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Abstract

Freshwater streams and rivers are recognized as vital
habitats within the Chesapeake Bay watershed, which has
been undergoing extensive restoration efforts for more than
30 years. Resource managers need to understand stream and
river condition and how these conditions are changing over
time to determine whether regional long-term restoration
and conservation goals are being met. The objective of this
report was to document the spatial and temporal variability
of conditions for seven indicators of river and stream
health across the nontidal Chesapeake Bay watershed.

The framework for the U.S. Geological Survey’s Nontidal
Network (NTN), a network of more than 100 nutrient and
suspended sediment monitoring locations, was extended

to assess conditions for six additional indicators of stream
health: temperature, salinity, toxic contaminants, streamflow,
hydromorphology, and biological aquatic communities.

For each indicator, the latest available data from multiple
sources were compiled and harmonized, and key metrics

were identified to describe indicator conditions across space
and time. A status condition was defined for each indicator

to describe overall spatial variability in recent condition, and
trend analyses were used to describe changes in each indicator
metric over time. The analysis revealed clear differences in
spatial and temporal data coverage across the seven indicators,
so individual indicator trend analyses were not constrained

to a common time interval. However, a status snapshot was
conducted across all indicators for the 2015—17 period to
simultaneously explore spatial variability across all indicators.
The status snapshot highlighted general degraded conditions
across multiple indicators in large metropolitan regions,

such as the Baltimore—Washington, D.C., metropolitan

area. Regression analyses between indicator status metrics
and major land cover for the sites suggest urbanization

as a potential driver of degraded conditions for many of

the indicator metrics, including total phosphorus, salinity,
temperature, high-flow frequency, and metrics of habitat and

biological assemblage quality. A final analysis exploring the
spatial representation of each indicator network showed that
some indicator monitoring networks did not cover certain
settings, such as small watersheds. These results provided an
initial assessment of stream health status and trends and will
continue to be leveraged to describe conditions across the
Chesapeake Bay watershed to help inform local and regional
management decisions. These results also highlighted the need
for improved coordination among monitoring organizations to
support long-term multi-indicator monitoring and assessment.

1. Introduction

The Chesapeake Bay watershed is one of the most fertile
and productive ecosystems in North America. It spans more
than 64,000 square miles and feeds the lush and flourishing
estuary of the Chesapeake Bay (fig. 1; Horton, 2003). Fifty
large rivers and many more streams and creeks are the
lifeblood of this vast resource, providing essential habitat
for myriad flora and fauna while carrying throughout the
watershed water and food necessary to sustaining the life of
its inhabitants.

Understanding the status (condition at any given point in
time) and trends (change in condition over time) of a stream’s
water quality parameters provides valuable information
to enable informed management of resources. This report
describes the methods and results of status and trend analysis
for seven key indicators of freshwater river and stream
condition in the Chesapeake Bay watershed: nutrients and
suspended sediment, salinity, temperature, toxic contaminants,
streamflow, hydromorphology, and biological aquatic
communities. Additionally, this report documents initial
attempts to synthesize and contextualize status results across
all indicators. The scope of the report is limited to tracking
these seven indicators, some of which have temporally and
spatially disparate datasets; the challenges and limitations
associated with these datasets are summarized herein.
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Figure 1. Map showing features of the Chesapeake Bay watershed.
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1.2. Background

Much of the monitoring and research focused on
understanding and protecting the health of the Chesapeake
Bay ecosystem, including its rivers and streams, began at
the formation of the Chesapeake Bay Program in 1983. The
original Chesapeake Bay Agreement, a one-page pledge
signed by the chair of the Chesapeake Bay Commission,
the administrator of the U.S. Environmental Protection
Agency (EPA), the mayor of the District of Columbia, and
the governors of Maryland, Pennsylvania, and Virginia,
established a Chesapeake Executive Council and a
Chesapeake Bay liaison office to oversee plans to improve
water quality and living resources in the Chesapeake Bay
estuary (Chesapeake Bay Program, 1983).

The first numeric goals for reducing pollution and
restoring the Chesapeake Bay (hereafter referred to as
“the Bay”) ecosystem were established as part of a second
Chesapeake Bay Agreement in 1987. This second agreement
set goals to develop and adopt a Bay-wide plan for the
assessment, management, and protection of living resources
and set specific numeric goals to reduce the amount of
nitrogen and phosphorus entering the mainstem of the Bay
by 40 percent by the year 2000 (Chesapeake Bay Program,
1987). This agreement was amended in 1992 to incorporate
upstream tributaries into the water quality goals, incorporate
air deposition as a source to be included in nutrient reduction
strategies, and recognize submerged aquatic vegetation as
an early measure of restoration progress (Chesapeake Bay
Program, 1992).

A new agreement in 2000 added Delaware, New York
and West Virginia as state partners and set 102 goals focused
on living resource, habitat, and water quality protection and
restoration, as well as the development of land use practices
and community engagement (Chesapeake Bay Program,
2000). The implementation of regulations and restoration
efforts was greatly accelerated after U.S. President Barack
Obama issued an executive order in 2009 tasking the
Federal Government to lead efforts to control pollution and
protect and restore living resources through a series of clear
strategies and goals (Executive Order No. 13,508, 2009).
This executive order motivated several additional measures
of monitoring and progress including the establishment of
2-year restoration goals by the Chesapeake Executive Council
and the establishment of the Chesapeake Bay Total Maximum
Daily Load (TMDL), the largest cleanup plan ever developed
to limit nutrients and suspended sediment entering the Bay.
Additionally, the Chesapeake Bay Watershed Agreement was
drafted and set adaptive management goals that have been
amended over time to align with Federal directives, State
regulations and changing land use and development within
the watershed (Chesapeake Bay Program, 2014). Each of the
described initiatives and amended agreements set goals that
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require regular monitoring and analysis to measure progress.
These agreements, and the large amount of monitoring

data that has grown from them, are largely responsible for
driving the need for the methods and evaluations described in
this report.

1.3. Study Rationale

Previous efforts to describe and track conditions across
the Chesapeake Bay watershed have primarily focused on
nitrogen and phosphorus based on the original goals of the
Chesapeake Bay Agreement (Chanat and others, 2015; Zhang
and Hirsch, 2019; Mason and others, 2023). A network of
monitoring sites where high-quality flow and water-quality
data are collected was established as a cooperative effort
between the EPA, U.S. Geological Survey (USGS),
Susquehanna River Basin Commission, and agencies in the
States of the Chesapeake Bay watershed. Initiated in 1985
as 9 River Input Monitoring sites located where major rivers
flow into the Chesapeake Bay, the network has grown to
123 continuous monitoring sites across the watershed, now
known as the Nontidal Network (NTN; U.S. Geological
Survey, 2016).

The NTN is optimized to determine nitrogen, phosphorus,
and suspended sediment loads and trends thereof, biannually,
using continuous streamflow monitoring and discrete
water-quality data collected using standardized protocols
and quality-assurance procedures (Mason and others, 2023).
Although nutrients and sediment are important stream
indicators for measuring progress toward total maximum
daily load (TMDL) goals, assessing additional stream heath
indicators may provide a more holistic view of stream health
in freshwater streams and rivers. Moreover, because the
NTN has been optimized for monitoring trends in stream
nutrients and sediment, it may not be ideal for monitoring
other indicators, such as stream temperature or fish population
metrics, that are influenced by processes at different scales.

To enhance understanding of trends in stream conditions,
the USGS compiled and analyzed data from six additional
indicators of river and stream conditions, guided by the
framework of the NTN. This report presents the status and
trend results for nutrients and suspended sediment from the
NTN and details the assessment of six additional indicators
within the Chesapeake Bay watershed. Each indicator was
assigned to dedicated USGS specialists responsible for
compiling data, calculating key metrics, and using the best
methods for analysis. The results and authorship for each
indicator are presented separately in sections 2.1 through
2.7. Furthermore, all authors contributed to a comprehensive
overview of recent conditions across all indicators and a
summary of the challenges encountered in synthesizing trend
results from temporally and spatially disparate datasets in
section 2.8.
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2. Status and Trends Methods,
Analyses, and Results

Gathering, analyzing, and synthesizing results for
determining the status and trends of seven different indicator
groups comes with a host of challenges. Indicators differ
markedly in available data types and frequencies, ranging
from discrete data collected once per year to continuous data
collected every 15 minutes. Datasets differ substantially in
sample size, frequency, and geographic distribution, and these
characteristics are important considerations for determining
status and trend approaches. Continuous datasets with evenly
spaced measurements at high-frequency time intervals (such
as every 15 minutes) have become more common over the
past decade with the installation of more high-resolution
streamgages and increased availability of continuous data
sensors. Continuous data are often collected at fixed locations
along a reach and are representative of diurnal and seasonal
fluctuations at a single point in a river; however, sites are not
spatially balanced in abundance and distribution, and data
gaps may still exist because of environmental fouling and
sensor maintenance. In comparison, discrete datasets with
unevenly spaced time series and infrequent sampling (as few
as one or fewer samples per year, depending on indicator) may
be available over longer periods. Discrete samples may not be
collected at fixed locations or regular intervals and can be less
representative of the sample population. However, such data
can still provide acceptable information for long-term trend
analysis depending on the indicator.

In addition to data collection frequency, each indicator
is subject to implicit biases that come from long-term data
collection, such as changes in the accuracy of instrumentation
over time, changes in field sampling methods, temporal gaps
in the data, missing or incomplete metadata, and observer bias
for hand collected discrete data such as biological data. To
determine appropriate analytical methods for trend analysis,
these biases were considered along with data type, collection
frequency, and expected linear or nonlinear patterns over
time. For some indicators, linear models were appropriate for
trend analysis. For others, more flexible modeling approaches
were required to capture nonlinear trends. Indicators like
streamflow and salinity have longstanding methodology
for trend analysis; other indicators, such as geomorphology
and stream temperature, required development of analysis
approaches. Table 1 provides a summary of metrics analyzed,
status definition, and trend intervals for each indicator. Status
and trend methods and results are described in the following
sections for each of the seven indicators of stream conditions
in the Chesapeake Bay watershed.

2.1. Status and Trends in Stream Nutrients and
Suspended Sediment

By Christopher A. Mason and Douglas L. Moyer

Nutrients and sediment are necessary to sustain
ecosystem function, but an overabundance of either can be
detrimental to aquatic ecosystem health. Elevated nitrogen
and phosphorus concentrations are a pervasive issue in
freshwaters across the United States, leading to eutrophication
of streams and altered fish and macroinvertebrate assemblage
structure (Carpenter and others, 1998; Wang and others,

2007; Davidson and others, 2012; Dodds and Smith, 2016).
Sediment derived from natural or anthropogenic sources can
also cause decline in stream condition by impairing the growth
of aquatic vegetation, burying filter feeding organisms, and
reducing hard-bottom habitat availability (Box and Mossa,
1999; Madsen and others, 2001; Davis and others, 2018).

The Chesapeake Bay has experienced unnatural acceleration
of nutrient loading attributed to anthropogenic inputs from
point-source sewage disposal and nonpoint-source runoff
from either agricultural or urban land uses (Nixon, 1987).

The Chesapeake Bay Program partnership has set goals and
implemented practices to reduce nutrient and sediment loading
to the Bay, and the NTN provides an essential service by
monitoring progress towards reducing nutrient and suspended
sediment loads. The methods and results of the 1985-2020
NTN analysis of nitrogen, phosphorus, and suspended
sediment loads and trends are described in this section and can
also be found in Mason and others, 2023.

