1987).

The acidification of surface waters following diking 
and drainage can also result in losses of fish and other organ-
isms. For example, in 1980, mosquito-control ditching and 
accompanying sediment disturbance and aeration following 
heavy rainfall resulted in a die-off of thousands of American 
eels (Anguilla rostrata) and other fish species (Soukup and 
Portnoy, 1986). The Massachusetts Division of Marine 
Fisheries and the NPS determined that the cause of the fish kill 
was highly acidic water (pH less than [<] 4.0) and toxic alumi-
num released into the main channel of Herring River (Soukup 
and Portnoy, 1986). In 2003, water-quality problems caused 
the Massachusetts Department of Environmental Protection 
to list the Herring River as “impaired” under section 303(d) 
of the Clean Water Act (USC §1251 et seq.) for low pH and 
high metal concentrations. In 1983, summertime DO depletion 
was recorded in the Herring River estuary and river herring 
(Alosa spp.) kills were documented for the first time (Portnoy, 
1991). The NPS then took steps to protect river herring by 
blocking their emigration from upstream ponds to prevent 
the fish from entering low-oxygen waters (Herring River 
Technical Committee, 2007).

Fecal coliform contamination in extensive beds of east-
ern oysters (Crassostrea virginica) and cultured hard clams 
(Mercenaria mercenaria) up to 2 kilometers (km) seaward 
of the diked Herring River estuary has resulted in shellfish 
bed closures, at least seasonally, since statewide surveillance 
increased in 1983 (Portnoy and Allen, 2006). Portnoy and 
Allen (2006) identified conditions in the benthic environ-
ment above the dike as conducive to the persistence and 

mobilization of fecal coliform bacteria following large rainfall 
events. They reported that restored tidal flow would reduce 
coliform survival time by increasing salinity, DO, and pH, all 
presently depressed throughout the system because of the bio-
geochemical disturbance that results from diking and drainage.

Diking of the marsh ecosystem profoundly altered the 
hydrology and chemistry of the marsh upstream from the dike. 
Portnoy and Giblin (1997a, b) described two distinctly differ-
ent altered marsh environments postdiking. They described 
one system as diked and drained (DD) and a second system as 
diked and seasonally flooded (DF). The DD environments are 
restricted to the middle Herring River, lower Pole Dike Creek, 
and lower Duck Harbor sector flood plain (fig. 1) and roughly 
correspond to the areas mapped as Maybid soil series.

In the DD systems, dewatering resulted in air penetra-
tion into previously anoxic sediments, which led to oxidation 
of pyrite, generation of acidity, and release of toxic alumi-
num (Portnoy and Giblin, 1997b). Aerobic conditions in the 
organic sediments resulted in rapid decomposition compared 
with the prediked condition. Rapid decomposition resulted 
in substantial subsidence (1 meter [m] or more) of the marsh 
surface. In the face of ongoing sea-level rise, coastal marshes 
must increase in elevation at rates greater than or equal to the 
rate of sea-level rise. The dynamics of marsh elevation change 
depend on various processes, including sediment transport 
and deposition on marsh surfaces and the growth of salt marsh 
vegetation. Diking and drainage has effectively prevented 
sediment from reaching many areas of the Herring River flood 
plain (National Park Service and others, 2016).

In the DD sediments, ammonium (NH4) has accumulated 
through ion exchange on surfaces, and phosphate (PO4) has 
accumulated on iron oxides. Column experiments indicated 
that restoration of saltwater tidal flushing in these sediments 
will likely result in mobilization and release of NH4 and PO4, 
as well as iron (II) (Portnoy and Giblin, 1997b). A major nutri-
ent release, even if short lived, could adversely affect aqua-
culture in Wellfleet Harbor through eutrophication, leading 
to hypoxia. This specific concern is one of the major reasons 
that the restoration planning process includes a phased or 
incremental reintroduction of saltwater to allow for adaptive 
management.

The accumulation of nitrogen and phosphorus in the 
sediments of Herring River that occurred postdiking, as 
indicated by Portnoy and Giblin (1997b), are thought to have 
remained high (National Park Service and others, 2016). 
Potential sources of nutrient inputs to the watershed include 
agriculture, fertilized lawns, a golf course, a landfill, leaking 
septic systems, animal waste, and atmospheric deposition. The 
inputs have not been quantified. The lack of tidal flushing has 
allowed nutrients to accumulate in the Herring River water-
shed (Portnoy and Giblin, 1997b; National Park Service and 
others, 2016).

The fringing marshes associated with the lower parts of 
Bound Brook (fig. 1) are assumed to be analogs for the DF 
systems that were described by (Portnoy and Giblin, 1997a). 
Prior to diking, DF systems were brackish marshes that were 



Introduction  3

70°00'70°01'70°02'70°03'70°04'

41°59'

41°58'

41°57'

41°56'

Herring River

Cree
k

Mill

Cape
Cod
Bay

Herr
ing Rive

r

Bound Brook

Pole
Dike

Creek

Wellfleet Harbor

Duck Harbor

Dike at
CHEQUESSETT
NECK ROAD

ATLANTIC OCEAN

EXPLANATION
Carver soil series

Freetown and Swansea
    soil series

Maybid soil series

Surface-water basin
    boundary

0 0.5 1 MILE

0 0.5 1 KILOMETER

Base from U.S. Department of Agriculture, 
NRCS digital line graph of the SSURGO 
Soil map of Barnstable County, Massachusetts

MASSACHUSETTS Cape
Cod

Study
area

Wellfleet

Water-quality-monitoring station

Truro meteorological station

Streamflow and water-quality
    monitoring station 

Figure 1. The Herring River in Wellfleet, Massachusetts, on Cape Cod, the watershed basin boundary, monitoring stations, tributaries, 
and major soil series.



4  Assessment of Water Quality and Discharge in the Herring River, Wellfleet, Mass., November 2015 to September 2017

subject to tidal flooding and draining, but after diking, these 
marshes were no longer affected by tidal flooding. In their 
current (prerestoration) condition, they are not subjected to 
saltwater because tidal inputs are restricted to about 1,000 m 
upstream from the dike (Portnoy and Allen, 2006). These 
fringing marshes are now seasonally flooded with freshwater. 
These seasonally flooded freshwater marshes that have not 
had tidal saltwater or substantial mineral sediment inputs for 
100 years have experienced slow rates of decomposition under 
methanogenesis, allowing a buildup of peat material that is 
low in mineral content. Restoration of tidal inputs will likely 
result in a shift from slower methanogenesis to faster sulfate 
reduction, which could lead to increased nutrient release, and 
in accumulation of sulfide, which could inhibit establishment 
of vegetation as non-salt-tolerant species die out (Portnoy and 
Giblin, 1997a).

Concerns have also been expressed that restoration of 
tidal exchange could result in a short-term mobilization and 
transport of fine-grained sediments that have accumulated 
upstream from the dike. If a large amount of fine-grained 
sediments was transported out of the Herring River, it has 
been suggested that this sediment could smother or otherwise 
adversely affect the shellfish aquaculture in Wellfleet Harbor. 
This potential net export of sediment would likely be short 
lived. Over the longer term, net sediment transport is expected 
to be upstream into the Herring River with resulting deposition 
on flood plains (Woods Hole Group, 2012).

Silica is an important nutrient for the growth of phyto-
plankton (for example, diatoms) (Cornelis and others, 2011), 
and its biogeochemistry could be affected by the restoration. 
Silica retention and release may be influenced by hydrology 
(for example, tidal flushing and major runoff events), changes 
in vegetation, and mobilization of sediments (Cornelis and 
others, 2010; Struyf and Conley, 2012). The integrated 
response (retention or release) is difficult to predict because of 
the multiple factors that can influence the processes involved 
(Struyf and Conley, 2012).

The primary objective of this study was to develop 
a prerestoration baseline database with 2 years of data for 
the Herring River at Chequessett Neck Road on discharge, 
nutrient and dissolved organic carbon fluxes, and continuous 
water-quality parameters (salinity, pH, temperature, and DO) 
for tidal inflows (flood tides) and outflows (ebb tides). This 
prerestoration baseline is intended for reference during phased 
tidal restoration to inform adaptive management in response 
to the effects of restoration on water quality. The data can be 
used to help measure progress toward restoration objectives 
for the Herring River salt marsh. Data collection was intended 
to encompass a wide range of natural variation based on 
seasonal changes and responses to variation in climatic and 
hydrologic conditions. The data in this report can be supple-
mented with additional data collected in a followup study 
that reported nutrient concentrations at this site for the period 
from October 1, 2017, to September 30, 2018, and those data 
are archived in the USGS National Water Information System 
(NWIS) database (U.S. Geological Survey, 2019). Another 

USGS study began measuring nutrient concentrations at this 
site in June of 2020. The additional nutrient concentration 
data from these followup studies will provide a more compre-
hensive understanding of natural variability under a broader 
range of hydrologic conditions. A secondary objective was to 
develop a prerestoration baseline database on total dissolved 
nitrogen (TDN), total dissolved phosphorus (TDP), and dis-
solved organic carbon (DOC) concentrations and continuous 
water-quality parameters (salinity, pH, temperature, and DO) 
for two tributaries to the Herring River.

Description of the Study Area

The drainage area of the Herring River watershed 
(HRW), in Wellfleet, Mass., at the dike on Chequessett Neck 
Road (USGS station 011058798) on Cape Cod, is not pre-
cisely defined because the contributing groundwater drainage 
area is not coincident with the surface-water drainage area 
(Masterson, 2004) and this basin is groundwater dominated 
(LeBlanc and others, 1986). The surface-water drainage area 
is approximately 28.5 square kilometers (km2) based on the 
USGS StreamStats application (htt ps://water .usgs.gov/ osw/ 
streamstats/ ; U.S. Geological Survey, 2015) for Massachusetts. 
The groundwater-contributing area for the Herring River has 
been simulated by use of a three-dimensional numerical model 
(MODFLOW) to be approximately 19.1 km2 (Carlson and 
others, 2017a, b). In the interpretation of this simulation, the 
kettle ponds in the northwestern portion of the surface-water 
drainage area (not shown in fig. 1) are not included in the 
groundwater-contributing area.

The HRW contains a 600-hectare estuarine marsh com-
plex that is the largest diked wetland system on Cape Cod. 
The HRW was diked off from the ocean in 1909, resulting 
in greatly restricted tidal flushing (Portnoy and Allen, 2006). 
There are four subbasins in the Herring River (Duck Harbor, 
Mill Creek, Pole Dike Creek, and Bound Brook; fig. 1). In 
this study, water-quality data were obtained from two of these 
drainages (Pole Dike Creek and Bound Brook; table 1). The 
four subbasins are briefly described in the Herring River final 
environmental impact statement/environmental impact report 
(National Park Service and others, 2016). The dike restricts 
tidal amplitude from about 2.1 m seaward to 0.5 m landward 
of the structure (Portnoy and Allen, 2006). The dike was 
intended to control mosquitoes, create additional developable 
land, and provide for road construction. After the original dike 
construction, widespread ditching, straightening, and chan-
nelizing of the meandering creeks effectively drained most of 
the remaining salt marshes (National Park Service and others, 
2016). Between 1929 and 1933, a golf course was constructed, 
partly on what had previously been part of the Mill Creek 
(tributary to the Herring River) flood plain. Additionally, sev-
eral homes have been constructed in the former flood plain.

The dike structure is an earthen dam about 0.15 km 
in length that contains a culvert with three approximately 
4-square-meter rectangular sluiceways in the center of the 

https://water.usgs.gov/osw/streamstats/
https://water.usgs.gov/osw/streamstats/
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Table 1. Location coordinates, station types, and periods of records for streamflow- and water-quality-monitoring stations on the 
Herring River in Wellfleet, Massachusetts.

[Locations of monitoring stations are shown in figure 1. Latitude and longitude are given relative to the North American Datum of 1983 (NAD 83). USGS, U.S. 
Geological Survey; MA, Massachusetts; QW, water quality; —, no data]

USGS station 
number

USGS station name
Latitude 
(decimal 
degrees)

Longitude 
(decimal 
degrees)

Station type
Time period of 

streamflow data
Time period of 

water-quality data

011058798 Herring River at Chequessett 
Neck Road at Wellfleet, MA

41.93111 70.06456 Streamgage 
and QW

November 2015 to 
September 2017

November 2015 to 
September 2017

415716070031801 Bound Brook, downstream 
from Bound Brook Road 
near Wellfleet, MA

41.95444 70.0550 QW — May 2016 to 
June 2017

415639070032501 Pole Dike Creek, upstream 
from Herring River near 
Wellfleet, MA

41.94417 70.05694 QW — May 2016 to May 
2017

dike. Within two of the three sluiceways (center and north-
west sluiceways), hydraulic pressure-controlled flapper gates 
permit ebb discharge and close following an ebb tide, thereby 
restricting seawater flow upstream during flood tides (Portnoy 
and Allen, 2006). The third sluiceway (southeast sluiceway) 
is a fixed gate that is partially open. This sluiceway allows 
ebb discharge and is the only sluiceway that allows seawater 
to flow upstream during flood tides. With the present dike 
configuration, seawater travels upstream about 1,000 m into 
the estuary and marsh complex (Portnoy and Allen, 2006). The 
dike structure results in tidal asymmetry such that flood tides 
average 7.2 hours and ebb tides average 5.2 hours during each 
complete cycle. The tidal cycle in the ocean is consistent with 
semidiurnal tides (average periodicity of 12.4 hours) for the 
Gulf of Maine (Garrett, 1972).

Prior to diking, the tidal flats and low marsh areas were 
dominated by Spartina alterniflora and the high marsh area 
was dominated by Spartina patens. Following diking, that 
vegetation was replaced by brackish and freshwater species: 
sedges (Scirpus spp.), Typha spp., forbs, shrubs, and grasses 
(Roman, 1987). Diking also affected the populations of 
many fish, shellfish and other invertebrates, birds, mammals, 
reptiles, and amphibians (National Park Service and oth-
ers, 2016).

The mean annual temperature at nearby Truro, Mass., 
was 12.3 degrees Celsius (°C) from October 2004 through 
September 2017 (Western Regional Climate Center, 2018). 
The Truro meteorological station is located 5.85 km northeast 
from the Herring River monitoring station. Mean monthly air 
temperature is usually between 1 and 4 °C from December 
through February and between 21 °C and 24 °C from June 
through August. The mean annual precipitation near Truro 
was 121 centimeters (cm) for the period January 1983 to 
December 2017 (National Atmospheric Deposition Program, 
2018). Precipitation is fairly evenly distributed among months 
and generally averages between 8 and 12 cm per month but 
can be highly variable in any given month (from <1 to greater 

than [>] 13 cm). Groundwater recharge on Cape Cod is about 
45 percent of total annual precipitation (LeBlanc and oth-
ers, 1986).

Various characteristics of the basin, as defined by the 
surface-water drainage area, are described in the USGS 
StreamStats application (htt ps://water .usgs.gov/ osw/ 
streamstats/ ; U.S. Geological Survey, 2015). The watershed is 
entirely underlain by glacially derived coarse-grained strati-
fied drift. Forests cover 71 percent of the watershed surface 
area, wetlands cover 15 percent, ponds cover 4.6 percent, and 
developed land (largely the suburban town of Wellfleet, Mass.) 
occupies about 13.2 percent. Percentages sum to >100 percent 
because some of the forested land is also classified as wet-
lands. About 3 percent of the developed land is classified as 
impervious surface. The mean watershed elevation is 14.4 m, 
and the total length of all mapped streams (1:24,000-scale) in 
the watershed is 31.2 km.

The soils in the HRW are about 80 percent Carver coarse 
sands in upland areas on slopes ranging from 0 to 3 percent 
to 15 to 35 percent, with roughly half in the steeper category 
(fig. 1; Natural Resources Conservation Service, 2018). The 
wetland marsh complex, covering about 10 percent of the 
HRW, is predominantly Freetown and Swansea mucks located 
in marshes fringing upper Pole Dike Creek, upper Herring 
River, and Bound Brook. The only other substantial soil cover-
age is the Maybid variant silty clay loam in the middle Herring 
River, lower Pole Dike, lower Duck Harbor, and Mill Creek 
areas. The Carver soil series consists of deep, excessively 
drained soils on outwash plains and typically supports forest 
vegetation (Fletcher, 1993). The Freetown and Swansea series 
consist of very deep and very poorly drained mucky peat soils 
on outwash plains or moraines that formed in decomposed 
organic material in freshwater environments. The Maybid 
variant soil series consists of very deep and poorly drained 
soils in tidal marshes that are no longer subject to tidal flood-
ing. Maybid soils formed in loamy marine sediments drained 
of saltwater and are acidic.

https://water.usgs.gov/osw/streamstats/
https://water.usgs.gov/osw/streamstats/
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The water-sampling site (water-quality-monitoring 
station) at Pole Dike Creek is near the confluence of Pole 
Dike Creek and the Herring River (fig. 1). At this site, Pole 
Dike Creek drains a substantial area of the Maybid variant 
soil series that is described by Portnoy and Giblin (1997a) as 
DD acid sulfate soils. Streamflow reverses with the tides at 
this location, and the water is brackish, frequently exceed-
ing 1,000 microsiemens per centimeter (µS/cm) at 25°C in 
the summer and fall. The water-quality-monitoring station at 
Bound Brook is near the confluence of Bound Brook and the 
Herring River. At this site, Bound Brook drains a substantial 
area of Freetown and Swansea mucky peat soils. Some of 
these fringing marsh soils in the lower parts of the Bound 
Brook drainage are similar to the DF systems described by 
Portnoy and Giblin (1997b).

Purpose and Scope

This report assesses water quality and discharge at the 
Herring River at Chequessett Neck Road, as well as water 
quality at the tributaries, Bound Brook and Pole Dike Creek, 
for a 2-year period prior to the planned restoration of the 
Herring River salt marsh. The report describes methods of 
continuous data collection, discrete and composite sampling, 
quality assurance, and modeling of nutrient fluxes. Water-
quality results are presented in terms of ebb and flood tide and 
season. The complete datasets are available in the associated 
data release (Huntington and Spaetzel, 2020). These datasets 
provide a prerestoration baseline intended to inform adaptive 
management during the process of salt marsh restoration.

Methods of Measuring Discharge and 
Water Quality and Estimating Nutrient 
Fluxes

Discharge Measurement

A data collection platform at the dike on Chequessett 
Neck Road was maintained from June 23, 2015, through 
September 30, 2017. Separate sensors at the platform were 
used to collect surface-water velocity and stage data to 
facilitate the calculation of continuous flow in the Herring 
River estuary. Data were collected at 5-minute intervals 
except during actual periodic discharge measurements, when 
the data collection interval was changed to 1 minute to aid in 
rating development. Surface-water velocity was measured by 
using the contact-free Sommer Messtechnik GmbH RG–30 
radar sensor (Sommer GmbH, 2014) on the upstream side 
(marsh side) of the dike. The radar sensor transmits a signal 
with a constant frequency at a specific angle to the water 
surface. There the signal is reflected by ripples or waves on 
the water surface and shifted in frequency (because of the 
Doppler effect) by an amount that is proportional to the water 

velocity. The reflected signal is received by the antenna of the 
radar sensor. By comparing the transmitted frequency to the 
frequency of the reflected signal from the water surface, the 
velocity can be determined.

The radar unit requires that the water be moving and have 
a minimum ripple height of about 3 mm (Sommer GmbH, 
2014). Testing at the U.S. Geological Survey Hydrologic 
Instrumentation Facility showed that the unit worked accord-
ing to the manufacturer’s specifications where the velocity was 
>0.5 foot per second (ft/s) (Janice Fulford, U.S. Geological 
Survey, WMA Instrument News, volume 2016, issue 149, 
Surface Velocity Radar: HIF testing of the Sommer RG–30, 
2016). At velocities <0.5 ft/s, the radar unit does not provide 
reliable information. Under turbulent conditions, waves can 
result that do not represent the movement of the water surface 
(for example, stationary waves), resulting in errors in the angle 
of the reflected signal and hence in the velocity measurement. 
The radar unit was calibrated and installed by the manufactur-
er’s technical representative but not validated during the study 
period by comparing it with independent measurements of the 
surface velocity at the sensor location.

To translate the surface-water velocity at the point mea-
sured by the radar to a cross-sectional velocity of the river, a 
velocity-velocity relation was established with the velocity of 
discharge measurements made on a seasonal basis and during 
outgoing and incoming tides. The discharge measurements 
were made by using an acoustic Doppler current profiler and 
following the USGS techniques and methods described by 
Ruhl and Simpson (2005), Mueller and others (2013), and 
Levesque and Oberg (2012) across the channel, upstream or 
downstream from the dike depending on whether the tides 
were outgoing or incoming. Discharge measurements used 
in the index-velocity rating were made over about a 3-foot 
(ft) range in stage, from −2.31 to 0.26 ft above the North 
American Vertical Datum of 1988, recorded on the marsh 
side of the dike. Discharge measurements were made on the 
upstream and downstream sides of the dike where the flow 
was smooth and measurable. Discharge measurements were 
made over the period of discharge record from June 24, 2015, 
through September 30, 2017. During this period, a total of 268 
individual discharge measurements were made on 16 days. Of 
these, 13 discharge measurements were not used in the analy-
ses of discharge because of instrument issues, such as bad 
stage record. Of the remaining 255 measurements, 83 were 
made during 8 outgoing tide cycles, generally on the upstream 
side (marsh side) of the dike. There were 172 discharge 
measurements made during 12 incoming tide cycles on the 
downstream side (ocean side) of the dike.

A stage-area rating (Levesque and Oberg, 2012) was 
developed for the upstream side of the dike where the stage 
sensor was located by using one of the individual discharge 
measurements made during the outgoing tide cycle on 
October 26, 2016. The stage-area rating was developed using 
the USGS AreaComp software. An index-velocity rating 
(Levesque and Oberg, 2012), in the form of a regression 
equation, was developed based on the relation of concurrent 
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radar measurements of the surface velocity at the sensor loca-
tion (index velocity) and the measured mean velocity of the 
river from discharge measurements. Because of the rapidly 
changing discharge at this tidal site, the index-velocity rating 
was developed by using individual discharge-measurement 
transects. A polynomial regression equation was determined 
to best describe the index-velocity rating for both the outgoing 
and incoming tidal flows (fig. 2). The polynomial regression 
equation was defined as

 y = 0.0052x2 + 0.1794x + 0.1102, (1)

where
 y is the computed mean channel velocity and
 x is the index velocity measured by the radar 

surface-water velocity meter.

The outputs from each of these ratings, mean channel 
velocity from the index-velocity rating, and cross-sectional 
area from the stage-area rating were then multiplied together 
for each of the 5-minute values to compute instantaneous 
discharge.

Uncertainty in Discharge

The discharge record for the Herring River likely has 
more uncertainty than for typical streamgages because of 
challenging conditions at this site that could affect the velocity, 
stage, and cross-sectional area of the river. The following are 
some of the challenging conditions:

1. The incoming flow goes through only one of the three 
sluiceways, which is only open about 1 ft at the bottom 
of the sluiceway. This results in a period of unsteady 
flow where surface velocities can exceed 15 ft/s and 
likely includes vertical as well as horizontal velocities. 
This period of extreme surface velocities can cause 
turbulence and a water surface with waves of complex 
and variable angles and foaming. These conditions are 
problematic for the radar sensor because it can cause 
errors in the angle as the radar impulse is reflected from 
the water surface (Sommer GmbH, 2014).

2. Rapid changes in the velocity and stage of the river were 
observed during some single-transect discharge measure-
ments, which resulted in measurements of fair quality 
rating (within 8 percent of the true value) based on 
USGS standards.

3. The locations where discharge measurements could be 
made were limited to within several feet of the upstream 
and downstream sides of the dike. The funneling of the 
flow through the gates in the dike likely resulted in a 
variable cross-sectional velocity profile and possibly 
more uncertainty in the discharge measurement.

4. Shifting of channel bottoms (scour and fill) on both 
sides of the dike could have occurred, which could result 
in channel cross-sectional differences in the stage-
area rating.

5. Debris catching in the gates in the sluiceways under the 
dike (and not visible) could affect how much the flapper 
gates open or close and could affect measured velocity 
and stage values.

6. Possible climatic effects, such as wind speed and direc-
tion on the ocean side of the dike or ice during the 
winter, could affect measured velocity and stage values.

These challenging conditions can be seen in the index-
velocity rating for the site, which show that the data points of 
concurrent surface-water velocity from the radar unit (index 
velocity) and the mean channel velocity of the individual 
transect discharge measurement (computed by dividing the 
discharge by the cross-sectional area of the measurement) 
were up to ±100 percent on both sides of the best-fit polyno-
mial regression line (rating curve; fig. 2).