2.1.1. Data Compilation

As 0f 2024, the NTN has 123 sites near USGS
streamgages to monitor status (yields) and trends (change
in flow-normalized loads) in nitrogen, phosphorus, and
suspended sediment loads in the Chesapeake Bay watershed.
Load is the product of constituent concentration and
streamflow that passes a point of reference at a measured unit
of time, and yield is the load normalized by watershed area.
Discrete water-quality data and continuous daily streamflow
data from the NTN were used to analyze the status and trends
of nitrogen, phosphorus, and suspended sediment in rivers
and streams of the Chesapeake Bay watershed. All data
compilation and analyses were completed in R (ver. 4.1.3;
R Core Team, 2022a). Streamflow time series were retrieved
from the National Water Information System (NWIS)
using the R package “dataRetrieval” (ver. 2.7.7; Hirsch and
De Cicco, 2015; U.S. Geological Survey, 2023). Continuous
(15-minute internal logging) data were used to calculate
a daily mean of streamflow for each USGS streamgage.
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Table 1. A summary of the metrics, status definition, and trend interval utilized for analysis of seven indicators of stream conditions in

the Chesapeake Bay watershed.

[Indicators from Boyle and others (2025) unless stated otherwise. A water year (WY) is the 12-month period from October 1 through September 30 of the

following year and is designated by the calendar year in which it ends]

5

Indicator Metrics Status definition Trend interval
Nutrients and Total nitrogen, total phosphorus, Average yield of nutrients and 1985-2020 and 2011-20
suspended sediment! suspended sediment suspended sediment for 2011-20
Salinity Specific conductance Departure of 2015—17 median December 1, 2007—
metric values from predicted November 30, 2017
background conditions
Temperature Stream temperature Departure of 2022 temperature, in ~ Continuous data: 2013-20,
degrees Celsius above or below 2013-21, 2013-22, or
the trend interval’s mean annual 2014-22, depending
temperature on site
Discrete data: 1985-2022
Toxic contaminants? Polychlorinated biphenyls (PCBs) No data No data
Streamflow Low- and high-flow magnitude, Percentage difference between the WY 1986-2022

duration and frequency

Hydromorphology Nine metrics of stream rapid habitat
assessment (such as bank stability
and epifaunal cover), three metrics
of stream channel dimensions and
hydraulics (bed elevation, channel
area and channel velocity)

Biological aquatic Eight metrics of fish and macroin-
communities vertebrate condition describing
assemblage structure, assemblage
sensitivity, feeding preference and
habitat preference

WY 2022 streamflow metric
values and the WY 19862022
average values for each metric

Mean habitat metric values for
2015-17

Mean biological assemblage metric
values for 2015-17

Rapid Habitat metrics: 200817
Specific gage channel di-
mension and hydraulic
metrics: WY 2013-22,
WY 1998-2022,
WY 1972-2022,
WY 1948-2022

2008-17

'Nutrients and suspended sediment from Mason and others (2023).

2Toxic contaminants from Banks and others (2022).

The Chesapeake Bay Program nontidal water quality
monitoring program upholds high standards for NTN data
quality; thus, a water year (WY) was discarded if it contained
days with missing streamflow measurements that could not

be remedied. Discrete nutrients (total nitrogen and total
phosphorous) and total suspended sediment data were obtained
from the Water Quality Portal (WQP; U.S. Geological Survey
and U.S. Environmental Protection Agency, 2021). After
rigorous quality-assurance checks to remove outliers and
duplicates, discrete water-quality data from each site (typically
20 samples per year) were paired to the corresponding daily
mean streamflows to estimate daily concentration before
flow-normalization was applied for trend analysis.

2.1.2. Analysis

For nutrients and sediment, status was defined as
the 10-year (WY 2011-20) average yield delivered to the
Chesapeake Bay. Trends were defined as the change in
flow-normalized load for a given trend interval. Trends for
nitrogen, phosphorus, and suspended sediment at eligible NTN
sites were estimated for two trend intervals: 1985-2020 (long
term) and 2011-20 (short term). For status and the short-term
trend interval, 89 total nitrogen sites, 70 total phosphorus sites,
and 70 suspended sediment sites qualified for analysis. For
the long-term trend interval, 44 total nitrogen sites, 18 total
phosphorus sites, and 18 suspended sediment sites qualified

for trend analysis.
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The R package “EGRET” (ver. 3.0.7; Hirsch and
De Cicco, 2015) contains the statistical model used for load
and trend calculations called Weighted Regressions on Time,
Discharge and Season (herein referred to as WRTDS; Hirsch
and others, 2010). WRTDS is used to compute nitrogen,
phosphorus, and suspended sediment daily concentration and
load estimates. WRTDS was run using a dataset comprised
of about 20 samples per year for each site and trend interval.
After WRTDS was applied, a dynamic autocorrelation
Kalman-filter (WRTDS-K) was used to adjust the estimated
values based on the serial correlation of the residuals.
WRTDS-K creates a daily time series of concentrations and
loads that use the observed value when available and the
serial-adjusted values otherwise. This approach provides
more accurate concentration and load estimates, especially on
sub-annual timescales (Zhang and Hirsch, 2019). These values
were area-normalized to compute status estimates as yields.

The flow-normalized estimates from WRTDS were
used to characterize trends over the two intervals. Estimates
remove the influence of year-to-year variability of stationary
streamflow on water quality and by doing so, provide a
measure of temporal change in nitrogen, phosphorus, and
suspended sediment loads independent of weather-driven
streamflow variations. The flow-normalized values provide
an indication of the effect of changing sources, delays
associated with storage and transport of historical inputs,
and any implemented management actions on stream water
quality. Sites with flow-normalized loads that were lower at
the end of the WY 1985-2020 or WY 2011-20 periods were
classified as having “improved” conditions; whereas sites
with flow-normalized loads higher at the end of each period
were classified as having “degraded” conditions. WRTDS
provides a likelihood estimate of a trend’s existence based on
a probability score. A trend’s likelihood was categorized as
“likely” (score was greater or equal to 0.67 and less than 0.9),
“very likely” (greater or equal to 0.9 and less than 0.95),
or “extremely likely” (greater or equal to 0.95). A site was
classified as having no trend (meaning an improving or
degrading trend is as likely to exist as it is not) if there is no
discernable difference (likelihood estimate probability score
between 0.33 and 0.67) between the flow-normalized loads in
the start year and those in the end.

2.1.3. Results and Discussion

Status estimates for nitrogen yields ranged from 1.27 to
32.6 pounds per acre (Ib/acre), total phosphorus yields ranged
from 0.11 to 1.89 lb/acre, and suspended sediment yields
ranged from 23.9 to 1,210 Ib/acre (fig. 2; Mason and others,

2023). Higher total nitrogen yields were concentrated in the
lower Susquehanna River Basin and Delmarva Peninsula, and
lower yields were observed in the upper Susquehanna River
and upper and lower Potomac River Basins and throughout
the Rappahannock, York, and James River Basins. Similar
high and low patterns for total phosphorus existed throughout
the Susquehanna River Basin. Low yields were observed

in the upper and lower Potomac River Basin, and in central
Virginia saw a spread of high and low total phosphorus
yields. Suspended sediment yields were highest towards

the mouths of the Susquehanna and Potomac Rivers, and in
central Virginia. The central Susquehanna River Basin, upper
Potomac River Basin, and Eastern Shore recorded low yields
relative to the rest of the Bay.

For short-term trends, 34 of 89 sites (38 percent)
showed improvement for total nitrogen with yield reductions
ranging from 0.06 to 2.26 Ib/acre, and 37 sites (42 percent)
had degrading trends with yield increases ranging from
0.02 to 2.62 Ib/acre. Eighteen sites (20 percent) had no
trend for total nitrogen. For total phosphorus, 31 of 70 sites
(44 percent) had improving trends with yield reductions
ranging from 0.007 to 0.31 Ib/acre, and 16 (23 percent) had
degrading trends with yield increases ranging from 0.009 to
0.82 Ib/acre. Twenty-three sites (33 percent) had no trend
for total phosphorus. For suspended sediment, 13 of 70 sites
(18 percent) had improving trends and yield reductions
ranging from 16.7 to 552 Ib/acre; 32 sites (46 percent) had
degrading trends and yield increases ranging from 9.11 to
2310 Ib/acre. Twenty-five sites (36 percent) had no trend in
suspended sediment (fig. 3).

Of the 44 sites analyzed, long-term trend results for total
nitrogen show 24 sites improving, 15 sites degrading, and
5 sites with no discernable trend direction. The change in load
ranged from —64.7 to 44.4 percent. Long-term trend results
for the 18 sites analyzed for total phosphorus show 12 sites
improving, 4 sites degrading, and 2 sites with no trend. The
change in load ranged from —71.7 to 86.6 percent. Long-term
trend results for the 18 sites analyzed for suspended sediment
show 7 sites improving, 7 sites degrading, and 4 sites
with no trend. The change in load ranged from —68.4 to
56.8 percent (fig. 3).

Additional information for each monitoring site is
available through the USGS website “Water-Quality Loads
and Trends at Nontidal Monitoring Stations in the Chesapeake
Bay Watershed” (U.S. Geological Survey, 2016). This website
provides State, Federal, local partners, and the public access
to a wide range of data for nutrient and sediment conditions
across the Chesapeake Bay watershed.
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Figure 2. Maps of the Chesapeake Bay watershed showing the 10-year average (water years 2011-20) nutrient and
suspended sediment status estimates for A, total nitrogen (89 sites), B, total phosphorus (70 sites), and C, suspended sediment
yields (70 sites). A water year (WY) is the 12-month period from October 1 through September 30 of the following year and is
designated by the calendar year in which it ends.
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Figure 3. Maps of the Chesapeake Bay watershed showing the short-term (water years 2011-20) and long-term (water years
1985-2020) trend direction of qualifying nutrient and suspended sediment sites for A, total nitrogen (89 sites), B, total phosphorus
(70 sites), and C, suspended sediment loads (70 sites). A water year (WY) is the 12-month period from October 1 through
September 30 of the following year and is designated by the calendar year in which it ends.




2.2. Status and Trends in Stream Salinity

By Rosemary M. Fanelli and Kaitlyn E.M. Elliott

Salinity represents the concentration of dissolved salt
ions in water, and increasing salinity in freshwater ecosystems
(often called freshwater salinization) is an emerging
global water-quality issue (Kaushal and others, 2018;
Cainedo-Argiielles, 2020). Excess salinity originates from a
variety of sources, including deicer applications; resource
extraction; agricultural and urban applications of fertilizer,
lime, or other soil amendments; weathering of concrete; and
point-source discharges (Cafiedo-Argiielles, 2020). Specific
conductance (SC) is often used as a proxy for salinity and
measures the electrical conductance of one cubic centimeter
of water at 25 degrees Celsius (°C; U.S. Geological Survey,
2023). Increasing SC and associated salinity may disrupt
osmotic regulation in benthic macroinvertebrates (Kefford,
2018), and other classes of aquatic organisms respond
negatively to increased salinity (Walker and others, 2023).
The effects of freshwater salinization extend beyond stream
ecosystems; elevated levels of certain ions, like chloride,
may increase the corrosivity of water and impact the quality
of municipal drinking water supplies, as well (Stets and
others, 2018).

Natural levels of SC are generally low in freshwater
streams and rivers within the Chesapeake Bay watershed
(about 20—400 microsiemens per centimeter [uS/cm];

Olson and Cormier, 2019). Increasing levels of SC and
associated ions, however, has been documented in some
streams in the Chesapeake Bay watershed (Bird and others,
2018) and across the Nation (Shoda and others, 2019). Recent
work in the Delaware River Basin highlighted increasing SC
trends at 35 monitoring sites from 1998 to 2018, especially
during winter months (December through February),
suggesting deicer applications could be a significant source of
elevated salinity in the mid-Atlantic United States (Rumsey
and others, 2023). Many regional stakeholders now recognize
salinity as a potential cause of biological impairment in the
watershed’s streams and rivers (Fanelli and others, 2022),

but more information is needed to document the extent and
severity of freshwater salinization and changes in salinity
levels within the freshwater stream network of the Chesapeake
Bay watershed.