During brief periods, generally during the incom-
ing flow (flood flow) when the surface-water velocity radar 
could not read the velocity because of turbulence, a velocity 
of 0.00 ft/s was recorded. Similarly, during variable-length 
periods (typically between 15 and 60 minutes) at slack tide, 
when the velocity was less than the minimum required or the 
ripple height was less than the minimum required for veloc-
ity detection by the radar unit, it frequently recorded 0.00 ft/s. 
These recorded 0.00 ft/s velocities were deleted from the 
record because the velocities were not 0.00 ft/s. For periods 
of missing or deleted velocity or stage data less than or equal 
to 120 minutes, the USGS water data management software 
AQUARIUS (Aquatic Informatics, Inc., 2019) was set to esti-
mate the velocity, stage, and discharge values by interpolating 
between the last data value and the next data value. For data 
gaps greater than 120 minutes, no data were estimated.

The possible uncertainties associated with flood and ebb 
flows computed could be larger than the difference between 
these two flows that were estimated as the freshwater contri-
bution of the Herring River to the ebb flow. Because of the 
possible uncertainties under these challenging conditions, the 
discharges computed should be considered poor (greater than 
8 percent of the true value).

Continuous Water-Quality Measurements

At the Chequessett Neck Road monitoring station, con-
tinuously recording water-quality monitors were deployed at 
the upstream and downstream ends of the box culvert from 
November 2015 to September 2017. These two upstream 
monitors measured water temperature, pH, specific conduc-
tance (SpC) (adjusted to 25 °C), and DO; the downstream 
monitor measured water temperature and SpC (Wagner and 
others, 2006). The Chequessett Neck Road monitoring station 
contained structures on both sides of the dike that recorded 
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Figure 2. Measured radar unit sensor velocity in relation to measured acoustic Doppler current profiler (ADCP) cross-sectional 
velocity for the Herring River at the Chequessett Neck Road dike, Wellfleet, Massachusetts, from June 24, 2015, through September 30, 
2017.

Collection and Processing of Composite and 
Discrete Water-Quality Samples

Collection and processing of composite and dis-
crete water-quality samples followed USGS protocols 
(U.S. Geological Survey, variously dated). Flow-weighted 
composite samples were collected because of the strong likeli-
hood of substantial variations in constituent concentrations 
during individual flood and ebb tides. To illustrate the justifi-
cation and effectiveness of flow-weighted composite sampling 
versus discrete sampling, discrete samples were collected by 
programming an ISCO model 6712 automatic sampler to col-
lect a sample every 30 minutes during four 12-hour periods in 
February, March, May, and November 2016. This sampling 
was designed to determine the extent of variation in con-
stituent concentrations over flood and ebb tides. Constituent 
concentrations varied substantially and generally systemati-
cally during tidal cycles. Concentrations reached a maximum 
at the end of the ebb tide and beginning of the flood tide, then 
declined rapidly to a minimum at the middle of the incoming 

and stored all measured data. Data were collected at 5-minute 
intervals and transmitted hourly via cellular-modem systems 
to the USGS office. All data are archived in the USGS NWIS 
database (U.S. Geological Survey, 2019).

At the Bound Brook station, a continuously recording 
water-quality monitor was deployed from May 24, 2016, to 
June 20, 2017, and at the Pole Dike Creek station a continu-
ously recording water-quality monitor was deployed from 
May  25, 2016, to May 25, 2017. These monitors measured 
water temperature, pH, SpC (adjusted to 25 °C), and DO 
(Wagner and others, 2006). The monitoring stations on these 
tributaries contained structures that housed digital data loggers 
that recorded and stored all measured data. Data were col-
lected at 5-minute intervals and retrieved on a weekly basis.

USGS personnel visited all three stations monthly to 
check calibration of instruments, determine whether data shifts 
were needed, maintain the water-quality monitors, and ensure 
collection of high-quality data. Data were reviewed for quality 
assurance and quality control by USGS personnel and sub-
sequently published in the NWIS database (U.S. Geological 
Survey, 2019).



Methods of Measuring Discharge and Water Quality and Estimating Nutrient Fluxes  9

tide, and then remained near this minimum until the middle 
of the outgoing tide, when they rapidly increased (fig. 3). 
Because of this variation in concentration over tidal cycles, 
discrete grab samples would not be representative of the tidal 
average concentrations unless numerous samples were col-
lected. Figure 3 illustrates how nutrient (NH4, total phospho-
rus [TP], orthophosphate, and total nitrogen [TN]) concentra-
tions calculated from flow-weighted composite sampling differ 
from measured individual discrete samples over one sequence 
of flood followed by ebb tide. Flow-weighted composite sam-
pling in conjunction with continuous discharge computation 
is the only practical (and economical) way to obtain represen-
tative concentrations to be used with regression analysis to 
obtain fluxes in this highly dynamic system. Orthophosphate 
was one exception to this general pattern during the February 
(not shown) and May (fig. 3) samplings, over which concen-
trations varied much more than during other sequences.

At the Chequessett Neck Road monitoring station, flow-
proportional composite samples were collected approximately 
weekly from November 2015 through September 2017. A 
data logger was programmed to initiate sampling after a fixed 
volume of water (about 220,000 cubic feet [ft3]) flowed past 
the sampling point during a flood tide. The cumulative volume 
of water was computed instantaneously from the velocity-
velocity and stage-area ratings programmed into the data 
logger. The program directed the automatic sampler to pump 
about 100 milliliters (mL) of sample from an inlet near the 
bottom of the culvert after the initial volume had passed the 
station. This sample was collected in one of four 3.5-liter (L) 
sample bottles (flood whole water). Immediately thereafter, a 
second sample of about 100 mL was collected and dispensed 
into a reservoir in the sampler base. A peristaltic pump affixed 
to the wall of the shelter was activated after the second sample 
collection to pump that second sample aliquot in the reser-
voir through a capsule filter and into a second 3.5-L sample 
bottle (flood filtered water). The automatic sampler was 
programmed to go through a purge cycle to flush the line after 
each sample collection. The data logger was programmed to 
track the cumulative volume flowing past the station, to direct 
additional sample collection of whole water and filtered water 
after each successive volume (about 220,000 ft3) of water had 
passed the station, and to composite each of these subsamples 
into the appropriate 3.5-L bottles.

When the data logger detected flow reversal (from flood 
to ebb), it followed the same program to direct pumping of 
ebb water into the appropriate 3.5-L bottles for whole water 
and filtered water after each preset volume of water (about 
240,000 ft3) passed the station. The program was designed to 
sample from two successive complete tidal cycles (that is, two 
flood and two ebb tides) and generate four composite samples 
(one flood whole water, one flood filtered, one ebb whole 
water, and one ebb filtered), over an approximate 24.8-hour 
period. The sampling routine was designed to collect thirty 
100-mL subsamples in each composite bottle flow-proportion-
ally throughout two flood and two ebb tides during the highest 
spring tides, when the total volumes of water passing the gage 

were the highest. Fewer samples were to be collected during 
neap tides, when the total volume of water was lower, than 
during spring tides. The sampling was designed to ensure that 
the largest tides were sampled throughout the tidal cycle and 
that sufficient sample would be collected on neap tides with 
the smallest volumes.

Composite samples were retrieved usually within 2 hours 
of completion of sample collection and were transported to 
the NPS laboratory for processing. Each composite sample 
of filtered water was transferred to an 8-L polyethylene churn 
splitter and separated into bottles for analysis of the following 
constituents: (i) total dissolved nitrogen (TDN) and total dis-
solved phosphorus (TDP), (ii) ammonium (NH4), (iii) nitrate 
plus nitrite (NO3+NO2), (iv) silica (SiO2), and (vi) dissolved 
organic carbon (DOC). The TN and TP, NH4, NO3+NO2, and 
SiO2 samples were stored in opaque 125-mL polyethylene 
bottles in a freezer. The DOC subsample was collected in a 
prebaked 40-mL amber vial, acidified with 190 microliters of 
20-percent hydrochloric acid, and stored in a refrigerator. Each 
composite unfiltered (whole water) sample was transferred 
into an 8-L polyethylene churn splitter and separated into 
bottles for the analysis of following constituents: TN and TP. 
The TN and TP samples were stored in 125-mL polyethylene 
bottles in a freezer.

At the Bound Brook and Pole Dike Creek monitoring 
stations, v-notch weir plates were installed to channelize the 
flow so that it could be quantified by continuous measure-
ments of stage. However, leakage around the weir plates 
during substantial periods made it impossible to quantify flow 
continuously in these tributaries. ISCO model 2700 automated 
samplers were programmed to initiate sample collection once 
every 10 days. At Bound Brook samples were collected from 
June 2016 to June 2017, and at Pole Dike Creek samples were 
collected from July 2016 to June 2017. Initially at Bound 
Brook and at Pole Dike Creek, the programs directed the auto-
matic samplers to collect approximately 800-mL samples once 
per hour after a preprogrammed threshold volume of water had 
passed the station. At Pole Dike Creek, the threshold discharge 
volume was 12,000 ft3, and the threshold at Bound Brook was 
3,000 ft3. In September 2016, leakage around and under the 
v-notch weir plates was observed at Bound Brook and Pole 
Dike Creek. Because this leakage resulted in inaccurate flow 
computation, in September 2016 the sampler at Bound Brook 
was reprogrammed to collect a time-weighted composite 
sample by collecting a subsample every hour for a 24-hour 
period. Flow is tidal (alternating between flood and ebb) at 
the Pole Dike Creek station but is not tidal at Bound Brook. 
At Pole Dike Creek, the tide is asymmetric: on average, water 
flows in for about 4.2 hours and out for about 8.2 hours during 
each tidal cycle. Therefore, at Pole Dike Creek the samples 
represent either flood or ebb flow, whereas at Bound Brook all 
samples represent ebb flow. Sampling continued until 24 hours 
had elapsed, resulting in a maximum of 24 samples. At the 
Pole Dike Creek location, the sampler was reprogramed to col-
lect a sample every hour for a 24-hour period. Hourly samples 
were combined for all samples during ebb and flood tides 
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Figure 3. Discharge (in cubic feet per second), measured nutrient concentrations for discrete samples, and calculated flow-weighted 
composite concentrations for the flood and ebb tides, Herring River at Chequessett Neck Road in Wellfleet, Massachusetts, 2016. 
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separately to generate time-weighted samples. The magnitude 
of leakage prohibited quantifying flow but was small enough 
that the program for volume-controlled sampling in the early 
part of the record was deemed satisfactory.

Upon completion of the 24-hour sampling period, the 
samples were transported to the NPS laboratory for process-
ing. Individual samples were composited in an 8-L churn as 
flood or ebb (that is, two composite samples) for Pole Dike 
Creek or entirely as ebb (one composite sample) for Bound 
Brook. If the total composite sample volume was greater 
than the capacity of the churn (as occasionally happened at 
Bound Brook), the samples were subsampled proportionately 
to attain a final composite that was representative of all of the 
sample volume in the automatic sampler bottles. The churn 
was used to obtain three separate samples for TN and TP, total 
iron, and DOC. The DOC subsample was filtered through a 
0.45-micrometer (µm) filter and stored chilled in an amber 
glass bottle. All other samples were stored in polyethylene 
bottles and refrigerated until analysis.

Quality Assurance/Quality Control on Composite 
Sampling

Eight field blank sampling routines were conducted dur-
ing the sampling period (November 2015–September 2017). 
Field blank samples were prepared by directing the sampler 
to collect two 100-mL samples from a carboy of deionized 
water in the shelter at the monitoring station every hour for 
24 hours through the same tubing used for environmental 
(ENV) samples. One of the samples from each hourly col-
lection was subsequently filtered through a 0.45-µm capsule 
filter and composited in one bottle, and the other sample was 
composited unfiltered. Except for the inlet tubing that con-
nects the automatic sampler to the stream intake, the blank 
samples interacted with the same equipment and tubing as the 
ENV samples. Replicate samples were collected intermittently 
by collecting another bottle set from the churn splitter during 
sample processing of ENV samples.
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Isokinetic equal width increment (EWI) samples were 
collected manually immediately upstream from the box 
culvert(s) during flood tides and immediately downstream 
from the three box culverts during ebb tides following stan-
dard protocols (U.S. Geological Survey, variously dated). The 
automated sampler was triggered to collect a sample from the 
single intake point in one culvert (where routine ENV com-
posite samples were collected) concurrently to test whether 
samples collected at a single point were representative of the 
entire cross section (vertically and horizontally). Concurrent 
EWI and automated sampler point samples were collected on 
April 19, 2017, and September 13, 2017, over one flood and 
one ebb tide. The individual samples were composited and 
processed in the same way as the ENV samples.

Analytical Methods and Quality Assurance

Concentrations of TDN, TDP, silica, orthophosphate, 
TN, and TP were analyzed at the Center for Coastal Studies 
Laboratory in Provincetown, Mass. Concentrations of dis-
solved and total iron were analyzed at the NPS laboratory in 
Truro, Mass., from November 2015 to May 2017 and at the 
Center for Coastal Studies Laboratory in Provincetown, Mass., 
from June 2017 through September 2017. The laboratories 
used identical methods of analysis. DOC was analyzed at the 
Woods Hole Oceanographic Institution Dissolved Carbon 
Isotope Laboratory in Woods Hole, Mass.

The analytical methods used for water-quality analysis, 
USGS parameter codes, method references, and minimum 
detection limits for samples collected at water-quality-
monitoring stations on the Herring River are summarized in 
table 2.

Laboratory quality assurance (QA) protocols included 
the analysis of standard reference materials, field replicates, 
field blanks, and laboratory blanks. All water-quality data are 
published in Huntington and Spaetzel (2020).

Laboratory analyses of standard reference materials for 
nutrients and DOC consistently met the data quality objectives 
(DQOs) established for this study. The DQOs were relative 
percent differences (RPDs) of <20 percent. Analysis of field 
replicate samples shows that median RPD values between 
the replicates and the corresponding ENV samples for all 
constituents were usually substantially less than the DQOs of 
±20 percent.

Results for field blanks indicated that for nutrients, in 
most cases the blank analyte concentrations were substantially 
lower than the lowest ENV sample and lower than or similar 
to the minimum detection limit, except for concentrations of 
NH4. Analyses of laboratory-prepared deionized water blanks 
showed that there was no detectable contamination of samples 
within the laboratory for any constituent.

The median value for NH4 in the field blanks was 
0.008 milligram per liter (mg/L) as nitrogen (N), which was 
equivalent to or higher than 10 percent of the ENV samples 
on the ebb tide and 25 percent of the ENV samples on the 

Table 2. Summary of water-quality laboratory analytical methods, U.S. Geological Survey parameter codes, method references, and 
minimum detection limits for samples collected at water-quality-monitoring stations on the Herring River, Wellfleet, Massachusetts.

[USGS, U.S. Geological Survey; mg/L, milligram per liter; N, nitrogen; P, phosphorus; C, carbon; °C, degree Celsius]

Constituent and units Analytical method
USGS 

parameter 
code

Method reference
Minimum 
detection 

limit (mg/L)

Ammonia (filtered), mg/L as N Automated phenate colorimetry 00608 U.S. Environmental Protection 
Agency (1993)

0.0014

Nitrate plus nitrite (filtered), mg/L 
as N

Automated cadmium reduction and 
colorimetry

00631 Zhang and others (1997) 0.0007

Silica (SiO2) (filtered), mg/L as SiO2 Automated segmented flow, molybdate 
blue formation and colorimetry

00955 Zhang and Berberian (1997) 0.006

Orthophosphate, mg/L as P Ascorbic acid method, molybdenum 
blue colorimetry

00671 Zimmerman and Keefe (1997) 0.0006

Total dissolved phosphorus (fil-
tered), (TDP) mg/L as P

Alkaline-persulfate digestion, continu-
ous flow colorimetry

00666 Patton and Kryskalla (2003) 0.003

Total nitrogen (unfiltered,) (TN) 
mg/L as N

Alkaline-persulfate digestion, continu-
ous flow colorimetry

62855 Patton and Kryskalla (2003) 0.007

Total dissolved nitrogen (filtered), 
(TDN) mg/L as N

Alkaline-persulfate digestion, continu-
ous flow colorimetry

62854 Patton and Kryskalla (2003) 0.007

Total phosphorus (unfiltered) (TP), 
mg/L as P

Alkaline-persulfate digestion, continu-
ous flow colorimetry

00665 Patton and Kryskalla (2003) 0.003

Dissolved organic carbon (DOC), 
mg/L as C

High-temperature catalytic oxidation, 
nondispersive infrared detection

00681 Sugimura and Suzuki (1988) 0.24
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flood tide. Ammonium concentrations in field blank samples 
may have been elevated because of gaseous diffusion from 
the atmosphere into open containers during the collection of 
composite samples. The possibility of contamination from 
the atmosphere was investigated during this study. A 3.5-L 
Nalgene bottle (the same kind used in the ISCO sampler base 
for collection of composite samples) filled with deionized 
water was left in the sampling shelter for 25 hours covered 
loosely with plastic. A second sample bottle filled with 
deionized water was left sealed in the shelter for 25 hours. 
Both samples were analyzed for NH4 before and after being 
exposed to the churn. Ammonium was detected at levels 
above the minimum reporting limit and above the lowest 
ENV samples in the samples exposed to the atmosphere for 
25 hours in the shelter but not detected in the samples in 
sealed bottles. The contamination occurred almost entirely 
during the period of exposure in the shelter and not during the 
churn-splitting process.

Results of the comparison between samples collected 
by EWI and the automated sampler were variable. The data 
from these analyses generally met a DQO of <20 percent RPD 
for certain analytes (TN, TP, orthophosphate, NO3+NO2, and 
silicate), but the RPD was >20 percent for other analytes (NH4 
and TDP). The RPD for NH4 was in the range of 35 to 65 per-
cent, and the RPD for TDP was in the range of <10 percent 
to 87 percent. The results of this comparison indicate that, for 
certain constituents, the automated point-sampling is not fully 
representative of the water in the cross section and introduces 
some error.

On September 6, 2018, field measurements were taken 
to test whether the water-quality monitor installed on the 
marsh side of the Chequessett Neck Road dike recorded 
water-quality parameters that were representative of total flow 
through the culverts. The monitor was installed such that the 
probes were submersed even during the lowest flow condi-
tions; therefore, they were positioned within a few centimeters 
from the bottom of the culvert, immediately outside of the 
box culvert. Two monitors were attached to a B-reel assem-
bly above a 150-pound weight and suspended in the flow 
during one ebb tide. Over the course of a complete ebb tide, 
the mobile monitors were positioned at different vertical and 
horizontal positions in the culvert where the fixed monitor 
was deployed and in the middle culvert. The objective was to 
determine whether the water was well mixed vertically within 
a given culvert and horizontally between culverts. During the 
ebb tide, there was a small but consistent bias in SpC, whereby 
the fixed monitor, which was located near the floor of the cul-
vert, had a higher SpC than was measured in the water column 
above the floor of the culvert regardless of where in the water 
column vertically or horizontally the mobile monitors were 
positioned. The percentage difference varied by time in the 
ebb tide. Measurements of SpC by the mobile monitors in the 
water column above the fixed monitor were 2.4, 8.3, 4.9, and 
5.1 percent lower in the first 1.4 hours, 1.4 to 2.8 hours, 2.8 to 
5.3 hours, and 5.3 to 5.8 hours, respectively. This bias is likely 
a result of a density stratification whereby fresher water (tidal 
inflow mixed with river outflow) overlaid saltier water that 

had not mixed as thoroughly with freshwater. Comparable pro-
files were not measured on a flood tide, but because of the vol-
ume of water seaward of the dike and higher tidal amplitudes 
than landward of the dike, it is likely that the flood tide was 
better mixed (less stratified) than the ebb tide. There were no 
appreciable differences in water temperature among the moni-
tors throughout the ebb tide. The mobile monitors were similar 
to each other in dissolved oxygen (DO) measurements, which 
were on average about 1.5 mg/L of DO (14 percent) less than 
DO recorded by the fixed monitor. The mobile monitors were 
similar to each other in pH measurements, which were about 
one- to two-tenths higher than pH recorded by the fixed moni-
tor for the first 5 hours of the ebb tide; after that, and for the 
duration of that ebb tide, they recorded progressively increas-
ing pH (from 8 to 8.4), whereas the fixed monitor recorded a 
nearly constant pH between 7.8 and 7.9. The reason for the pH 
divergence late in the ebb tide is not known.

Modeling Nutrient Fluxes Across the 
Ocean-Estuary Boundary With LOADEST

The LOADEST regression model (Runkel and others, 
2004) was used to compute nutrient fluxes across the ocean-
estuary boundary. Separate models were developed for each 
nutrient and for ebb and flood tides separately. This approach 
treats the bidirectional flow past the dike as if there were 
two separate rivers, one flowing in for part of a day and one 
flowing out for part of a day. In this application, constituent 
concentration was determined for flow-weighted composite 
samples that each represented two consecutive flood or two 
consecutive ebb tides. Two consecutive flood tides cover an 
average period of about 19.6 hours, and two consecutive ebb 
tides cover a partially overlapping period of about 17.6 hours. 
These two consecutive flood and ebb tides are equal to a tidal 
day of about 24.8 hours, consistent with what Garrett (1972) 
reported for this region. For this LOADEST application, we 
used a “tidal day” rather than a calendar day. A tidal day was 
defined as the total amount of water flowing past the gage in 
two successive flood or ebb tides, and the day was assigned 
the date on which most of the flow occurred. The composite 
sample for that period represented the nutrient concentration 
for that tidal day. Since the average length of a tidal day was 
about 24.8 hours, this results in an overestimation bias of the 
daily loads of 3.3 percent.

The LOADEST model uses pairs of concentration and 
discharge data to calibrate the adjusted maximum likeli-
hood estimate (AMLE) (Cohn, 1988; Cohn and others, 1992) 
regression between constituent load, streamflow, and seasonal-
ity. AMLE was used because some of the datasets contain cen-
sored data (below the minimum detection level), and AMLE 
results in a nearly unbiased estimate of load (Cohn, 1988). 
LOADEST determines the “best” regression model based on 
the Akaike information criterion. The resulting regression 
models can be used to estimate loads over user-specified time 
intervals.
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LOADEST model output includes estimates of daily 
nutrient load (kilograms per day) and regression statistics 
that include correlation, mean load estimates, 95-percent 
confidence intervals, standard error, and bias diagnostics for 
estimates of load and concentration. Descriptions of the bias 
diagnostics were included in model updates in 2013 (Runkel, 
2013). Bias diagnostics include load bias in percent (Bp); 
partial load ratio (PLR), which is equal to the sum of the 
estimated loads divided by the sum of the observed loads; 
partial concentration ratio (PCR); and the Nash-Sutcliffe 
efficiency index (E). Values of PLR >1.0 indicate positive load 
bias (estimated loads exceed measured loads), and PLR values 
<1.0 indicate negative load bias. Runkel (2013) provides the 
following guidance: (i) model should not be used if Bp>25 per-
cent; and (ii) E ranges from negative infinity to 1, where 1 
indicates a perfect fit to the observed data, 0 indicates that the 
model estimates are as accurate as the mean of observed data, 
and E<0 indicates that the observed mean is a better estimate 
than the model estimates. The bias statistics for each model 
are reported in appendix 1. LOADEST regression models 
from Runkel and others (2004) that were used in this study are 
listed in table 2.1 (app. 2). The coefficients for each constitu-
ent’s regression model on flood and ebb tides are listed in 
table 2.2 (app. 2).

Only in the case of NH4 on the ebb tide was Bp>25 per-
cent, and in that instance, we did not use the LOADEST model 
for computation of loads. The PLR values were all close to 1, 
indicating little appreciable positive or negative load bias. The 
Nash-Sutcliffe efficiency index indicated that, except for NH4 
on the ebb tide, the model provided better estimates of the 
observed data.

The LOADEST model assumes that the residuals are 
independent and homoscedastic (having constant variance; 
Runkel and others, 2004). This assumption was investigated 
and validated by plotting model residuals in relation to load. 
The plots are not presented in this report or the accompanying 
data release; however, the data used for plotting are reported 
in the data release (Huntington and Spaetzel, 2020). For most 
constituents on ebb and flood tides, these plots showed a 
random distribution with both positive and negative values 
without any clear patterns or trends and therefore were consis-
tent with the assumption that the residuals were independent 
and homoscedastic. One exception was for DOC on the ebb 
tide, where there was a trend towards increasing variance with 
increasing DOC load but no trend in the sign of the bias. The 
only other exception was for TDP on the flood tide, where 
there was evidence of positive bias when TDP loads were low 
and somewhat more positive bias when TDP loads were high. 
In these two cases, the model assumptions are not fully met; 
therefore, there is greater uncertainty in estimated loads. The 
model also assumes that the residuals are normally distributed, 
and this assumption was investigated by plotting model residu-
als in relation to the normal quantile (Z-score). The linearity of 
these plots suggests that the residuals follow a normal distribu-
tion. The LOADEST model can be subject to a seasonal bias 
due to the model’s fixed shape of the concentration-discharge 

relation among seasons, when in reality the shape may be 
different (Hirsch, 2014). We tested for seasonal bias by 
plotting the seasonal distribution of residuals in boxplots 
as described in Hirsch (2014). Throughout this report, the 
seasons are defined as spring (March through May), summer 
(June through August), fall (September through November), 
and winter (December through February). Where results are 
expressed on an annual basis, the period is described as a cal-
endar year (January through December). In this type of plot, 
periods where the model may be biased due to the fixed shape 
of the seasonally varying concentration discharge relation can 
be identified. Although there is some evidence for moderate 
seasonal variation in bias, generally we found little evidence 
for substantial bias. The largest seasonal biases were in the 
fall, when there were fewer samples. In the fall, there were 
moderately high positive biases for silica, nitrate, and DOC on 
the ebb tide and negative biases for TP, TN, and TDP on the 
flood tide.