2.2.1. Data Compilation

A status analysis was conducted to describe the spatial
variability of observed SC levels relative to background SC
across the Chesapeake Bay watershed, and a trend analysis
was conducted to quantify changes in SC over time. SC data
for these analyses were obtained from a recently published
SC inventory, which contains SC data compiled for the
Chesapeake Bay watershed from 1901 to 2022 (Fanelli and
others, 2023). These data originated from the WQP, which
serves as a national repository for local, State, and Federal

2. Status and Trends Methods, Analyses, and Results 9

data collection efforts (U.S. Geological Survey and U.S.
Environmental Protection Agency, 2021). The WQP also
contains all available discrete data in NWIS.

Freshwater nontidal streams and rivers were the focus
of these analyses, and sites with known tidal influence were
removed from further analysis. This was done by evaluating
and excluding sites that intersected areas near the Chesapeake
Bay estuary that were designated by the National Oceanic and
Atmospheric Administration as tidally influenced (Chesapeake
Bay Program, 2004). Tidal influence was also manually
verified by screening the remaining sites for high values of
SC (1,000 puS/em or greater at sites adjacent to the tidal zone),
which may indicate tidal influence. The remaining sites were
considered for subsequent status and trend analyses.

2.2.2. Analysis

All 278 sites identified in the tidal screening process were
utilized for status and trend analysis. For the salinity analysis
seasons were defined as December through February (winter),
March through May (spring), June through August (summer),
and September through November (fall). To accommodate
these seasonal intervals and maximized the number of sites
eligible for analysis across the watershed, a ‘year’ was
defined as December 1 of the previous year to November 30
of the current year (for example the year 2008 was defined
as December 1, 2007, through November 30, 2008).

Hereafter within section 2.2, all years and year ranges refer

to this defined time interval (for example, 2008—17 refers

to December 1, 2007-November 30, 2017). At each site, SC
status was computed as the median of the annual medians of
2015, 2016, and 2017. These 3-year median values were then
compared to previously published background SC estimates
that used SC observations from 200115 taken at reference
sites and represent natural SC levels that would occur in the
absence of anthropogenic inputs (Olson and Cormier, 2019).
Background estimates were generated on a monthly timescale
for years 200115 using a random forest model that predicted
background SC using geological and climate variables across
the United States for all National Hydrography Dataset (NHD)
version 2.1 stream reaches (McKay and others, 2012). For
the SC status analysis, the predicted monthly background SC
estimates from Olson and Cormier (2019) were summarized
as median annual background SC values for each of the years
200815, and a median of those values was computed to
represent a long-term median annual background SC estimate.
This long-term median annual background SC estimate was
then compared to the observed 3-year median SC values.

For this comparison, each site was first associated to
the National Hydrography Dataset version 2.1 flowlines to
generate a list of stream segment unique identifiers (COMIDs)
for each site. Next, the site COMID list was joined to the
background SC dataset. Of the 278 sites, 269 (97 percent)
had background SC data associated with their COMID; the
remaining nine sites either did not have an associated COMID
or there was no background SC reported in the 2019 study
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dataset for that COMID. Finally, the observed 3-year median
was divided by the long-term median background SC to
represent an “observed versus expected” metric. This metric
characterizes the extent to which observed SC departed from
background SC. SC departure classes were defined as “at
or below the background SC estimate”, “slightly elevated”
(1-2 times the background SC estimate), “moderately
elevated” (2-3 times the background SC estimate), and
“highly elevated” (greater than 3 times the background
SC estimate).

Two trend analyses were conducted in R (ver. 4.2.3;
R Core Team, 2023) using the compiled data: WRTDS (Hirsch
and others, 2010) and Seasonal Mann-Kendall (SMK) trend
tests (Helsel and others, 2020). WRTDS is a robust statistical
model used to quantify water-quality trends, but it requires
daily streamflow information, which limits its application
to those sites with streamflow (discharge) data. SMK trend
tests, however, only require water-quality information and
can therefore be applied to a larger number of sites across the
watershed. Results from both analyses can be found in Boyle
and others (2025).

2.2.2.1. WRTDS

The first trend analysis conducted used the WRTDS
statistical model (refer to section 2.1 for more details on
WRTDS). Sites with sufficient data that were co-located with
USGS streamgages were selected for this analysis. For a site
to be eligible for WRTDS trend analysis, a minimum data
criterion of three samples per season for the 10-year period
was applied to capture seasonal variability in SC. A 10-year
trend interval from December 1, 2007, to November 30, 2017
(herein referred to as 2008—17) was selected because it
maximized the number of sites eligible for analysis across
the watershed (35 sites) and accommodated the defined
season intervals.

WRTDS was run using the coupled SC and streamflow
data and the modelEstimation function from the R package
“EGRET” (ver. 3.0.8; Hirsch and De Cicco, 2015). An
additional function, WRTDSKalman, was used to produce
more accurate estimates of daily concentrations by replacing
estimated values with observed values on days with SC
observations and using serial correlation from the model
residuals to adjust the remaining daily estimates around
the observations. WRTDS model results were screened for
excessive extrapolation by comparing the maximum estimated
concentrations to the maximum observed concentration at
each site (Oelsner and others, 2017). Finally, WRTDS trend
uncertainty analysis was run using the wBT function from
the R package “EGRETci” (ver. 2.0.4; Hirsch and others,
2015), which determines the likelihood of the trend direction
between the start and end of the trend period using the annual
flow-normalized concentrations and a resampling with
replacement technique called the block bootstrap procedure
(nBoot, the maximum number of bootstrap replicates to be
used, was 100; bootBreak, the minimum number of bootstrap

replicates to be used, was 100; and blockLength, the length
of the block replicate, was 100 days). Trend significance and
direction were assessed by applying standard cut-off criteria to
these likelihood estimates (refer to Hirsch and others, 2015).
Following the approach used by Rumsey and others (2023),
annualized seasonal change estimates were also quantified to
better describe changing conditions in the watershed. These
estimates were computed by averaging the predicted daily
concentrations estimated by WRTDS for each season and year
and computing the difference for each season by subtracting
the 2008 value from the 2017 value. These seasonal change
values were then normalized by the starting year seasonal
average concentration and converted to a percentage. Finally,
the seasonal percentages were divided by 10 (the length of the
trend period) to generate an annualized value (in other words,
percent change per year).

2.2.2.2. Seasonal Mann-Kendall

The second trend analysis used the SMK trend test, which
is a non-parametric test for constituents that vary seasonally.
The SMK trend test does not require daily streamflow, so
it can be applied to more sites and thereby provide trend
information across a larger portion of the watershed. For a
site to be eligible for the SMK trend analysis, a minimum
criterion of one sample per season for the 10-year period
(December 1, 2007, through November 30, 2017) was
applied to capture seasonal variability in SC, using the same
season definitions and trend interval listed in section 2.2.2.1
(278 sites), and to also facilitate comparison among the two
trend approaches. The SMK test was performed using the
smk.test function from the R package “trend” (ver. 1.1.6;
Pohlert, 2015). The Theil-Sen slope, which estimates the
rate of change in SC over time, was also computed using the
sea.sens.slope function from the same package. Trends were
categorized based on the p-value of the SMK test and direction
of the Theil-Sen slope (table 2).

2.2.3. Results and Discussion

2.2.3.1. Status Results

The average long-term median background SC was
82 pS/em for the 278-site network and ranged from 21 to
312 uS/em (fig. 4). The lowest background SC estimates
were in central Virginia and northern Pennsylvania. The
highest background SC estimates were in carbonate regions
in central Virginia and southeastern Pennsylvania. The
average 3-year median for observed SC for all sites was
242 uS/cm across the 278-site network for the time period of
December 1, 2014 to November 30, 2017 and ranged from
9 to 1,189 puS/cm across the watershed. The sites with the
lowest 3-year median SC values were typically in central
Virginia, in northwest Pennsylvania, and in the Delmarva
Peninsula. The sites with the highest values were clustered in



Table 2. P-values, Theil-Sen slope estimates, and trend
categories for the Seasonal Mann-Kendall (SMK) trend analysis
of stream salinity at 278 sites across the Chesapeake Bay
watershed, December 1, 2007, through November 30, 2017.

[Data are from Boyle and others (2025). >, greater than; NA, not applicable;
<, less than; >, greater than or equal to]

P-value from Theil-Sen Trend direction
SMK analysis slope estimate and significance
>0.2 NA No trend
<0.2and >0.1 Greater than zero  Upward trend is likely
Upward trend is
<0.1and >0.05  Greater than zero very likely
Upward trend is
<0.05 Greater than zero highly likely
<0.2and > 0.1 Less than zero Downward trend is likely

Downward trend is

<0.land>0.05  Less than zero very likely

Downward trend is

<0.05 Less than zero highly likely

Maryland, especially throughout the Baltimore—Washington,
D.C. metropolitan area, and in southeastern Pennsylvania.
Departures from background SC follow a similar spatial
pattern. Sites with values at or below background SC were
mainly clustered in central Virginia (fig. 4). Only 43 sites

(16 percent) had 3-year median SC values that were at or
below background SC (table 3). Fifty-seven sites (21 percent)
had slightly elevated values; these sites were clustered in
central Virginia and western Pennsylvania. Sites that had
moderately elevated or highly elevated values were throughout
northern Virginia, Maryland, and Pennsylvania, and clustered
in the Baltimore—Washington, D.C., metropolitan area, and in
southeast Pennsylvania. These moderate and high departures
from background SC were observed at 169 of the 269 sites
with available background SC data (63 percent), indicating
the effects of freshwater salinization are prevalent through
much of the watershed. These results were consistent with

a modeling study that estimated two-thirds of nontidal

stream reaches were elevated above background SC in the
Chesapeake Bay watershed (Fanelli and others, 2024).

2.2.3.2. WRTDS Trend Results

Ten-year SC trends from 2008 to 2017 were significant
at most of the 35 sites in the WRTDS analysis; 21 sites
(60 percent) had significantly increasing trends, and 6 sites
(17 percent) had significantly decreasing trends (table 4).
These results were consistent with other regional and
national SC trend analyses that found general increases in SC
(Kaushal and others, 2018; Bird and others, 2018; Baker and
others, 2019). Trends were in the “highly likely” category
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for 14 of the 21 sites with significantly increasing trends,
indicating higher confidence in those patterns. Sites with
increasing trends were scattered throughout the Chesapeake
Bay watershed (fig. 5). Sites with decreasing trends were
largely found in the Potomac River Basin in Maryland and

in central Virginia. In general, rates of change estimates by
WRTDS were small; annual increases were below 5 pS/cm
per year in all but one of the upward trending sites (fig. 6).
The exception was a site in downtown Washington, D.C., at
which the median annual SC was estimated to be increasing
approximately 11 pS/cm per year during the trend period.
Declines in SC at most of the six downward trending sites
were also modest (less than —5 pS/cm per year). Annual
seasonal change estimates indicated that greater changes in
SC occurred in the winter and spring seasons at sites with
increasing trends (fig. 7), which aligns with patterns observed
in the Delaware River Basin (Rumsey and others, 2023).

By contrast, the largest declines in annual seasonal change
estimates occurred in the summer and fall seasons in sites with
significant decreasing trends.

2.2.3.3. Seasonal Mann-Kendall Trend Results

Significant trends were detected at slightly less than
half of the SMK trend sites; increasing trends were detected
at 92 sites (33 percent) and decreasing trends, 34 sites
(12 percent; table 4). No trends were detected at the remaining
152 sites. Half of the detected increasing trends were in the
“highly likely” category (46 sites), indicating high confidence
in these trends. By contrast, only 38 percent of the detected
decreasing trends were in the “highly likely” category
(13 sites). Upward trending sites were scattered throughout the
Chesapeake Bay watershed, following a similar pattern seen in
the WRTDS results (fig. 5). There was also a cluster of upward
trending sites with high trend certainty in the Baltimore—
Washington, D.C., metropolitan area. Sites with decreasing
trends, however, were only found in the southern portion of
the watershed, typically south of the Pennsylvania border and
especially in central Virginia (fig. 5).