The nonparametric Kendall’s rank correlation test was 
used to test for the statistical significance of correlations 
between 7-day antecedent rainfall and constituent concentra-
tions by using S–PLUS software. If calculated p-values were 
>0.05, then the correlations were judged to be not significant.

Results
The following sections present the results of the analyses 

described in the methods sections of this report. The first five 
sections describe results of the discharge and water-quality 
data analyzed at the Herring River at Chequessett Neck Road 
in Wellfleet, Mass. The first section describes the discharge 
computed for the Herring River during the study period and 
compares these results to other studies’ estimates for this 
site. The second section describes the air temperature, water 
temperature, and precipitation time series. The third sec-
tion describes the continuous DO, SpC, pH, gage height, and 
streamwater velocity time series. The fourth section describes 
the seasonal variation in nutrient concentrations. The fifth sec-
tion describes the estimated nutrient fluxes across the ocean-
estuary boundary. The sixth and seventh sections describe 
variations in DO, pH, SpC, water temperature and nutrient 
concentrations at the Pole Dike Creek and Bound Brook 
tributaries.

Discharge

Tidal daily Herring River discharge (two consecutive 
flood, ebb, and river [ebb minus flood]) flows indicate substan-
tial daily, seasonal, and interannual variation (fig. 4). Mean 
tidal daily discharges during the period from November 2015 
to September 2017 were 66.9, 69.0, and 2.11 cubic feet per 
second (ft3/s) for the flood, ebb, and river flows, respectively. 
The variation in tidal daily discharge was associated with the 
differences between spring and neap tides and with differences 
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Figure 4. Computed mean discharge rates for tidal days for the Herring River at Chequessett Neck Road in Wellfleet, Massachusetts, 
from November 2015 through September 2017. A, Computed mean flood and ebb discharge rates. B, Computed mean Herring River 
discharge (calculated as ebb minus flood). Tidal days are two consecutive flood or two consecutive ebb tides. The day associated with 
these mean discharge values is the day where most of the flow occurred.
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in freshwater runoff. Ebb flows were consistently higher than 
flood flows from November 2015 through January 2017, as 
expected given the contribution of freshwater flow from the 
Herring River to the ebb flow. From the end of March in 2017 
to the end of the study in September 2017, flood flows usually 
exceeded ebb flows, as illustrated in figure 4 (A and B), which 
shows generally negative Herring River freshwater discharge.

The long-term average difference between flood and ebb 
flows during the period of discharge record (June 25, 2015, 
through September 30, 2017), which is interpreted as the river 
freshwater component of the ebb flow, was substantially lower 
than previous estimates in other studies of the Herring River 
(Garvine, 1987; Roman and others, 1995). We estimate the 
average rate of Herring River discharge during the period of 
study to be 2.11 ft3/s (0.060 cubic meter per second [m3/s]). 
The total annual precipitation in 2016 was 102 cm, and from 
January through September in 2017, the total was 108 cm. 
Previous studies of the Herring River have used alternative 
methods to estimate river discharge that did not involve physi-
cal measurements of discharge, as were made in this study, 
and these alternative methods resulted in much higher esti-
mates of river discharge. Masterson (2004) estimated a value 
of 0.33 m3/s by using a numerical groundwater model and on 
the basis of average annual precipitation of 107 cm per year, 
assuming that 55 percent of precipitation reached the aquifer 
as recharge. Garvine (1987) and Roman and others (1995) 
used an estimate of 0.25 m3/s in their hydraulic modeling 
studies for the Herring River. According to another approach, 
which assumed the groundwater recharge on Cape Cod to be 
about 45 percent of total annual precipitation (LeBlanc and 
others, 1986), the groundwater-contributing drainage area to 
be about 19.1 km2 (Carlson and others, 2017a, b), the average 

annual precipitation to be 121 cm, and the surface-water runoff 
to be negligible, the average annual runoff for the Herring 
River was estimated to be 0.33 m3/s.

The estimated water yield for the Herring River in 
Wellfleet from November 2015 to September 2017 was 
0.19 cubic feet per second per square mile, based on a mean 
discharge of 2.11 ft3/s (0.06 m3/s) and surface water contrib-
uting area of 11.0 square miles. This estimate is lower than 
the water yields for four other small rivers on or near Cape 
Cod for the same period (table 3). Flow on these other rivers 
is affected by various factors, including the groundwater- 
or surface-water-contributing areas. The various rivers are 
affected in different ways, and the contributing areas are not 
well known, so these comparisons are shown only for general 
context and not for a quantitative comparison. In summary, 
the computed Herring River discharge is lower than values 
estimated by other studies for this river and in comparisons 
with other rivers on or near Cape Cod. The water yields shown 
in table 3 were computed using surface-water-contributing 
areas. The differences among rivers could be due in part to 
differences in groundwater-contributing areas that are poorly 
quantified. The differences between these other rivers and 
the Herring River could also be related to the uncertainties in 
discharge for both the flood and ebb tides.

Computed daily mean discharge rates were lower in 
summer months, consistent with higher rates of evapotranspi-
ration (fig. 5). Unexpectedly, there appeared to be an inverse 
relation between monthly precipitation and monthly mean ebb 
tidal discharge (fig. 5). In the summer months (June through 
August), monthly mean discharge at Herring River was 
69.8 ft3/s in 2016 and 64.8 ft3/s in 2017, but total precipita-
tion in Truro during these same summer months was 9.5 cm 

Table 3. Watershed contributing areas, average discharge, and associated rate of streamflow of U.S. Geological Survey streamgages 
on or near Cape Cod, Massachusetts, from November 1, 2015, to September 30, 2017.

[USGS, U.S. Geological Survey; mi2, square mile; ft3/s, cubic foot per second; (ft3/s)/mi2, cubic foot per second per square mile; MA, Massachusetts]

USGS station name
USGS station  

identification number

Contributing 
area  
(mi2)

Average  
discharge  

(ft3/s)

Average rate of 
streamflow  
([ft3/s]/mi2)

Herring River at Chequessett Neck Road at Wellfleet, MA1 011058798 11.0 2.11 0.19
Herring River, at North Harwich, MA2 01105880 9.4 8.53 0.91
Eel River at Route 3A near Plymouth, MA3 01105876 14.7 30.01 2.04
Jones River at Kingston, MA4 01105870 15.7 25.55 1.29
Quashnet at Waquoit Village, MA5 011058837 2.58 16.42 6.36

1This stream drains from a groundwater basin that is smaller than the surface-water basin.
2Occasional regulation by cranberry bog upstream. This stream drains from a groundwater-contributing area that is larger than, and not coincident with, the 

surface-water basin.
3Flow affected by upstream withdrawals for municipal water supplies. Stage may be affected by occasional high tidal surges.
4Flow regulated by pond upstream. Flow affected at times by wastage from Silver Lake. Surface flow may be affected by groundwater that enters from or 

moves into adjacent basins. Occasional backwater from tidal surge.
5Flow at times includes overflow and leakage from Johns Pond. Occasional regulation by cranberry bog upstream and occasional backwater from tidal surge.
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Figure 5. Monthly precipitation in Truro, Massachusetts, and estimated daily mean ebb tide discharge for each month for the Herring 
River at Chequessett Neck Road in Wellfleet, Mass., from November 2015 through September 2017.

Air Temperature, Water Temperature, and 
Precipitation Measurements

Air temperature varied from about −10 °C on the cold-
est days in winter to about 26 °C on the warmest days in 
summer (fig. 6). Water temperature varied from just below 
0 °C in winter to about 27 °C in summer. The average water 
temperature in the Herring River at Chequessett Neck Road 
during July and August in 2016 was 25.5 °C, and in 2017 it 
was 23.8 °C. Summer air temperatures were somewhat higher 
in 2016 than in 2017. Water temperature in the Herring River 
on the river side of the dike at Chequessett Neck Road tracked 
air temperature closely but with a substantially narrower 
range in day-to-day variability. The frequency of precipitation 
events and daily precipitation amounts varied throughout the 
study period (fig. 7). The biggest difference between years 
was the comparatively low amount of precipitation in June, 
July, and August in 2016 and the comparatively high amount 
of precipitation in May, June, and October in 2017. In 2016, 
the cumulative precipitation in June, July, and August at Truro, 
Mass., was 9.5 cm, and in 2017 the cumulative precipitation 
was 37.5 cm. These differences between years were especially 
evident in comparison with the longer term (1982 to 2017) 
average monthly precipitation at this location (fig. 7).

and 37.5 cm, respectively. Monthly mean discharge during the 
summer months (June through August) of 2017 was 9.6 ft3/s 
at the Herring River near Harwich, Mass. (USGS station 
01105880), which is 16 miles south of the Herring River 
at Chequessett Neck Road in Wellfleet, Mass., streamgage 
(USGS station 011058798), and was 6.0 ft3/s during the same 
summer months of 2016.

Slightly greater monthly mean discharge in the sum-
mer of 2016 than in 2017 for the Herring River is somewhat 
counterintuitive given higher total precipitation in the summer 
of 2017 than 2016, but the Herring River is a groundwater-
dominated system, and groundwater levels may have been 
substantially higher at the beginning of 2016 than at the begin-
ning of 2017. There may also be substantial lag time between 
precipitation and groundwater discharge into the Herring 
River and tributaries. In the spring and early summer of 2016, 
the groundwater levels were slightly higher (about 25 cm) 
than during the same period in 2017 at the nearby USGS 
groundwater-level monitoring well (USGS 415353069585401, 
MA–WNW 17, Wellfleet, Mass.), which may have resulted 
in slightly higher groundwater discharge rates in the summer 
months of 2016 than in 2017.
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Figure 7. Monthly average precipitation in Truro, Massachusetts, for 2016, 2017, and the long-term (1982 to 2017, excluding 1987) 
average. Data from the Western Regional Climate Center (2018).

Continuous Water-Quality Measurements at 
Herring River at Chequessett Neck Road

Dissolved oxygen (DO) on the Herring River at the 
dike at Chequessett Neck Road varied seasonally such that 
the average concentration decreased through the spring and 
summer to a minimum value (<2 mg/L of DO) in midsum-
mer to late summer 2016 and increased to a maximum value 
(>10 mg/L of DO) in the following winter (fig. 8). These sea-
sonal changes in DO are presumably driven by algal photosyn-
thesis, microbial respiration dynamics, and changes in water 
temperature. The average concentration of DO was lower in 
the summer of 2016 than in the summer of 2017 (fig. 8). DO 
and water temperature are inversely related. Higher water 
temperatures and associated lower DO concentrations in the 
summer of 2016 would be consistent with shallower water 
and lower freshwater runoff in the Herring River in 2016 than 
in 2017.

DO generally varied diurnally, being higher in the after-
noon and evening than the morning; the greatest diurnal dif-
ference was in summer (fig. 9). In spring and fall, the diurnal 
variation was consistent with that observed in summer, but the 
difference was smaller. This diurnal variation was much less 
evident and sometimes absent in winter. Tidal variation has 
little influence on DO concentration.

Values of pH for the Herring River at the dike at 
Chequessett Neck Road varied between about 7 and 8 
throughout the year (fig. 10). Equipment failure resulted in 
no pH records for the summer of 2016; however, the summer 
of 2017 generally (except for a 3-week period in August) had 
somewhat lower minimum pH values (frequently in the range 
of 6.5 to 7.0) than observed in other seasons. Diurnal variation 
in pH tracked the tides, reaching a maximum at slack high tide 
and a minimum at slack low tide (fig. 9).

Specific conductance (SpC) on the Herring River at 
the dike at Chequessett Neck Road tracked the tidal cycles 
and typically varied between 20,000 and 48,000 µS/cm 
(fig. 11A, B). SpC appeared to decrease over time during 
the study period in both the ebb and flood tides. The aver-
age SpC in the summer (June through August) in 2016 was 
37,073 µS/cm. The average SpC in the summer in 2017 was 
33,132 µS/cm. These differences in SpC were consistent with 
the observed 9.5 cm of precipitation in the summer of 2016 
(fig. 5) and 37.5 cm of precipitation in 2017. The fact that SpC 
on the ebb tide in summer 2017 was less than in the summer 
of 2016 indicates a greater input of freshwater from precipita-
tion and possibly groundwater discharge to the Herring River.

The long-term trend in gage height recorded during the 
ebb tide shows a slight increase (towards a higher water level) 
over time during the study period (fig. 11C). This increase is 
consistent with the trend towards decreasing SpC (fig. 11A) 
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Figure 9. Dissolved oxygen, pH, and gage height for the Herring River on the river side of the dike at Chequessett Neck Road in 
Wellfleet, Massachusetts, during mid-July 2017. The 5-minute interval data were resampled at an hourly interval for plotting. feet 
NAVD 88, feet relative to the North American Vertical Datum of 1988.

and with the trend towards increasing precipitation (fig. 5). 
The average gage height on the ebb tide in the summer (June 
through August) in 2016 was −1.17 ft. The average gage 
height in the summer in 2017 was −1.05 ft.

The long-term trend in surface-water velocity used to 
develop the index-velocity rating is also indicative of an unex-
pected change over time. During the month of January 2017, 
there appeared to have been a substantial decrease in the peak 
and average velocities on the ebb tide (fig. 11D). Prior to this 
apparent shift, the long-term average velocity on the ebb tide 
was 6.63 ft/s, and after this date, the long-term average veloc-
ity was 6.18 ft/s (a 6.7-percent decrease). Before this appar-
ent shift, the peak velocities on the ebb tide generally were 
between 9 and 10 ft/s, and after January 2017, they generally 
were between 8 and 9 ft/s. There was no comparable shift in 
velocity on the flood tide in January 2017; and over the study 
period the flood tide velocities increased slightly (fig. 11E). 
We do not know why the measured ebb velocities decreased in 
January 2017 and remained at lower levels for the remainder 
of the study. The decrease in velocity could be the result of 

issues with the radar sensor unit such as a change in the inter-
nal programming in the radar unit, damage to the electronics 
in the radar unit, or a change in the angle of the sensor beam.

The velocity, SpC, gage height, and precipitation data 
indicate a potential temporal bias in the discharge record. In 
one approach to evaluate whether the velocity record could 
have been compromised, we applied an adjustment to the ebb 
and flood velocity records based on an assumption that they 
were accurate before January 6, 2017. We computed the aver-
age velocities prior to and after this date and applied correc-
tions of 1.080 times the post-January 5, 2017, ebb velocity and 
0.973 times the post January 5, 2017, flood velocity to remove 
the trend in velocity. With this adjustment, there was no longer 
a downward trend in the ebb-minus-flood discharge record, 
nor did it become negative after April 2017. Calculation of 
the long-term average ebb-minus-flood discharge following 
the adjustment to the velocity record results in a 50-percent 
increase in estimated river flow from 2.11 ft3/s to 3.25 ft3/s 
(0.060 m3/s to 0.092 ft3/s).
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The greatest amplitude in SpC between flood and ebb 
tides occurred in winter when runoff was greatest, and the 
smallest amplitude occurred in summer when runoff and 
groundwater discharge were lower. The highest SpC on flood 
and ebb tides occurred in summer, in particular during the 
summer of 2016 when rainfall was substantially lower than in 
2017. Specific conductance (SpC) tracks the tidal cycle, reach-
ing a maximum at the end of the flood tide and a minimum at 
the end of the ebb tide (fig. 12). The minimum value for SpC 
for the record from October 1, 2015, to September 30, 2017, 
occurred on June 19, 2017.

Water temperature on the Herring River at the dike 
at Chequessett Neck Road followed the expected seasonal 
pattern with the maximum occurring in late summer and the 
minimum occurring in midwinter (fig. 6). Minimum water 
temperatures decreased to just below 0 °C in midwinter, and 
maximum temperatures occasionally exceeded 30 °C in July 
and August. Water temperature generally varied diurnally, 
being higher in the afternoon and evening compared with the 
morning and with the greatest diurnal difference in summer 
(fig. 13).

Variation in Nutrient Concentrations in 
the Herring River by Season, Antecedent 
Precipitation, and Tide Direction

Flow-weighted concentrations of NH4, nitrate, and total 
nitrogen on the Herring River at the dike on the ebb tide 
generally varied between 0.01 and 0.1, 0.003 and 0.03, and 0.3 
and 0.7 mg/L as N, respectively. Flow-weighted concentra-
tions of orthophosphate, total dissolved phosphorus, and total 
phosphorus generally varied between 0.002 and 0.02, 0.003 
and 0.06, and 0.03 and 0.1 mg/L as phosphorus, respectively, 
on the ebb tide. Flow-weighted concentrations of silicate and 
dissolved organic carbon on the ebb tide generally varied 
between 0.08 and 3.0 mg/L of silica (silicon dioxide) and 
1.7 and 5.6 mg/L of carbon, respectively.

Ammonium concentrations were substantially higher 
than nitrate concentrations in both flood and ebb water in the 
Herring River at Chequessett Neck Road (figs. 14 and 15). 
Ammonium concentrations did not exhibit systematic seasonal 
variation. There was a positive, statistically significant correla-
tion between ebb (but not flood) NH4 concentration and 7-day 
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Figure 12. Specific conductance and gage height for the Herring River on the river side of the dike at Chequessett Neck Road in 
Wellfleet, Massachusetts, for the period from June 16, 2017, to June 27, 2017. The 5-minute interval data were resampled at an hourly 
interval for plotting. feet NAVD 88, feet relative to the North American Vertical Datum of 1988.
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Figure 13. Temperature and gage height for the Herring River at the dike on the river side of Chequessett Neck Road in Wellfleet, 
Massachusetts (July 12 to July 20, 2017). The 5-minute interval data were resampled at an hourly interval for plotting. feet NAVD 88, feet 
relative to the North American Vertical Datum of 1988.

cumulative antecedent precipitation (table 4). Ammonium 
concentrations were usually higher in ebb tides than in preced-
ing flood tides, and where the reverse was true, the differences 
were small and usually occurred in late summer.

Nitrate concentrations exhibited systematic seasonal 
variation, increasing in the fall, reaching a maximum in 
winter, decreasing in spring, and reaching minimum values in 
summer (fig. 15). There were positive, statistically significant 
correlations between flood nitrate concentration and 7-day 
cumulative antecedent precipitation and between ebb nitrate 
concentration and 7-day cumulative antecedent precipitation 
(table 4). Nitrate concentrations were usually substantially 
higher in ebb tides than in preceding flood tides, and the differ-
ences were largest in winter.

Total nitrogen (unfiltered; TN) concentrations in the 
Herring River at Chequessett Neck Road generally varied 
between 0.25 and 0.60 mg/L as N and did not exhibit system-
atic seasonal variation (fig. 16). There was a positive, statisti-
cally significant correlation between ebb (but not flood) TN 
concentration and 7-day cumulative antecedent precipitation 
(table 4). TN concentrations on the ebb tides were usu-
ally higher than on preceding flood tides, although in many 
instances the differences were small. Most of the nitrogen 
transported on both flood and ebb tides was in the form of 
organic nitrogen, as is evident from comparing TN and inor-
ganic nitrogen species (figs. 14, 15, and 16). Organic nitrogen 
concentration Norg is defined as

 Norg = TN − NH4 − (NO3+NO2). (2)

A limited number of analyses (16 flood and 16 ebb com-
posite samples from July 31, 2017, to September 25, 2017) for 
filtered TN revealed that the average ratio of filtered to unfil-
tered nitrogen was 0.64 (typically ranging from 0.57 to 0.75). 
The ratios were similar between flood and ebb tides. This 
indicates that, for this time period, most of the nitrogen was 
transported in dissolved organic form as opposed to dissolved 
inorganic nitrogen or particulate organic nitrogen.

Orthophosphate concentrations in the Herring River at 
Chequessett Neck Road exhibited systematic strong seasonal 
variation, whereby concentrations were low in winter and 
spring and increased markedly in summer, peaked in late sum-
mer, and then declined over the fall (fig. 17). Orthophosphate 
concentrations in flood and ebb water were not correlated 
with 7-day cumulative antecedent precipitation (table 4). 
Orthophosphate concentrations were similar between flood 
and ebb tides.

Total dissolved phosphorus (TDP) concentrations in the 
Herring River at Chequessett Neck Road exhibited the same 
systematic strong seasonal variation as observed for ortho-
phosphate (fig. 18). TDP concentrations in flood and ebb water 
were not correlated with 7-day cumulative antecedent pre-
cipitation (table 4). TDP concentrations were similar between 
flood and ebb tides.
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Table 4. Kendall rank correlations between nutrient 
concentrations and cumulative precipitation in the previous 7 
days in the Herring River at Chequessett Neck Road, Wellfleet, 
Massachusetts.

[tau; Kendall’s rank correlation coefficient; TP, total phosphorus; TDP total 
dissolved phosphorus; TN, total nitrogen; N, nitrogen; DOC, dissolved 
organic carbon; NS, not significant]

Variable
Flow direc-

tion
tau p-value

Ammonium Ebb 0.229 0.0033
Nitrate + nitrite Ebb 0.338 <0.0001
TP Ebb −0.031 NS
TDP Ebb −0.081 NS
Orthophosphate Ebb −0.024 NS
TN Ebb 0.171 0.026
Organic N Ebb 0.127 NS
Organic N fraction Ebb −0.127 NS
Silica Ebb 0.253 0.0012
DOC Ebb 0.053 NS
Ammonium Flood 0.061 NS
Nitrate + nitrite Flood 0.216 0.0046
TP Flood −0.029 NS
TDP Flood −0.130 NS
Orthophosphate Flood −0.070 NS
TN Flood 0.076 NS
Organic N Flood 0.086 NS
Organic N fraction Flood −0.013 NS
Silica Flood 0.212 0.0055
DOC Flood −0.021 NS

Total phosphorus (unfiltered; TP) concentrations in the 
Herring River at Chequessett Neck Road generally varied 
between 0.02 and 0.10 mg/L as phosphorus (P) and exhibited 
the same systematic, strong seasonal variation as observed for 
orthophosphate (fig. 19). TP concentrations in flood and ebb 
water were not correlated with 7-day cumulative antecedent 
precipitation (table 4). TP concentrations were similar between 
flood and ebb tides. The difference between TP and TDP 
indicated that, on average, the dissolved fraction constituted 
about 39 percent of the TP on flood tides and 36 percent on 
ebb tides.

Silica concentrations in the Herring River at Chequessett 
Neck Road did not exhibit systematic seasonal variation 
(fig. 20). There was a positive, statistically significant correla-
tion between flood and ebb silica concentrations and 7-day 
cumulative antecedent precipitation and precipitation (table 4). 
Silica concentrations on the ebb tides were usually higher than 
on preceding flood tides, although during the winter/spring 
period, late December 2016 to early May 2017, the reverse 
was true.

DOC concentrations in the Herring River at Chequessett 
Neck Road did not exhibit systematic seasonal variation 
(fig. 21). However, in the summer of 2017, DOC concentra-
tions were higher than in any other season, and this may be 
related to substantially higher rainfall and (or) higher tempera-
tures overall in summer 2017 than in other seasons. However, 
DOC concentrations in flood and ebb water were not corre-
lated with 7-day cumulative antecedent precipitation (table 4). 
DOC concentrations were typically similar on flood and ebb 
tides, except during summer, when DOC concentrations were 
frequently higher on flood tides.

Nutrient Fluxes Across the Ocean-Estuary 
Boundary

The following section describes the annual and seasonal 
nutrient fluxes across the ocean-estuary boundary at the dike 
at Chequessett Neck Road, which were estimated for the 
period from November 2015 to September 2017. The sea-
sons were defined as spring (March through May), summer 
(June through August), fall (September through November), 
and winter (December through February). Fluxes from the 
estuary to the ocean on the ebb tides are referred to as exports 
(table 5), and fluxes from the ocean to the estuary on the flood 
tides are referred to as inputs The standard errors of the esti-
mates (table 5) are derived from the uncertainty in the  
LOADEST regression model only and do not include the 
uncertainty associated with the discharge record.