Theil-Sen slope estimates provide annual estimates of
rates of change in SC for those sites with significant trends.
Most (61 sites or 66 percent) of the upward trending sites
had small change estimates (increasing at a rate of less than
5 uS/em per year), following the same pattern seen in the
WRTDS results (fig. 6). However, 13 percent of the upward
trending sites have change estimates greater than 10 pS/cm
per year, suggesting rapidly worsening conditions at these
sites, almost all of which were in the Baltimore—Washington,
D.C., metropolitan area. Sites with moderate annual increases
in SC (increases between 5 and 10 uS/cm per year) were also
found scattered throughout Pennsylvania. By contrast, most
(85 percent of the 34 sites) annual change estimates in sites
with decreasing trends were small (less than =5 pS/cm per
year), indicating modest declines over time.
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Table 3. Counts and percentages of salinity sites with specific conductance (SC) status values for 2015-17 per SC departure class, and
counts of salinity sites located where SC predicted background data are available.

[Data are from Boyle and others (2025). >, greater than; <, less than or equal to; NA, not applicable]

SC departure class

Sites used in salinity status analysis

Number Percent
At or below background SC 43 16
>1 to <2 times background SC 57 21
>2 to <3 times background SC 73 27
>3 times background SC 96 36
No data available 9 NA
Total 278 100

Table 4. Trend direction and significance categories for salinity sites across the Chesapeake Bay watershed analyzed using Weighted
Regressions in Time, Discharge, and Season (WRTDS) and Seasonal Mann-Kendall (SMK) trend analyses, 2008—17.

[Data are from Boyle and others (2025). NA, not applicable]

. o Sites analyzed with WRTDS Sites analyzed with SMK
Trend direction and significance
Number Percent Number Percent

Upward trend is highly likely 14 40 46 17
Upward trend is very likely 2 6 22
Upward trend is likely 5 14 24 9
No trend 8 23 152 55
Downward trend is likely 2 6 15 5
Downward trend is highly likely 4 11 13 5
Downward trend is very likely 0 NA 6 2

Total 35 100 278 100

The SMK and WRTDS trend results for the 35 sites that
fit criteria for both analyses were compared. Results among
the two methods generally agreed, and trend directions from
the two methods were not found to be contradictory. More
information on the comparison may be found in appendix 1.

In general, many of the increasing trends in SC
co-occurred in areas with elevated SC (fig. 8). For example,
40 of the 93 SMK sites (43 percent) that have highly elevated
3-year median SC values also have a significantly increasing
trend in SC (table 3). The WRTDS sites show a similar
pattern: 8 of the 14 sites (57 percent) in the highly elevated
SC departure class also have increasing SC trends. The highly
elevated SC values at these sites result from 10 years of
increasing SC. By contrast, almost all (91 percent) of the SMK
sites that had 3-year median SC values at or below background
SC also had either no change or decreasing SC trends,
suggesting that low SC conditions have persisted at these sites.
One possible reason for this is that these sites are in areas that
are protected from land-use change or other anthropogenic
disturbance. It is important to note that the distribution of

trend sites among the departure classes is different between
the two trend types; the SMK sites are more evenly distributed
among the four departure classes, suggesting they cover a
range of land-use settings. There are no WRTDS sites in the
“at or below background” departure class, however, indicating
little representation of undisturbed settings within those
results.

The largest annual rates of increase and decrease were
observed at sites with highly elevated SC (fig. 8), suggesting
the conditions in these sites are highly dynamic. Rates of
increase exceeded 20 uS/cm per year at a handful of sites,
all of which had 3-year medians at or above 500 pS/cm.

The same pattern is noted in sites with declining trends—the
largest SC declines are also at sites with high 3-year median
SC values. This could be due to point-source reduction efforts.
Another trend study documented some decreasing SC trends
in the region (Bowen and others, 2015), but the drivers of
those patterns were not investigated. Additional studies could
help fully understand the factors controlling these spatial and
temporal patterns in SC.
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2.3. Status and Trends in Stream Temperature

By John W. Clune, Guoxiang Yang, Nathaniel P. Hitt,
Karli M. Rogers, James E. Colgin, Elizabeth A. Hittle, and
Tammy M. Zimmerman

Stream productivity and the metabolic rate of aquatic
organisms depend on stream temperature (Cushing and
Allan, 2001). Increases in stream temperature decrease the
solubility of oxygen in water, and these suboxic conditions
are a primary stressor for aquatic species among the Nation’s
rivers (Zhi and others, 2023). Stream temperature can fluctuate
naturally because of solar radiation, atmospheric conditions,
topography, streamflow, and streambed heat transfer, or as the
result of human influences, such as land use, thermal pollution,
water storage impoundments, and channel modification
(Caissie, 2006; Webb and others, 2008). The ecological
implications of rising stream temperatures are a concern to
resource managers throughout the Chesapeake Bay watershed
(Batiuk and others, 2023).

Despite the widespread recognition and importance
of stream temperature, there are relatively few studies that
have evaluated status and trends in the northeastern United
States for use in adaptive resource management compared to
other water-quality parameters (Kaushal and others, 2010;
Rice and Jastram, 2015; Wagner and others, 2017). Unlike
air temperature, there is no systematic monitoring network
with long-term, reliable, and continuous datasets that are
representative of temporal and spatial variability of stream
temperature in the Chesapeake Bay watershed. This motivated
the compilation of available multi-agency water temperature
measurements for streams within the Chesapeake Bay
watershed to develop estimates of status and trends (Clune and
others, 2023).

2.3.1. Data Compilation

Continuous and discrete datasets can differ substantially
in sample size, frequency, and spatial distribution, and
these population dynamics are important considerations for
determining status and trend approaches. Continuous stream
temperature datasets with evenly spaced high-frequency time
series (such as every 15 minutes) have become more common
over the past decade. These data are often collected at fixed
locations along a reach and are representative of diurnal and
seasonal temperature fluctuations but are collected at a small
number of sites that are often not spatially representative
across the watershed. In comparison, discrete stream
temperature datasets with unevenly spaced time series and
infrequent measurements (6—8 per year) may be available over
longer periods. However, discrete measurements may be less
representative of site conditions, and diurnal and seasonal
temperature fluctuations because measurements are not always
collected at fixed locations or time intervals.

Data compilation and analyses were completed in
R (ver. 4.2.1; R Core Team, 2022b). Stream temperature
measurements were collated across the Chesapeake Bay
watershed from NWIS, the WQP, and the USGS Aquarius
Time-Series database (Aquarius) for consideration in status
and trend analysis (fig. 9; Clune and others, 2023). Continuous
unit values (high-frequency, evenly spaced time series)
and daily aggregate data (minimum, maximum, and mean)
of stream temperature were retrieved for USGS sites from
NWIS using the R package “dataRetrieval” (ver. 2.7.11;
Hirsch and De Cicco, 2015; U.S. Geological Survey, 2023).
Depending on the site, daily stream temperature values can
have long historical records. In contrast, many continuous
unit values are only available after 2007. Stream temperature
was measured with a sensor at fixed locations or depths.
Sometimes, multiple overlapping time series are available if
the sensor was relocated or replaced (Clune and others, 2023).
These continuous unit values and aggregate daily data have
been approved or considered provisional, revised, or estimated
under USGS guidelines and procedures for measurement
of stream temperature (Wagner and others, 2006). Any data
point that was outside five standard deviations from the
monthly mean was verified with the responsible USGS Water
Science Center and represents infrequent or atypical stream
temperature measurements that are deemed accurate.

Discrete values (infrequent, unevenly spaced time series)
for stream temperature from multiple agencies stored in the
WQP for streams within the Chesapeake Bay watershed were
also obtained using the R package “dataRetrieval” (ver. 2.7.11;
Hirsch and De Cicco, 2015). Additionally, discrete stream
temperature values collected by the USGS while measuring
streamflow were obtained from an internal pull of the Aquarius
database. These stream temperature measurements were
collected as an instrumentation check following techniques
and standards for streamflow measurements (Turnipseed and
Sauer, 2010). Measured accuracies are not available because
these temperature measurements have not been approved
under USGS guidelines and procedures for measurement of
stream temperature (Wagner and others, 2006; U.S. Geological
Survey, 2024). The measuring point of these discrete stream
temperature measurements is not based on a fixed location
or depth and may vary horizontally and vertically within
the stream channel. Missing and unreasonable stream
temperature discrete values outside the range of —5 and 40 °C
were removed.

2.3.2. Analysis

Developing status and trends of stream temperature can
be challenging, and there are advantages and limitations to
using these data for analysis. Data bias and errors may be
inherent, especially with multi-agency discrete data (Wilby
and others, 2017). Temperatures can vary horizontally and
vertically within the stream, and changing measurement



2. Status and Trends Methods, Analyses, and Results 19
Continuous Discrete
NWIS daily NWIS unit Water Quality Aquarius
Time-Series
values values Portal d
atabase
Approximately 1.2 million  Approximately 43 million Approximately 422,000 Approximately 102,000
Data records 167-191 sites records 141 sites records 14,148 sites records 1,589 sites
compilation

Clune and others (2023)

Spurious/missing/duplicates
Metadata issues

Multiple time series

Quality control flags

I ETE]
harmonization

. Spurious/missing/duplicates
. Metadata issues
3 Quality control flags

Clune and others (2023)

@ NWIS daily values

Site selection

2013 to 2022 with greater than 300 days per year
31 sites with approximately 112,000 mean daily values

. Aquarius
Water Quality Time-Series
Portal
database

1985 to 2022 with no more than 5 gap years
320 sites with 94,148 records

. 10-year trend

Status and trend
methods

. Generalized Additive Models (GAMs) .

Linear mixed effects model
. 38-year trend

Figure 9. Data flow diagram showing how continuous and discrete data were used to develop status and trends
for stream temperature. [NWIS, National Water Information System]

points during collection could therefore influence results.
Sites downstream of local dams, impervious areas, or water
treatment outfalls can have altered thermal regimes and may
present break points in the time series and introduce bias

in regional models for stream temperature. Changes in the
accuracy of instrumentation (mercury bulb thermometer to
thermistor) during the period of record are often unknown.
The collection times of discrete stream temperature data often
exclude nights and weekends and may favor the morning or
afternoon or may change over the period of record. Further,
important metadata, such as sampling date and time, site
description, and hydrologic condition, are often incomplete,
inaccurate, or unavailable for discrete data. For example,

77 percent of Aquarius data were provided with quality
control flags for stream temperature sample times that may be
erroneous (outside working hours), not accurate (up to 4 hours

off), or not available and only accurate to the day. Identifying
such issues is not always feasible for multiple agency
datasets like the WQP. Lastly, information on environmental
conditions that can profoundly influence stream temperature,
such as streamflow, is often missing from discrete stream
temperature data.

Distinguishing whether a relation between two variables
changes in a monotonic or nonmonotonic fashion can help
determine the appropriate procedures and inferences for trend
analysis (Wagner and others, 2017; Helsel and others, 2020).
Monotonic trend approaches assume a gradual increase or
decrease in stream temperature over time and have been used
frequently for trend analysis of stream temperature (Ashizawa
and Cole, 1994; Kaushal and others, 2010; Rice and Jastram,
2015). Trend analysis of annual or monthly mean stream
temperature often employs parametric (linear regression)
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or non-parametric (Mann-Kendall with Theil-Sen slope)
methods. Additional techniques that adjust for seasonality in
monthly water-quality data (such as SMK) have been applied
to stream temperature trend analysis.