Exports of TN and inorganic nitrogen species exceeded 
inputs annually in all seasons, except for ammonium (NH4) 
in summer. Annual TN export averaged 85 kilograms per 
day (kg/d), and TN input averaged 66 kg/d. The difference, 
interpreted as the contribution of the Herring River to the total 
export, was 20 kg/d (table 5). TN export varied only slightly 
over the four seasons, but inputs were about 71 to 74 kg/d in 
summer and fall and only 57 to 59 kg/d in winter and spring 
(table 5). Annual NH4 exports averaged 9.5 kg/d, and NH4 
inputs averaged 6.0 kg/d, indicating a river contribution of 
3.5 kg/d (table 5). Ammonium exports were highest in spring 
and fall, and inputs were highest in summer and fall. Annual 
NO3 exports averaged 3.0 kg/d, and NO3 inputs averaged 
1.1 kg/d, indicating a river contribution of 1.89 kg/d. Nitrate 
exports were highest in winter and spring, and inputs were 
highest in fall and winter. Lower nitrate exports in summer 
and fall are likely due to reduced river discharge and uptake 
by phytoplankton in the estuary. Average annual TN export 
was nearly 7 times larger than the sum of inorganic nitrogen 
(NH4 and NO3) export, indicating that the primary form of 
nitrogen exported was organic nitrogen. Similarly, TN inputs 
were about 9 times larger than inorganic nitrogen inputs.

Exports of TP, TDP, and orthophosphate exceeded 
inputs annually and in all seasons, except orthophosphate in 
summer and fall (table 5). The fact that the concentrations 
of these constituents were similar suggests that the differ-
ences between export and input are caused by differences 
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Table 5. Seasonal and annual nutrient loads computed in LOADEST for flood and ebb tides, and estimation of the fraction of the ebb 
tide that is derived from the Herring River in Wellfleet, Massachusetts, calculated as ebb minus flood.

[Loads and standard error values are in kilograms per day. The period of record is from November 2015 through September 2017. The seasons are defined as 
spring (March through May), summer (June through August), fall (September through November), and winter (December through February). The annual period 
is a calendar year (January through December). Constituents: TN, total nitrogen; NH4, ammonium; NO3, nitrate; TP, total phosphorus; TDP, total dissolved 
phosphorus; Ortho P, orthophosphate; Si, silica; DOC, dissolved organic carbon. Std err, standard error]

Constituent
Spring Summer Fall Winter Annual

Load Std err Load Std err Load Std err Load Std err Load Std err

TN Inputs 59.6 2.6 74.1 2.3 71.3 3.6 57.5 3.0 65.7 1.9
TN Exports 87.7 6.3 85.1 6.2 84.4 7.2 82.8 6.7 85.2 4.0
Exports−Inputs 28.1 11.0 13.1 25.3 19.5
NH4 Inputs 2.60 0.62 7.89 1.8 10.6 2.8 3.57 0.96 5.95 1.1
NH4 Exports 11.8 2.0 5.91 0.94 11.3 3.3 8.14 1.4 9.48 1.3
Exports−Inputs 9.20 −1.98 0.70 4.57 3.53
NO3 Inputs 0.83 0.13 0.68 0.08 1.43 0.20 1.67 0.32 1.10 0.13
NO3 Out 3.47 0.45 1.14 0.14 2.17 0.33 5.48 0.76 3.0 0.29
Exports−Inputs 2.64 0.46 0.74 3.81 1.90
TP Inputs 6.07 0.36 10.6 0.59 10.3 0.71 5.96 0.43 8.22 0.33
TP Exports 8.2 0.73 12.4 1.1 11.8 1.3 7.5 0.74 10.0 0.59
Exports−Inputs 2.13 1.80 1.50 1.54 1.78
TDP Inputs 1.75 0.09 5.46 0.26 4.39 0.25 1.31 0.07 3.26 0.12
TDP Exports 2.18 0.14 5.57 0.33 4.64 0.34 1.66 0.12 3.54 0.16
Exports−Inputs 0.43 0.11 0.25 0.35 0.28
Ortho P Inputs 0.53 0.08 2.83 0.38 2.79 0.46 0.49 0.08 1.64 0.19
Ortho P Exports 0.91 0.13 2.75 0.37 2.67 0.46 0.83 0.15 1.78 0.19
Exports−Inputs 0.38 −0.08 −0.12 0.34 0.14
Si Inputs 155 10 155 8.7 203 18 207 18 177 8.1
Si Exports 451 31 306 20 373 32 515 40 408 20
Exports−Inputs 296 151 170 308 231
DOC Inputs 394 12 560 16 432 15 302 11 429 8.5
DOC Exports 640 36 775 42 547 37 430 28 613 23
Exports−Inputs 246 215 115 128 184

in flow. The percentage differences between annual exports 
and imports were substantially larger for TP than TDP or 
orthophosphates. Annual TP export averaged 10 kg/d, and 
TP input averaged 8.2 kg/d. The difference, interpreted as the 
contribution of the Herring River to the total export of TP, 
was 1.8 kg/d. Exports and inputs of all forms of phosphorus 
were highest in summer and fall. Dissolved forms of phos-
phorus accounted for no more than half of TP in all seasons. 
Orthophosphate, the most readily available form of phospho-
rus to algae and aquatic plants, makes up about half of the 
dissolved phosphorus exported. Other dissolved and particu-
late forms of phosphorus are subject to decomposition and 
conversion to more readily available forms.

Exports of total silica exceeded inputs annually and in all 
seasons (table 5). Annual silica exports averaged 408 kg/d, and 
silica inputs averaged 177 kg/d, indicating a river contribution 

of 231 kg/d. Silica exports were highest in winter and spring. 
Lower silica exports in summer and fall are likely due to 
reduced river discharge and uptake by phytoplankton in 
the estuary.

Exports of DOC exceeded inputs annually and in all 
seasons (table 5). Annual DOC exports averaged 613 kg/d, and 
DOC inputs averaged 429 kg/d, indicating a river contribu-
tion of 184 kg/d. DOC exports, and percentages assumed to 
be contributed by the river inputs, were highest in spring and 
summer, and DOC tidal inputs were highest in summer and 
fall. Higher spring and especially summer exports may indi-
cate more organic matter decomposition in soils, sediments, 
and water when temperatures are higher.
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Continuous Water-Quality Measurements at 
Tributaries to the Herring River

Continuous water-quality measurements at the Bound 
Brook and Pole Dike Creek tributaries showed substantial sea-
sonal variations during their respective periods of record, late 
May 2016 to late June 2017 and late May 2016 to late May 
2017. Dissolved oxygen (DO) was higher in winter and spring 
than in summer and fall, whereas pH and SpC were consis-
tently higher in summer and lower but much more variable in 
fall, winter, and spring.

DO was almost always lower in Bound Brook than Pole 
Dike Creek (fig. 22). DO was generally lower in summer and 
fall than in winter and spring in both tributaries, which is 
consistent with lower water temperature in winter and spring. 
These episodic decreases in DO are presumably driven by 
algal photosynthesis and microbial respiration dynamics. In 
winter and spring, DO tended to increase following rainfall 
events where cumulative rainfall over 1 day, or several consec-
utive days, was greater than approximately 2 or 3 cm. DO did 
not respond to rainfall events in the summer and fall.

At Bound Brook in summer, DO reached a maximum in 
late afternoon and a minimum before sunrise, as expected on 
the basis of algal photosynthetic production of oxygen dur-
ing the day and microbial respiration that consumes oxygen 
during nighttime (fig. 23). At Bound Brook, DO frequently 
decreased to 0 or near 0 mg/L in late spring and summer and 
occasionally in the fall (fig. 22). At Pole Dike Creek, DO 
approached 0 mg/L on only one occasion, from November 5 
to November 7 in 2016. Summertime diurnal variation in DO 
in Pole Dike Creek is more complex because it is tidal. At 
Pole Dike Creek, DO peaks near slack high tides and reaches 
a minimum near slack low tide, and maximum DO usually 
occurs between 13:00 and 21:00 hours. In general, the ampli-
tude in diurnal variation in DO was greater at Bound Brook 
than at Pole Dike Creek.

The pH was consistently lower at Bound Brook than 
Pole Dike Creek throughout the year, and the difference was 
most pronounced during fall and spring (fig. 24). During the 
fall of 2016, the pH in Bound Brook was typically around 4.5 
to 4.7, and at Pole Dike Creek it was generally between 5.5 
and 6.0. In many instances, pH declines were observed for 
both tributaries following substantial rainfall events (figs. 24 
and 25). The lowest pH recorded was 3.7 following a large 
rainfall event in early April 2017. The pH was higher at 
both tributaries during summer of 2016 (generally between 
5.7 and 6.2) than during the following fall, winter, or spring 

(fig. 24). The higher pH observed from late May to August 
in 2016 compared with the period following October of 2017 
at Bound Brook may be explained by changes in precipita-
tion and associated runoff. Higher rainfall beginning in the 
fall of 2016, and continuing through the winter, spring, and 
summer of 2017, may have resulted in a higher proportion of 
stream water originating from drainage through surficial marsh 
soils that are more acidic than stream water originating from 
groundwater that was likely more prevalent during the drier 
summer of 2016.

Specific conductance (SpC) was substantially greater 
throughout the year at the tidally influenced Pole Dike Creek 
tributary than at Bound Brook (fig. 26). The amplitude of 
tidal cycle variation in SpC at Pole Dike Creek was larger in 
summer and fall than in winter and spring. Decreases in SpC 
following substantial rainfall events were observed at both 
tributaries in winter. The SpC at Pole Dike Creek responded 
to tidal variations in a regular pattern, increasing with increas-
ing tide height with a brief lag between peaks (fig. 27). The 
summer of 2016 was unusually dry, resulting in low freshwa-
ter inputs that may have increased the intrusion of brackish 
water that is tidally affected at the sampling location at Pole 
Dike Creek. This could account for the higher SpC measured 
at this location during the summer of 2016 compared with the 
following fall, winter, and spring. In both tributaries, the mini-
mum SpC values were higher in winter than in summer. The 
lower minimums in winter could be a result of the increas-
ing rainfall in late fall and winter, which caused more runoff 
generation through surface marsh soils, which are more acidic 
than the deeper groundwater pathways that supplied more 
recharge during the dry late spring and summer.

Surface-water temperature followed the expected sea-
sonal pattern, with the maximum occurring in late summer and 
the minimum in midwinter, in both tributaries (fig. 28). Water 
temperature was higher in Pole Dike Creek than in Bound 
Brook from late May through early September, but during the 
following fall, winter, and early spring, temperatures were 
similar. In the fall of 2016, substantial rainfall events resulted 
in increased surface-water temperature. The higher water 
temperature in the summer at Pole Dike Creek may be a result 
of tidal influence that increases the residence time of stream 
water and hence solar insolation and heat transfer from the 
channel banks and benthic sediments. It is also possible that 
the water in Bound Brook was more influenced by relatively 
cool groundwater discharge than was the tidally mixed water 
at Pole Dike Creek.
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Variation in Nutrient Concentrations in the 
Tributaries to the Herring River

Total nitrogen (TN) concentrations in flood and ebb 
tides in Pole Dike Creek generally were in the range of 3.7 
to 17 mg/L as N (fig. 29), which was an order of magni-
tude higher than what was observed on the Herring River at 
Chequessett Neck Road (0.25 and 0.60 mg/L as N in flood and 
ebb tides, respectively; fig. 16). The high concentrations of 
TN in Pole Dike Creek could be explained by contamination 
originating from the Wellfleet municipal landfill and septage 
disposal site located about 220 to 400 m north of the Pole 
Dike Creek. This landfill was operated for about 40 years and 
was closed in 1992 (Godfrey and others, 1999; Massachusetts 
Department of Environmental Protection, 2005). Nutrient data 
from some wells adjacent to a landfill and septage disposal site 
near Orleans, Mass. (on Cape Cod about 20 km south of the 
landfill in the Pole Dike Creek Basin), had dissolved inorganic 

N concentrations in the range of 10 to 35 mg/L as N (DeSim-
one and Howes, 1995). TP concentrations in flood and ebb 
tides in Pole Dike Creek generally were in the range of 0.04 
to 0.12 mg/L as P (fig. 30), which was similar to what was 
observed at Chequessett Neck Road (0.02 and 0.10 mg/L as 
P, respectively; fig. 19). In the limited records for TN and TP, 
there were no systematic differences between flood and ebb 
tides, and the records were too short to discern any seasonal 
pattern.