These methods can be informative if the annual or
monthly means are based on continuous data. Monthly
and annual means of stream temperature computed from a
small population of discrete data collected at varying points
within the diurnal and seasonal cycle are seldom comparable
to similar aggregate values based on routine, evenly
spaced, continuous measurements over the same period.
Nonmonotonic trend approaches, such as Seasonal-Trend
decomposition using locally estimated scatterplot smoothing
(LOESS) or WRTDS, have been developed to address the
diurnal and seasonal patterns with environmental data that
do not follow a unidirectional change over time (Cleveland
and others, 1990; Hirsch and others, 2010). Although these
methods have been widely used to detect trends in other
water-quality data, they do not fully address the assumption
of sample independence (serial correlation) inherent
with continuous stream temperature time-series data, nor
issues with the time of day or where in stream channel the
measurement was made. Stream temperature trend approaches
need to have the flexibility to capture nonlinear relationships
and allow for inclusion of multiple predictors such as day,
time of day, and streamflow while not assuming independence
among measurements. Given the characteristics of the data
and this consideration, different approaches were used to
estimate the status and trends for the continuous and discrete
temperature datasets.

2.3.2.1. Continuous Data

Generalized additive models (GAMs) were the chosen
trend analysis method for this study because they are ideal
for capturing a smooth, nonmonotonic trend estimation
and nonlinear effects of covariates for datasets that have
a limited number of sites with extended continuous time
series (Murphy and others, 2019; Yang and Moyer, 2020).
Continuous stream temperature records from NWIS datasets
(daily mean values) published by Clune and others (2023)
were used for the GAMs (fig. 9). The sites selected for this
study had stream temperature collection data from at least one
of four contemporary periods (WY 2013-20, WY 2013-21,
WY 2013-22, and WY 2014-22) during which at least
300 daily values per year were available. Though differing
trend start dates prevent direct trend comparison (Helsel
and others, 2020), the use of these multiple contemporary
periods maximizes the site count, spatial coverage, period
of record and sample size across the Chesapeake Bay
watershed. Using longer trend intervals (those greater than
10 years) or excluding contemporary periods that may be
missing only 1 year at the beginning or end of the record
would significantly reduce the spatial extent of sites across
the watershed. Datasets with less than 8 years of data are
considered too short for separating trends from seasonal

fluctuations in water quality (Murphy and others, 2019).
Thirty-one sites met these criteria with an average of
346 daily value measurements per site (fig. 10). Drainage
areas ranged from 1.01 to 11,220 square miles and had a
median size of 49.1 square miles. No duplicate or erroneous
values were apparent. Continuous data are considered to be
representative of mean fluctuations in stream temperature over
a 24-hour period.

Continuous stream temperature trends were fit for
each selected site using a GAM that uses a penalized
regression-spline smoothing approach (Yang and Moyer,
2020). The response of continuous stream temperature
(daily values) by site was expressed as a smooth function of
covariates in the following form:

8(Loniinions) = B, + s(log(Q)) + s(vear) + s(doy) + t(log(Q), doy) (1)

where
(T, pimony) 1 Stream temperature (daily values),
B, isthe modeled intercept,
s(log(Q)) is the smooth function by log-transformed
streamflow,
s(vear) is the smooth function by time (decimal year),
s(doy) is the smooth function by season

(day of year), and

is the tensor product interaction of covariates
of log-transformed streamflow and day of

year (doy).

t(log(Q), doy)

The R package “mgcv” was utilized to fit the GAMs for
each site (ver. 1.8-42; Wood, 2017). Based on the effective
degrees of freedom for each response variable, a k-value
(number of knots) of 10 was used for the log-transformed
streamflow and time smooth functions with cubic spline, and
a k of 20 was used for the seasonal smooth function (Yang
and Moyer, 2020). The direction and magnitude of the trend
was calculated as the difference between stream temperature
from the start and end of the trend interval. Trend results at
the 95-percent confidence level were computed for each site
and likelihood values were calculated to provide a nuanced
inference and gradual estimation of probabilities (p-values;
McBride, 2019). The upward or downward trend likelihood
categories included “unlikely” (less than 33 percent), “about
as likely as not” (33—67 percent), “likely” (67-90 percent),
“very likely” (90-95 percent), and “extremely likely”
(95-100 percent; McBride, 2019). The performance of
each GAM by site was based on adjusted coefficients of
determination (Rjdj). Significance of covariate effects on water
temperature were based on the p-value provided by the Wald
statistics in the “mgcv” package (ver. 1.8-42; Wood, 2017).
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Figure 10. Map of the Chesapeake Bay watershed showing continuous and discrete data sites selected for
evaluating status and trends in stream temperature.
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Additionally, the effective degrees of freedom (EDF) provided
by the GAMs was used to quantify the degree of nonlinearity
of the smooth functions.

In addition to computing trends in continuous stream
temperature, these sites and daily values were used to
provide the current status of stream temperature across the
Chesapeake Bay watershed. The status of stream temperature
was computed for each site as the departure of 2022
temperatures, in degrees Celsius above or below the mean
annual temperature for the reference period (trend interval).
The sparse distribution of continuous sites selected was
too heterogenous in topography, land use, and ecoregion
to develop an effective, regional status based on a specific
species benchmark (such as Salvelinus fontinalis [Mitchill,
1814; brook trout]), disparate reference conditions, or
contrasting statewide water-quality standards and criteria
(Hawkins and others, 2010). Results from the status and trend
analysis of continuous stream temperature data can be found
in Boyle and others (2025).

2.3.2.2. Discrete Data

Datasets that have an abundant number of sites with
infrequent and limited collection of discrete data at each site
were evaluated with linear mixed models (LMM:s) to produce
a single, watershed-wide trend that accounts for seasonal and
diurnal effects (Bolker and others, 2009). Discrete stream
temperature records from the WQP and Aquarius datasets
published by Clune and others (2023) were used in LMMs
(fig. 9). Stream water temperature sites with discrete data
were selected to maximize the spatial coverage across the
Chesapeake Bay watershed and to provide the longest possible
record and comparability in sample size for the trend period.
The selected sites had data collected from calendar years 1985
to 2022 and had no more than 5 years of missing data. Within
the Aquarius database, data before 1985 within the Aquarius
database lacks important metadata (such as the time of day
a sample was collected) needed for analysis. Additionally,
data during the 1985-2022 trend interval provides good
spatial representation and consistent sample size primarily
because of the inception of the Chesapeake Bay Water
Quality Monitoring program in 1985. The selected discrete
stream temperature records included 116,535 measurements
from 369 sites (fig. 11). On average, the number of stream
temperature observations ranged from approximately 3 to
11 per year. Manual geospatial inspection of site locations
revealed duplicate values for 49 sites, which were excluded
from subsequent analysis. An additional 608 measurements
were excluded because reported stream temperatures were
below 0 °C. The final dataset for analysis of discrete data
included 94,148 measurements across 320 sites with an
average of 294 measurements per site.

Discrete stream temperature data ranged from 0.1
to 39.0 °C, and more than 90 percent of the samples
were between 1 and 25 °C (fig. 114). The dataset equally
encompassed all seasons, as seen through the even distribution

of samples across all days of the calendar year (day of year;
fig. 11B) almost exclusively represented daytime hours of
collection between 9 a.m. and 5 p.m. (eastern time; fig. 11C)
and included samples each year from 1985 to 2022 (fig. 11D).
The dataset contained an average of 2,478 measurements per
year. The expected pattern of variation across day of year
in discrete stream temperature data was apparent (fig. 12);
the highest values were observed during summer months
and lowest values, during winter months. This nonlinear
association between temperature and day of year justified the
incorporation of a quadratic term for day of year in the LMMs.
Using the screened discrete data, LMMs with fixed and
random effects were used to characterize a watershed-wide
trend in stream water temperature. Fixed-effect covariates
included day of year, day-of-year squared to account for
nonlinear seasonal effects, hour of day to account for diurnal
variation, and year to assess temporal trends. Covariates were
scaled to a mean of 0 and standard deviation of 1 (z-score
transformation) to facilitate comparison of covariate effects.
The model, which includes a random effect (intercept) by
site to account for unmeasured effects of elevation, land use,
stream volume, and other local effects on baseline water
temperatures, was in the following form:

AT pyered) = 2(doy) + 2(doy?) + =(year) + z(hour) + RE(site) (2)

where
ST yiserere) 18 discrete stream temperature,
z(doy) is the season variation by day of year
(z-score transformation),
z(doy*) is the season variation by day of year
(z-score transformation) squared,
z(year) is the annual variation by decimal year
(z-score transformation),
z(hour) is the diurnal variation by hour of day
(z-score transformation), and
RE(site) 1is the location specific random effect

(intercept) by site.

Functions in the R package “Ime4” (ver. 1.1-32; Bates
and others, 2015) were used to fit LMMs, and functions in
R package “MuMIn” (ver. 1.47.5; Barton, 2010) were used
to evaluate all pairwise additive combinations of candidate
covariates based on Akaike information criterion (AIC).
Interpretation of the goodness of fit of the best model was
based on R? values for the conditional (fixed effects only)
and marginal (fixed and random effects) coefficients of
determination following Nakagawa and Schielzeth (2013) with
functions in R package “performance” (ver. 0.10.3; Liidecke
and others, 2021).
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Figure 11. Barplots showing the distribution of discrete stream temperature observations by A, temperature, B, day of year,
C, hour of data collection, and D, year of data collection.
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Interpretation of the significance of covariate effects on
stream temperature, including the time trend represented by
z(year) in the model (eq. 2), was based on the departure of
95-percent confidence intervals from zero. Functions in the
R package “glmmTMB” (ver. 1.1.7; Brooks and others, 2017)
were used to estimate covariate confidence intervals, and
functions in R package “sjPlot” (ver. 2.8.15; Liidecke,

2013) were used to visualize the variation in random effects
(random intercepts) among sites. Results from the analysis of
discrete stream temperature data can be found in Boyle and
others (2025).

2.3.3. Results and Discussion

In this section, the status of stream temperature is
presented as the departure of 2022 water temperature from
the mean of annual temperatures for the trend interval
(WY 2013-20, WY 2013-21, WY 2013-22, or WY 2014-22,
depending on site). Next, the site-specific trend results
derived from the continuous stream temperature data and
the generalized additive models are summarized. Finally,
the watershed-wide temperature trend derived from discrete
stream temperature data and the LMM is presented.

2.3.3.1. Status

WY 2022 was the second warmest year for stream
temperature on average for sites with a 9- or 10-year reference
period of record that starts in WY 2013 or WY 2014 and ends
in WY 2022 (24 of 31 sites; table 5). The average mean annual
temperature for the select sites in WY 2022 ranged from 9.66
to 16.14 °C. The departures were positive at all sites and
ranged from 0.01 to 0.85 °C above the average for the period.
These departures from the average for the period for each
site differed spatially and the seasonal fluctuation in stream
temperature represents a substantial fraction of the annual
variability (table 5, fig. 13).

2.3.3.2. Continuous Data Trends

GAM methodologies that use the covariates of
streamflow, season, year, and interaction term (streamflow and
season) were selected to develop trends across sites with daily
mean values derived from continuous stream temperature in
the Chesapeake Bay watershed. Overall, the GAMs performed
well across all 31 continuous data sites. The Rjdj ranged
from 0.86 to 0.96. Nearly all smooth functions for covariates
except two were significant in the fitted GAMs. Additionally,
the effective degrees of freedom were consistent, providing a
balance between model complexity and fit (table 5).

The semidecadal (8—10 years) trend estimates in
stream temperature were calculated for four contemporary
periods (WY 2013-20, WY 2013-21, WY 2013-22,
and WY 2014-22; table 5). Increasing trends in stream
temperature were “likely” to “extremely likely” for 79 percent
of the sites across the Chesapeake Bay watershed, and only
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two sites indicated downward trends (fig. 14). For sites with
increasing trends, total warming from the beginning to the end
of the trend interval ranged from 0.19 to 1.09 °C (table 5).

GAMs provide the ability to further examine temporal
change and the effect of each covariate on the trend. For
example, there is an extremely likely and significant
increasing trend of 1.56 °C at Flatlick Branch above Frog
Branch at Chantilly, Virginia (USGS 01656903) from 2012
to 2022 (fig. 154). The most significant rate of change
occurred at this site from 2014 to 2017 (fig. 15B). Besides the
temperature variation during the year (approximately 20 °C),
rising stream temperature at this site is only slightly affected
by streamflow and more influenced by the time (year) smooth
function (figs. 15C-F).

These trend results for continuous stream temperature
(table 5; fig. 14) demonstrate that the use of the novel GAMs
approach by Yang and Moyer (2020) is suitable for wider
use in the Chesapeake Bay watershed. Contemporary studies
that also use continuous daily mean data have shown similar
increasing trends in stream temperature for rivers nationally
(Tassone and others, 2022; Zhi and others, 2023). Continued
warming of streams over extended periods may surpass the
thermal limits of aquatic species, especially those in cold
water streams, and is a concern for native brook trout and
other fisheries. Additionally, there is growing concern the
implementation of best management practices for specific
water-quality goals (for example, nutrient and sediment
reduction) may be having adverse impacts on stream
temperature and be acting as “heaters” rather than “coolers” to
streams (Batiuk and others, 2023). Future work could utilize
continuous daily mean, minimum and maximum values from
the USGS and other agencies to better evaluate the full range
of thermal regime (magnitude, variability, frequency, duration,
and timing) that impact warm and cold water biota (Arismendi
and others, 2013). Ultimately, the use of covariate effects in
a GAM can be coupled with other analyses of climate, land
use, and additional factors to better detect and explain the
spatial and temporal drivers of change in stream temperature
throughout Chesapeake Bay watershed.

2.3.3.3. Discrete Data Trends

LMMs using discrete data were utilized to produce a
watershed-wide trend that accounts for seasonal and diurnal
effects. Comparison of alternative combinations of covariates
revealed one LMM for stream temperature that strongly
outperformed all others (table 6). This model included an
effect of hour of day, day of year, day-of-year squared,
year, and random intercepts by site. The importance of the
year effect was evident because the best-performing model
(M1) included all covariates, whereas the next-best model
(M2) lacked a year effect and had a much higher AIC value
than M1, indicating M1 had a better fit. M1 accounted for
73.0 percent of the observed variation in stream temperature
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Table 5. Generalized additive model (AM) comparison of 31 sites with continuous (daily) stream temperature in the Chesapeake Bay
watershed.

[Data are from Boyle and others (2025). Values are not significant unless otherwise marked by asterisks: *, value has a significance level of 0.01; and **, value
has a significance level of 0.05. USGS, U.S. Geological Survey; R, adjusted coefficient of determination; Geo mean, geometric mean; s(log(Q)), streamflow
(log); s(doy), season (day of year); s(year), time period (decimal year'g; t(log(Q),doy), interaction term for streamflow and season; °C, degrees Celsius; WY, water
year; NA, not applicable]

Model Effective degrees of freedom Trend
USGS station 6 Trend directi d
eo . . rend direction an
number Rjdj mean’ s(log(Q)) s(doy) s(year) ti(log(Q),doy) Trend interval? likelihood?
01540500 0.96 13.14 7.98*%*  14.09** 6.83%* 7.93** WY 2013-22 Upward trend is likely
Downward trend is
01542500 0.95 12.38 3.59%%  11.11%* 2.66** 2.72%* WY 2013-22 extremely likely
Upward trend is about
01544500 0.94 10.27 5.32% 11.36%* 7.00%* Q.27 WY 2013-22 as likely as not
Upward trend is
01545600 0.94 9.49 2.82%*%  11.33%* 7.05%* 8.74%* WY 2013-22 extremely likely
Upward trend is about
01549700 0.95 12.01 1.00**  11.10%* 6.30%* 8.69** WY 2013-22 as likely as not
Upward trend is
01573695 0.93 12.39 1.00**  10.98** 1.00* 8.08%* WY 2013-22 extremely likely
Upward trend is
01573710 0.93 12.72 4.68**  11.05%* 1.00* 6.53%%* WY 2013-22 extremely likely
015765195 0.88 12.12 4.16%* 10.20%* 1.00 7.50%** WY 2013-22 Upward trend is likely
Upward trend is
01581920 0.86 9.68 7.26%%  13.42%* 1.00** 11.51%* WY 2013-22 extremely likely
01595800 0.94 10.19 6.23%*%  13.89%* 3.99%%* 11.50%* WY 2013-22 Upward trend is likely
Upward trend is
01596500 0.92 9.72 1.00**  10.80** PSS 4.61%* WY 2013-22 extremely likely
Upward trend is very
01597500 0.94 9.71 7.80%* 14.15%%* 1.89 11.44%* WY 2013-22 likely
01645704 0.92 13.69 4.42%%  11.22%* SEOPit 7.36%* WY 2013-22 Upward trend is likely
01645762 0.92 133 2.64%*  11.14%* 6.32%* 6.95%%* WY 2013-22 Upward trend is likely
01646305 091 13.6 2.74**  10.76** 6.13%* 7.24** WY 2013-22 Upward trend is likely
Upward trend is
01648010 0.93 13.89 1.00%** 10.20%* 1.58%* 7.21%* WY 2013-22 extremely likely
01649190 0.92 13.21 3.51%*  11.33*%* 5.97** 5.40%* WY 2013-22 Upward trend is likely
Upward trend is about
01649500 0.93 14.89 4.02%*  10.89%* 5.68%* 7.06%* WY 2013-22 as likely as not
Upward trend is
01650800 0.91 13.94 3.13*%%  10.50%** 1.00%** 6.60** WY 2013-22 extremely likely
Upward trend is
01656903 0.91 14.82 4.23%* 10.98%* 4.96%* 8.20%* WY 2013-22 extremely likely
Upward trend is
01581752 0.91 12.63 4.02%*%  10.73%* BN it 6.91%* WY 2014-22 extremely likely
Upward trend is
01651770 0.95 15.72 5.80%*  11.59%* 1.21* 8.83%* WY 2014-22 extremely likely
Upward trend is
01651800 0.92 15.04 3.21%*%  10.64%* 1.71* 8.30%* WY 2014-22 extremely likely
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Table 5. Generalized additive model (GAM) comparison of 31 sites with continuous (daily) stream temperature in the Chesapeake Bay
watershed—Continued

[Data are from Boyle and others (2025). Values are not significant uilless otherwise marked by asterisks: *, value has a significance level of 0.01; and **, value
has a significance level of 0.05. USGS, U.S. Geological Survey; Ra i+ adjusted coeflicient of determination; Geo mean, geometric mean; s(log(Q)), streamflow

(log); s(doy), season (day of year); s(year), time period (decimal year's; t,(log(Q),doy), interaction term for streamflow and season; °C, degrees Celsius; WY,

water year; NA, not applicable]

Trend Status
Difference of annual Percent chanae Departure of 2022 annual mean, in
Likelihood mean from the start to the in tem eratu?e Annual mean of trend °C above or below the average
value? end of the trend interval, erp ear interval, in °C annual mean of 2013-22 or
in°C pery 2014-22 trend interval
0.79 0.34 0.26 12.67 0.85
0.975 -0.89 -0.72 12.30 0.41
0.525 0.02 0.02 10.22 0.81
0.975 0.59 0.62 9.45 0.62
0.66 0.18 0.15 11.85 0.70
0.975 0.7 0.56 12.36 0.31
0.975 0.75 0.59 12.68 0.30
0.785 0.26 0.22 12.25 0.18
0.975 0.84 0.87 9.66 0.13
0.72 0.38 0.37 10.36 0.01
0.975 1.09 1.12 9.99 0.79
0.95 0.94 0.97 9.84 0.23
0.79 0.31 0.23 13.67 0.35
0.725 0.22 0.17 13.25 0.36
0.835 0.39 0.29 13.56 0.42
0.975 1.19 0.86 14.18 0.34
0.675 0.19 0.14 13.17 0.43
0.59 0.1 0.07 14.85 0.15
0.975 0.85 0.61 13.96 0.36
0.975 1.56 1.17 14.88 0.41
0.975 1.87 1.65 12.84 0.05
0.975 0.87 0.61 15.79 0.35
0.975 0.89 0.59 15.19 0.08




28 Tracking Status and Trends in Indicators of River and Stream Condition in the Chesapeake Bay Watershed

Table 5. Generalized additive model (GAM) comparison of 31 sites with continuous (daily) stream temperature in the Chesapeake Bay
watershed.—Continued

[Data are from Boyle and others (2025). Values are not significant unless otherwise marked by asterisks: *, value has a significance level of 0.01; and **, value
has a significance level of 0.05. USGS, U.S. Geological Survey; Ra ;> adjusted coefficient of determination; Geo mean, geometric mean; s(log(Q)), streamflow
(log); s(doy), season (day of year); s(year), time period (decimal yearﬂ; t,(log(Q),doy), interaction term for streamflow and season; °C, degrees Celsius; WY, water
year; NA, not applicable]

Model Effective degrees of freedom Trend
USGS station 6 Trend directi d
2 eo . . rend direction an
number Radj mean' s(log(Q)) s(doy) s(year) ti(log(Q),doy) Trend interval? likelihood?
Upward trend is
01654500 0.92 13.78 1.49%* 11.43%* 2.66** 7.53%%* WY 2014-22 extremely likely
Downward trend is
02011500 0.94 13.18 1.00 11.24%* 4.72%* 6.87** WY 2013-21 likely
Upward trend is very
02042500 091 16.67 1.00**  10.79%* 2.24%* 7.56%* WY 2013-21 likely
Upward trend is
02011400 0.93 13.3 4.33%*%  10.98%* SAlllE 4.75%%* WY 2013-21 extremely likely
Upward trend is about
01608500 0.94 14.67 4.11%* 10.71%%* 5.36%* 8.10%* WY 2013-20 as likely as not
Upward trend is about
01610400 0.92 11.41 L.31%*%  10.56%* 5.86%* 2.46%* WY 2013-20 as likely as not
01611500 0.95 14.47 3.67%%  11.24** 5.47%* 7.40%* WY 2013-20 Upward trend is likely
01646000 0.92 134 2.81%* 9.71** 4.31%* 7.30%* WY 2013-20 Upward trend is likely

IThe central tendency of change.
2The period of record used for trend analysis.

3The probability description and value that indicates increasing or decreasing trends.
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Table 5. Generalized additive model (GAM) comparison of 31 sites with continuous (daily) stream temperature in the Chesapeake Bay
watershed—Continued

[Data are from Boyle and others (2025). Values are not significant unless otherwise marked by asterisks: *, value has a significance level of 0.01; and **, value
has a significance level of 0.05. USGS, U.S. Geological Survey; Rj g adjusted coefficient of determination; Geo mean, geometric mean; s(log(Q)), streamflow
(log); s(doy), season (day of year); s(year), time period (decimal yearﬂ; t,(log(Q),doy), interaction term for streamflow and season; °C, degrees Celsius; WY,

water year; NA, not applicable]

Trend Status
Difference of annual Percent chanae Departure of 2022 annual mean, in
Likelihood mean from the start to the in tem eratu?e Annual mean of trend °C above or below the average
value? end of the trend interval, erp ear interval, in °C annual mean of 2013-22 or
in°C pery 2014-22 trend interval
0.975 1.23 0.99 14.13 0.44
0.75 —-0.43 —-0.33 NA NA
0.925 0.85 0.51 NA NA
0.975 1.05 0.88 NA NA
0.65 0.18 0.15 NA NA
0.56 0.08 0.08 NA NA
0.78 0.42 0.36 NA NA
0.8 0.53 0.49 NA NA

IThe central tendency of change.
2The period of record used for trend analysis.

3The probability description and value that indicates increasing or decreasing trends.
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Figure 13. Map of the Chesapeake Bay watershed showing the stream temperature status of 31 sites in 2022.
Status was computed as the departure of the average annual stream temperature of 2022 from that of 2013-22
or 2014-2022
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Figure 15. Stream temperature generalized additive model (GAM) for Flatlick Branch above Frog Branch at Chantilly, Virginia
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Celsius, B, the rate of change over time (derivative) and 95-percent confidence interval, C, a smooth function for flow (s(log(Q))),

D, a smooth function for day of year (s(doy)), and E, a smooth function for year (s(time)). Data are from Boyle and others (2025).