TN concentrations in Bound Brook generally were 
in the range of 0.8 to 1.4 mg/L as N (fig. 31), which was 
approximately twice as high as the concentrations observed 
at Chequessett Neck Road (0.25 and 0.60 mg/L as N; fig. 16). 
TP concentrations in Bound Brook generally were in the range 
of 0.05 to 0.15 mg/L as P (fig. 31), which was similar to what 
was observed at Chequessett Neck Road (0.02 and 0.10 mg/L 
as P; fig. 19). The TN and TP records were too short to discern 
any seasonal patterns.
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Figure 29. Total nitrogen (unfiltered) concentrations in Pole Dike Creek in Wellfleet, Massachusetts, for flow-weighted composite 
samples from sequential flood and ebb tides over a 24-hour period, May 2016 to August 2017.
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Figure 30. Total phosphorus (unfiltered) concentrations in Pole Dike Creek in Wellfleet, Massachusetts, for flow-weighted composite 
samples from sequential flood and ebb tides over a 24-hour period, May 2016 to August 2017.
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Figure 31. Total nitrogen and total phosphorus (unfiltered) concentrations in Bound Brook in Wellfleet, Massachusetts, for 
flow-weighted composite samples over a 24-hour period, May 2016 to June 2017. For Bound Brook some composite samples were not 
flow weighted because the discharge measurements were compromised by leakage around the weir.
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Summary and Conclusions
Nutrient concentrations and fluxes across the ocean-

estuary boundary of the Herring River in Wellfleet, 
Massachusetts, were assessed by the U.S. Geological Survey, 
in cooperation with the National Park Service and Friends of 
Herring River, from November 2015 to September 2017 to 
characterize environmental conditions prior to future removal 
of a dike that has restricted saltwater inputs into the watershed 
for more than 100 years. Flow-weighted concentrations of 
ammonium (NH4), nitrate, and total nitrogen on the ebb tide at 
the dike on the Herring River generally varied between 0.01 
and 0.1, 0.003 and 0.03, and 0.3 and 0.7 milligram per liter 
(mg/L) as nitrogen, respectively. Flow-weighted concentra-
tions of orthophosphate, total dissolved phosphorus, and total 
phosphorus on the ebb tide generally varied between 0.002 
and 0.02, 0.003 and 0.06, and 0.03 and 0.1 mg/L as phospho-
rus, respectively. Flow-weighted concentrations of silicate 
and dissolved organic carbon on the ebb tide generally varied 
between 0.08 and 3.0 mg/L as silica and 1.7 and 5.6 mg/L as 
carbon, respectively. Ebb tide concentrations of nitrate were 
highest in winter and lowest in summer. By contrast, ebb tide 
concentrations of phosphorus species were highest in late sum-
mer and early fall and lowest in winter. Silica and dissolved 
organic carbon did not exhibit systematic variation in seasonal 
concentrations.

Continuous measurements of dissolved oxygen, pH, spe-
cific conductance, and water temperature were recorded from 
late May 2016 through late May 2017 in Pole Dike Creek and 
from late May 2016 through late June 2017 in Bound Brook, 
two tributaries to the Herring River. Total nitrogen and total 
phosphorus measurements were recorded for discrete and 
composite samples collected periodically from flood and ebb 
tides at Pole Dike Creek from late May 2016 through mid-
June 2017. Total nitrogen and total phosphorus measurements 
were recorded for discrete and composite samples collected 
periodically from Bound Brook from late May 2016 through 
late May 2017.

There was uncertainty in estimates of nutrient fluxes, but 
the LOADEST estimated fluxes indicated that annual (and 
in almost all cases seasonal) exports (ebb tides) exceeded 
inputs (flood tides). The differences (where exports exceed 
inputs) are thought to represent the contribution of the Herring 
River watershed as a source of these constituents to Wellfleet 
Harbor. The absolute values of the nutrient fluxes and the dif-
ferences (Herring River contribution) have some uncertainty. 
Ebb tide concentrations of NH4, nitrate, total nitrogen, and 
silica were positively correlated with antecedent cumulative 
7-day precipitation. These positive correlations indicate that 
precipitation likely results in the mobilization and transport of 
these constituents in excess of base-flow conditions.

Additional (future) prerestoration water-quality and dis-
charge data would provide a more comprehensive understand-
ing of the range of natural variability in nutrient concentra-
tions and loads in response to variable hydrologic conditions. 
Alternative methods (potentially using different monitoring 

equipment, like upward-looking acoustic velocity sensors 
deployed on the base of the culvert and water-level gages 
installed in different locations) could result in an improved 
discharge record, and, if combined with concurrent water-
quality data, the uncertainties in the estimation of nutrient 
fluxes could be reduced. A longer sampling period that encom-
passes more natural variation in hydrologic conditions would 
improve understanding of future variations in nutrient fluxes. 
The range of nutrient concentrations reported in this study 
reflects the hydrologic conditions during the study period. If 
the hydrologic conditions after dike removal are substantially 
different from those during the study period, then it may be 
difficult to distinguish between natural variability and response 
to the dike removal. The followup studies mentioned in the 
introduction will provide a more comprehensive understand-
ing of natural variability under a broader range of hydrologic 
conditions.
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Appendix 1. LOADEST Models Selected and Bias Statistics for Estimating 
Nutrient Fluxes Across the Ocean-Estuary Boundary on the Herring River at 
Chequessett Neck Road, Wellfleet, Massachusetts
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Table 1.1. LOADEST regression models used in this study and bias statistics for each model.

[Bias statistics and model numbers from Runkel and others (2004) and Runkel (2013). Constituents (“In” indicates flood tide, “Out” indicates ebb tide): 
TN, total nitrogen; NH4, ammonium; NO3, nitrate; TP, total phosphorus; TDP, total dissolved phosphorus; Ortho P, orthophosphate; Si, silica; DOC, dissolved 
organic carbon. Rsq, coefficient of determination; PLR, partial load ratio; PCR, partial concentration ratio; Bp, load bias; E, Nash-Sutcliffe efficiency index; 
NA, not applicable]

Constituent Model Rsq, in percent Load bias,1 in percent PLR or PCR2 E3

TN In 8 35.25 −0.094 0.999 0.284
TN Out 9 24 −0.804 0.992 0.175
NH4 In 7 34.93 7.59 1.076 0.063
NH4 Out NA NA NA NA NA
NO3 In 8 45.46 2.98 1.03 0.285
NO3 Out 9 69.97 7.045 1.07 0.589
TP In 6 54.36 0.383 1.004 0.580
TP Out 4 32.52 0.346 1.003 0.295
TDP In 4 87.78 −1.370 0.986 0.839
TDP Out 4 81.1 1.396 1.014 0.778
Ortho P In 4 66.08 8.686 1.087 0.646
Ortho P Out 9 66.0 7.521 1.075 0.247
Si In 9 45.19 0.134 1.001 0.412
Si Out 9 58.31 0.253 1.003 0.494
DOC In 9 78.11 −0.325 0.997 0.690
DOC Out 9 64.88 −0.999 0.99 0.503

1Positive values indicate overestimation, and negative values indicate underestimation.
2Sum of estimated loads(concentrations) divided by sum of observed loads(concentrations).Values >1 indicate overestimation; values <1 indicate underesti-

mation. PLR = (Bp + 100) / 100; PCR = (Bp + 100) / 100.
3E ranges from −infinity to 1.0. E=1 is a perfect fit to observed data.
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Appendix 2. LOADEST Regression Equations Used To Estimate Nutrient Loads 
Across the Ocean-Estuary Boundary on the Herring River at Chequessett Neck 
Road, Wellfleet, Massachusetts

Table 2.1. LOADEST regression models used in this study.

[Modified from Runkel and others (2004, table 7). a, model coefficient; lnQ = ln(streamflow) − center of ln(streamflow); dtime = decimal time − center of 
decimal time]

Model number Regression model

4 a0 + a1lnQ + a2sin(2πdtime) + a3cos(2πdtime)
6 a0 + a1lnQ + a2lnQ2 + a3sin(2πdtime) + a4cos(2πdtime)
7 a0 + a1lnQ + a2sin(2πdtime) + a3cos(2πdtime) + a4dtime
8 a0 + a1lnQ + a2lnQ2 + a3sin(2πdtime) + a4cos(2πdtime) + a5dtime
9 a0 + a1lnQ + a2lnQ2 + a3sin(2πdtime) + a4cos(2πdtime) + a5dtime + a6dtime2
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Table 2.2. LOADEST regression model coefficients used in this study.

[Model coefficients and associated p-values from LOADEST model regression analysis. Regression models are shown in table 2.1. Separate models were 
derived for each constituent for flood tides and for ebb tides. In the exponential notation used, E means “multiplied by 10 to the power of.” Constituents (“In” 
indicates flood tide, “Out” indicates ebb tide): DOC, dissolved organic carbon; NH4, ammonium; NO3, nitrate; Ortho P, orthophosphate; Si, silica; TDP, total 
dissolved phosphorus; TN, total nitrogen; TP, total phosphorus]

Constituent
Coefficient or 

p-value
a0 a1 a2 a3 a4 a5 a6

DOC_In Coefficients 0.0332 1.0387 0.6956 −0.3188 −0.0792 0.0498 0.3301
DOC_In p-values 1.975E−96 2.36E−01 2.38E−02 6.42E−20 9.90E−03 4.95E−02 3.23E−05
DOC_Out Coefficients 0.1131 1.3556 −1.2185 −0.2535 −0.2381 0.2001 0.5744
DOC_Out p-values 7.67E−78 1.59E−04 5.02E−01 1.15E−07 7.92E−06 4.74E−03 1.19E−05
NH4_In Coefficients 1.1146 −5.4798 −0.5740 0.6395 0.6766
NH4_In p-values 1.03E−12 3.21E−02 6.37E−03 4.84E−03 8.01E−03
NH4_Out Coefficients 1.7995 1.3286 0.2381 4.14E−01
NH4_Out p-values 1.29E−20 2.99E−01 1.67E−01 4.59E−02
NO3_In Coefficients -0.2392 -2.6379 33.398 0.4174 0.5299 0.6034
NO3_In p-values 8.83E-03 7.02E-02 9.04E-02 9.21E-05 5.21E-06 4.77E−05
NO3_Out Coefficients 0.4729 2.9942 −0.9003 1.0153 1.57E−01 0.6995 0.7028
NO3_Out p-values 3.19E−05 8.06E−05 8.16E−01 4.09E−17 1.39E−01 7.59E−06 7.84E−03
Ortho_P_In Coefficients −0.1137 1.0547 −1.1594 0.6169
Ortho_P_In p-values 1.84E−01 5.25E−01 4.74E−15 7.56E−06
Ortho_P_Out Coefficients −0.1102 2.913 −4.8776 −0.928 2.46E−01 0.0538 0.811
Ortho_P_Out p-values 3.50E−01 4.92E−04 2.62E−01 1.44E−13 3.92E−02 7.38E−01 5.99E−03
Si_In Coefficients 4.8682 −1.2916 28.6939 0.1116 0.1781 0.3281 0.5016
Si_In p-values 2.70 E−70 8.21E−02 5.13E−03 3.37E−02 2.15E−03 1.73E−03 5.51E−04
Si_Out Coefficients 5.6563 1.841 2.354 0.3554 5.70E−03 3.71E−01 0.6927
Si_Out p-values 2.48E−71 2.70E−05 2.91E−01 1.99E−09 9.25E−01 2.88E−05 1.30E−05
TDP_In Coefficients 0.9454 −0.0831 −0.9036 0.2585
TDP_In p-values 1.22E−41 8.93E−01 3.48E−32 8.01E−07
TDP_Out Coefficients 1.0216 1.8154 −0.8259 0.1618
TDP_Out p-values 3.26E−36 7.40E−06 8.52E−25 1.05E−02
TN_In Coefficients 4.1014 0.6496 15.866 −0.1375 0.0719
TN_In p-values 1.46E−83 2.35E−01 3.46E−02 5.76E−04 1.30E−02
TN_Out Coefficients 4.1969 1.6303 6.2118 −0.0018 −1.47E−02 2.07E−01 0.4014
TN_Out p-values 3.35E−62 6.96E−03 4.93E−02 9.76E−01 8.21E−01 2.23E−02 1.01E−02
TP_In Coefficients 1.9704 0.4197 16.2763 −0.4077 0.1975
TP_In p-values 4.24E−52 5.59E−01 1.10E−01 1.46E−11 6.82E−04
TP_Out Coefficients 2.1636 1.0986 −0.3525 0.1295
TP_Out p-values 4.64E−50 2.84E−02 1.55E−06 1.07E−01
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