Table 6. The four top-performing linear mixed models of stream temperature in the Chesapeake Bay watershed based on all pairwise
additive combination of covariates.

[Data are from Boyle and others (2025). All models included random intercepts for each site and a global y-intercept of 13.50. Coefficients are given for model
covariates with degrees of freedom (df) and Akaike information criterion (AIC) values for candidate models. AAIC; difference in AIC value between each model
and the top model (M1), NA; not applicable]

Covariate
Model rank Hour Day of year Das‘(l]-::rﬁar Year df AIC AAIC
Ml 0.45 26.14 —24.79 0.14 7 511,581 0.00
M2 0.45 26.14 —24.79 NA 6 511,705 123.24
M3 NA 25.97 —24.63 0.12 6 512,819 1,237.38
M4 NA 25.97 —24.63 NA 5 512,917 1,335.49




by fixed effects alone (marginal R?) and 77.2 percent of the
measurement variation with the inclusion of fixed and random
effects (conditional R?).

Inspection of confidence intervals for covariates in M1
revealed a significant warming trend in stream temperature
from 1985 to 2022 (table 7). Specifically, the 95-percent
confidence interval for the model coefficient on the year
effect (0.14) ranged from 0.11 to 0.16; because these values
do not encompass zero, they indicate a significant warming
trend over the years and sites included in the discrete stream
temperature dataset. The magnitude of seasonal effects
exceeded the magnitude of hour effects or year effects in M1
(greater absolute value of scaled coefficients; tables 6, 7).
Estimated increases in mean annual stream temperatures
across all sites were within 1 °C (fig. 16).

Prior research that also used discrete data reported
increasing stream temperatures in the headwaters of the
Chesapeake Bay watershed (Kaushal and others, 2010; Rice
and Jastram, 2015). Results from this study support previous
findings that stream temperatures in the Chesapeake Bay
watershed are increasing and demonstrate the utility of
discrete data for temporal trend analysis of water temperature.
Additional research could help understand spatial variation
in warming trends within the study area, including analysis
of riparian cover, land-use change, and effects of geology
on groundwater-stream water interactions that may regulate
stream sensitivity to atmospheric change (Snyder and others,
2015; Hitt and others, 2023; Kessler and others, 2023).

The ecological implications of rising stream temperatures
are a concern to resource managers throughout the Chesapeake
Bay watershed. WY 2022 was the second warmest year for
stream temperature on average for continuous sites with a 9-
or 10-year period of record (WY 2013-22 or WY 2014-22).
Increasing trends (0.19-1.09 °C) in stream temperature were
“likely” to “extremely likely” for 79 percent of the continuous
sites across the Chesapeake Bay watershed, and only two
sites indicated downward trends. Additionally, estimated
increases in mean annual water temperatures across all
discrete sites were within 1 °C. Identifying the magnitude
and geographic variability of warming stream temperatures
across the watershed is the first step in identifying problematic
areas and supporting healthy aquatic ecosystems into the
future. Recent advances in the public availability of discrete
monitoring data and increased use of continuous monitoring
data offer opportunities to better assess thermal regimes in
freshwater systems. These results will provide a foundation
for more routine and systemic tracking of status and trends of
stream temperature for use by environmental managers in the
Chesapeake Bay watershed.
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Table 7. The 95-percent confidence intervals defining the effect
direction and magnitude for covariates in M1, the top-ranked
model for stream temperature in the Chesapeake Bay watershed.

[Data are from Boyle and others (2025), Model rankings shown in table 6.
Covariates were scaled to facilitate comparison]

Model parameter 2.5-percent level 97.5-percent level

Global y-intercept 13.32 13.67
Day of year 26.05 26.24
Day-of-year squared —24.89 —24.70
Hour 0.43 0.48
Year 0.11 0.16
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Figure 16. Line graph showing the stream temperature
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(M1), and the 95-percent prediction interval for mean stream
temperature change when accounting for seasonal and
diurnal effects.
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2.4. Status and Trends in Stream Toxic
Contaminants

By Trevor P. Needham, Ellie P. Foss, and Emily H. Majcher

Many toxic contaminants (for example, compounds
that cause toxic effects in fish, which can lead to human
exposure) are detected in the Chesapeake Bay watershed
(Chesapeake Bay Program, 2021); however, there are no
Bay-wide total maximum daily loads (TMDLs) for individual
toxic contaminants. Investigation strategies and datasets of
toxic contaminants are more variable than other constituents
with regards to sampling methodology, frequency, location,
and approach across the watershed. Further, regulatory
programs and their goals, under which the toxic contaminants
are addressed, differ from one another, which complicates
efforts to transfer knowledge and technical advances across
these programs. Despite the lack of Bay-wide TMDLs,
local TMDLs for certain toxic contaminants, such as
polychlorinated biphenyls (PCBs) and organochlorine
pesticides, are being implemented by the various State and
local jurisdictions (Chesapeake Bay Program, 2021). A toxic
contaminant inventory focusing on PCBs, mercury (Hg), and
organochlorine pesticides was therefore created to assess
available data and determine potential for a toxic contaminant
status and trend analysis within the Chesapeake Bay watershed
(Banks and others, 2022). This section identifies sites where
additional monitoring would allow for status and trend
analysis in the future.

2.4.1. Data Compilation

In June 2019, the USGS contacted Federal and State
agencies across six States (Delaware, Pennsylvania, Maryland,
New York, Virginia, and West Virginia) and the District of
Columbia (Washington, D.C.) to request available data on
toxic contaminants within the Chesapeake Bay watershed.

In addition, NWIS and the WQP were queried to retrieve
relevant toxic contaminant data. The purpose was to create

an inventory of available data across multiple jurisdictions
within the Chesapeake Bay watershed. Data compiled for

the inventory were limited to only sites where Hg, PCBs,

or organochlorine pesticides were collected with sufficient
metadata such as sample media, analytical method, sample
date, sampling coordinates, and frequency of collection. These
toxic contaminants were selected because of their toxicity,
prevalence, and TMDL enforcement within the watershed. The
related analytical results (concentrations) were not retrieved or
used in this analysis because the focus was on data availability.

Data were formatted into two consolidated datasets in a
USGS data release (Banks and others, 2022). The “detailed”
dataset contains a record of each sample by unique site
number, constituent (PCB, pesticide, and Hg), and sampling
date. If available, each record includes the site name, data
source (provider of the data), location (latitude and longitude),
parameter code, analytical method description, collecting
agency, and media type. It does not include the analytical
results. The other dataset summarizes basic information
associated with each unique site: the sampling start and end
date, an indication of whether the location was sampled
multiple times, the site’s location, the data source, the
collecting agency, and the number of sampling records for
PCBs, pesticides, and Hg (Banks and others, 2022). Additional
information on the agencies and consolidation methods
applied to create the “detailed” dataset are provided in the
metadata for the data release. When available, total PCB
concentrations were also compiled from NWIS, the WQP,
and the data provided by Federal and State agencies across
Chesapeake Bay watershed. These data were consolidated in a
separate table to provide a tool to access comparable PCB data
within the Chesapeake Bay watershed. A detailed discussion
on compatibility of PCB data and why only total PCBs were
compiled can be found in appendix 2 of this report.

2.4.2. Analysis

Spatial distribution of sites, number of records, sample
frequency, and the period of record for each site provided the
basis for assessing the toxic contaminant inventory (Banks
and others, 2022). Analytical method compatibility for
PCBs between sampling periods at a given location was also
evaluated.

Most sites had few samples collected or samples
collected at irregular intervals insufficient for trend analysis.
An evaluation was performed to locate sites with repeat
sampling events where trend analysis could occur if sampling
continued. To identify sites that may qualify for potential
future trend analysis, a decision tree was developed based on
the available data in the contaminant inventory. The evaluation
was limited to PCBs because of data availability and to avoid
duplicating work completed by Willacker and others (2020)
for Hg in the Chesapeake Bay. Pesticides were not included
in this evaluation because of the non-uniformity in pesticides
analyzed across the watershed and a priority on pollutants with
a TMDL. Future assessments may be possible to assess status
and trends for pesticides by evaluating the number of toxic
pollutants in a given watershed over time.



The following criteria were used to identify sites where
PCB trend analysis could occur in the future if data collection
efforts continue:

» Temporal duration—Sites with a period of record
of 5 years or greater with a minimum of three
sampling points.

* Recency—Sites need to have been sampled between
2014 and 2019 or 2014 and 2020 (end of data record).

* Method compatibility—The method of PCB analysis
must report total PCB concentration or individual PCB
congeners. Aroclor methods were excluded.

* Media compatibility—Only similar media can be used
in a trend analysis. The selection was limited to solids,
water, and biological samples from fish of the same
species or from different fish species with a reported
lipid content because these media types contained
enough data for within-media trend comparisons.

2.4.3. Results and Discussion

The inventory created for this effort contains information
about data availability for pesticides, PCBs, and Hg, and
about concentration data for PCBs, from 1938 through 2019
for various sites across the Chesapeake Bay watershed. A
comparison of the number of records compiled by media type
(table 8) found that more records for pesticides and PCBs are
available in NWIS than in State data sources. Some States,
such as Pennsylvania, utilized the USGS for monitoring
studies, which resulted in most records being in NWIS instead
of separate State databases. The number of records available
associated with a single sampling point varies by reporting
agency and data source. For example, each individual
pesticide and media in NWIS has a separate parameter code
generating a unique record. A State agency record may only
contain total PCBs for a given sample generating one record.

Different distributions of data were observed when
comparing PCB, Hg, and pesticides by sample media and
data source. Most PCB records were available from States
(12,546 records), of which 71 percent were biological
samples, 21 percent were sediment samples, and 7 percent
were water samples. This is consistent with EPA guidance
for the development of PCB TMDLs that utilize biological
samples (fish tissue) to assess the potential impacts to human
health, and derive empirical bioaccumulation factors from
water, sediment, and fish concentrations measured within the
impacted watershed (U.S. Environmental Protection Agency,
2011). State records for Hg also contained more biological
data (79 percent) than any of the other media. Records of
Hg water samples were only reported within NWIS (U.S.
Geological Survey, 2023). Pesticide data were primarily from
NWIS and consisted mostly of water samples.
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Table 8. Number of samples with pesticides, polychlorinated
biphenyls (PCBs), or mercury (Hg) toxic contaminants detected
in media gathered across the Chesapeake Bay watershed,
1938-2019.

[Data are from Banks and others (2022)]

Toxic Media type
contaminant  Water Biological Sediment Solids  Soil
Pesticide 200,804 5,552 6,465 2,514 0
PCB 1,614 9,001 2,827 55 25
Hg 2,484 7,767 1,942 13 45

Sampling by State and local jurisdictions for toxic
contaminants is primarily focused on assessing the risk to
human health and therefore targets the media responsible for
the exposure pathway for the specific contaminant. These
exposure pathways may not fully encompass the potential
ecological impacts for these contaminants or bioaccumulation
models, making it difficult to assess broader impacts
(Fuchsman and others, 2006; Rattner and McGowan, 2007;
Gobas and Arnot, 2010). For example, EPA guidance for fish
sample preparation differs by fish species to reflect how that
species is typically consumed by people (U.S. Environmental
Protection Agency, 2000).

A total of 89 sites met criteria for potential future trend
analysis for PCBs (table 9; fig. 17). The most common media
at these sites was biological, but some water samples were
taken in the Potomac River and James River Basins. Future
trend analysis could consist of evaluating PCB concentrations
in fish tissue collected within the major drainage basins
identified in table 9. Where applicable, additional factors
such as land use could be incorporated to assess significant
differences in PCB recovery of the watersheds. Evaluating
statistical significance will be difficult because of the low
number of records available at each site. Aggregating samples
by watershed could increase the sample size but could increase
variability in levels. PCB contamination and recovery is very
site specific even within a small watershed. For example, a
S-acre lake on the St. James River was treated with activated
carbon to reduce PCB bioaccumulation in fish (Patmont and
others, 2020). This remedial action was successful; however,
the reduction in fish tissue concentration was only observed in
resident fish within the lake. Similarly, elevated levels of PCB
contamination can be isolated to specific tributaries within
a watershed. Beaverdam Creek (Washington, D.C.) within
the Anacostia River watershed is one of the five primary
tributaries and responsible for most of PCB inputs to the main
stem of the river (Wilson, 2020; Lombard and others, 2023).
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Table 9. The number of toxic contaminant sites identified for future trend analysis for polychlorinated biphenyls per watershed at the
6-digit hydrologic unit code (HUCB) scale and 8-digit hydrologic unit code (HUC8) scale within the Chesapeake Bay watershed.

[Data are from Banks and others (2022)]

Number of samples per media type

HUC6 HUC8 Number of sites - - Period of record
Biological Water

Appomattox 1 19 0 1995-2016

Hampton Roads 5 82 4 1993-2016

Lower James 6 229 0 19972016
James Lower Rappahannock 4 51 0 2001-16
Middle James-Buffalo 2 15 8 2014-19
Middle James-Willis 1 44 0 2003-16
Rapidan-Upper Rapahannock 2 0 15 2013-18

Bald Eagle 4 18 0 1994-2016

Lower Juniata 4 28 0 1979-2015

Lower Susquehanna 5 37 0 1980-2016

Lower Susquehanna-Penns 2 16 0 1993-2016

Lower Susquehanna-Swatara 6 40 0 1979-2016

Lower West Branch Susquehanna 7 42 0 1979-2016

Middle West Branch Susquehanna 1 3 0 1980-2016

Lower Susquehanna Pine 2 10 0 1994-2016

Raystown 1 5 0 1995-2015

Sinnemahoning 1 5 0 1995-2016

Tioga 2 11 0 1996-2016

Upper Juniata 2 17 0 19792016

Upper Susquehanna 1 6 0 1993-2014

Upper Susquehanna-Lackawanna 2 32 0 1980-2016

Upper Susquehanna-Tunkhannock 1 0 1999-2015

Conococheage-Operquon 1 0 19952014

S Lower Potomac 3 83 0 19962016
Middle Potomac Catoctin 3 32 0 2001-15

Middle Potomac-Anacostia-Occoquan 13 160 0 1997-2018

Upper Chesapeake Chester-Sassafras 1 7 0 1995-2015
Patuxent 2 6 0 2004-14
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tissue sampling sites that meet data criteria for polychlorinated biphenyls (PCBs).



38 Tracking Status and Trends in Indicators of River and Stream Condition in the Chesapeake Bay Watershed

2.5. Status and Trends in Streamflow

By Lindsey Boyle, Rosemary Fanelli, and Samuel H. Austin

Variations in the amount and timing of freshwater
flows in the Chesapeake Bay watershed can affect water
temperatures, salinity levels, and amounts of nutrients,
suspended sediment, and contaminants, while potentially
changing the availability of instream habitat for freshwater
flora and fauna (Poff and Ward, 1989; Alexander and others,
1996; Gibson and Najjar, 2000). Anthropogenic alterations to
natural streamflow regimes caused by land-use activities and
climate change are increasingly common, driving a need to
track long-term patterns in streamflow and identify areas that
are most altered (Dunn and Leopold, 1978). The Chesapeake
Bay watershed contains hundreds of rivers and streams.
Estimates of average annual streamflows into Chesapeake
Bay over an 87-year period of record beginning in 1937 have
ranged from less than 50,000 cubic feet per second (ft3/s)
to more than 120,000 ft3/s (U.S. Geological Survey, 2019).
Knowledge of freshwater flow from streams and rivers
draining the Chesapeake Bay watershed, interpreted from
analyses of continuous USGS streamflow data, can be used to
understand ecosystem change and evaluate status and trends in
stream condition. Metrics characterizing streamflow extremes
such as magnitude, frequency, and duration of high and low
flows are helpful indicators of long-term patterns and shifts in
streamflow regimes, which can be interpreted to determine a
given metric’s effect on stream biota (Eng and others, 2017;
Maloney and others, 2021).

2.5.1. Data Compilation

All data compilation and analyses were completed in R
(ver. 4.4.0; R Core Team 2024). Streamflow daily value data
were acquired from NWIS (U.S. Geological Survey, 2023)
using the R package “dataRetrieval” (ver. 2.7.16; Hirsch
and De Cicco, 2015) for 587 streamgages in the Chesapeake
Bay watershed that have records from WY 1986 through the
close of WY 2022. Within this interval, site selection criteria
required 37 complete water years of streamflow data to ensure
accurate estimation of streamflow trends, resulting in a final
selection of 211 qualifying sites.!

2.5.2. Analysis

To analyze streamflow status and trends, six metrics of
streamflow extrema describing high- and low-flow magnitude,
frequency, and duration were calculated for each year in
the 37-year interval (table 10). These metrics provide a
representation of distinct flow regime components and have

ISpecific Gage Analyses of hydromorphology, also appearing in this report,
use different site selection criteria to identify 346 streamgages for analysis.
Refer to section 2.6 “Status and Trends in Stream Hydromorphology”
for details.

been linked to stream biological condition (Carlisle and others,
2017; Eng and others, 2017, 2019). Though all sites had

37 complete years of data, some sites had fewer than 37 years
of low- or high-flow duration values because some years did
not have any daily values exceeding the low- or high-flow
percentile threshold. To calculate a streamflow status for each
metric, the percentage difference between a given metric’s
value in WY 2022 and the same metric’s WY 1986-2022
average value was used to calculate streamflow status for
each metric. Trends in streamflow metrics were estimated
using GAMs for each site with metric values available for at
least 30 years in the 37-year interval, because the nonlinear
qualities of GAM responses support characterization of
changes in extrema over time. GAMs were fit using the

R package “mgcv” (ver. 1.9-1; Wood, 2017) with a smoothed
year covariate and compared to a null model with no year
covariate to determine trend significance. A trend was
considered strong and significant if the year covariate p-value
was less than 0.05 and the AIC value was more than 7 points
smaller than found in the null model. Conversely, failure to
meet these criteria were interpreted as no trend. Results from
the status and trend analysis of streamflow data can be found
in Boyle and others (2025).

Table 10. Descriptions of six metrics characterizing streamflow
extrema and analyzed for trends.

[Modified from Eng and others (2019, table 1). (ft/s)/mi2, cubic feet per
second per square mile; WY, water year]

Metric Definition

Low flow

The annual 1st percentile of daily flow values

Magnitude divided by drainage area expressed as (ft3/s)/mi2.

The annual number of low-flow events where
daily flow values were less than or equal
to the 10th percentile of all daily flows in
WY 1986-2022 period.

The annual average length (in days) of low-flow
events with daily flow values less than the 10th
percentile of all daily flows in WY 1986-2022.

High flow

Frequency

Duration

The annual 99th percentile of daily flow values

Tl divided by drainage area expressed as (ft3/s)/mi2.

The annual number of high-flow events with daily
flow values greater than or equal to the 90th
percentile of all daily flows in WY 1986-2022.

The annual average length (in days) of high-flow
events with daily flow values greater than
the 90th percentile of all daily flows for
WY 1986-2022.

Frequency

Duration




2.5.3. Results and Discussion

Low- and high-flow duration status values could not be
calculated for 46 sites; 43 sites did not have any low-flow
events (flows below the 10th percentile of all daily value
site flows in WY 1986-2022), and 3 sites did not have any
high-flow events (flows above the 90th percentile of all daily
value site flows in WY 1986-2022) in WY 2022. For most
sites, high-flow frequency was above average and high-flow
magnitude and duration were below average, indicating that
though high flows were more common in WY 2022, those
high flows were shorter in duration and generally smaller
in magnitude than the 37-year average (fig. 18). Most sites
had above average low-flow magnitude and below average
low-flow duration and frequency, indicating that low flows
in WY 2022 were not as low as the 37-year average and
occurred less often and over fewer total days than the 37-year
average of low flows (fig. 18). During WY 2022, above
average high-flow frequencies and below average high-flow
magnitudes and durations were most prevalent in the lower
portion of the watershed. Most above average low-flow
frequencies were associated with sites in the lower portion of
the watershed, as were most sites with above average low-flow
magnitudes. Most sites where below average low-flow
durations were observed, however, were in the upper portion
of the watershed (fig. 18).

For most sites across the watershed, values of high- and
low-flow metrics were extremely variable and had no strong
directional trends over time. Low-flow metrics had a greater
number of significant trends overall than high-flow metrics.
Trends in low-flow metrics revealed increases in low-flow
magnitude, decreases in low-flow frequency, and few trends
in low-flow duration. Of the few sites with significant
trends in high-flow metrics, most had increasing trends in
high-flow magnitude and duration (table 11; fig. 19). Sites
with significant trends in streamflow metrics were sparse
and scattered across the watershed. However, sites with
increasing trends in low-flow magnitude and decreasing
trends in low-flow frequency were clearly clustered in the
Baltimore-Washington, D.C., metropolitan area, especially
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in tributaries of the Potomac River (fig. 19), indicating that
low-flow events in this area have become less frequent and
less extreme in magnitude over time.

Natural fluctuations in flow are important for maintaining
healthy stream biological assemblages (Poff and others,
1997). Climate change and anthropogenic activities such as
urban development or water withdrawals can drive unnatural
variations in streamflow that harm aquatic life (D61l and
Zhang, 2010; Brown and others, 2013). Extreme low flows
can cause declines in sensitive macroinvertebrate taxa and
taxa richness and decreases in fish growth rates, survival, and
abundance—both directly through reductions in available
swift water habitats and, more often, indirectly through
increases in water temperature and SC during low-flow
conditions (Dewson and others, 2007; Miller and others, 2007;
Walters, 2016). Extreme high flows also influence stream
biological assemblages by physically washing organisms
downstream, scouring away algal food sources, destroying
habitat, and introducing pulses of sediment and nutrients,
all of which lead to decreasing macroinvertebrate densities,
richness, and abundance and altered fish population densities
and structure (Scrimgeour and Winterbourn, 1989; Carline
and McCullough, 2003; Chattopadhyay and others, 2021). At
most sites across the watershed, values of high- and low-flow
metrics were extremely variable with no strong directional
trends over time. The lack of general watershed-wide patterns
in streamflow metrics (assuming these are not the result of
Type II errors [when analysis fails to detect an existing trend])
suggests that low or high-flow metrics at the few sites with
significant change may be driven by site-specific factors
rather than watershed-wide factors such as climate. Future
investigation of site-specific drivers, incorporation of climatic
variables into the modeling framework, and evaluations of
additional streamflow metrics will aid in a comprehensive
understanding and maintenance of freshwater flows in the
Chesapeake Bay watershed.
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Figure 18. Maps of the Chesapeake Bay watershed showing the status of streamflow sites in water year (WY) 2022 based on
high-flow and low-flow A, duration (days), B, frequency, and C, magnitude (cubic feet per second per square mile). Status was
computed as the percentage difference between WY 2022 and the WY 1986-2022 long-term average of each metric. [>, greater than
or equal to; <, less than; >, greater than; <, less than or equal to; NA, not applicable]



Table 11.
streamflow

Number of increasing, decreasing, and no-trend estimates associated with low-flow and high-flow extrema metrics for

sites in the Chesapeake Bay watershed.

[Data are from Boyle and others (2025)]

2. Status and Trends Methods, Analyses, and Results

a“n

Metric Increasing trend Decreasing trend No trend

Low flow

Magnitude 12 2 197

Frequency 1 20 190

Duration 1 3 162
High flow

Magnitude 4 1 206

Frequency 1 209

Duration 1 0 209
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A, duration (days), B, frequency, and C, magnitude (cubic feet per second per square mile).




2.6. Status and Trends in Stream
Hydromorphology

By Matthew J. Cashman, Coral M. Howe, Zachary J. Clifton,
Marina J. Metes, and Joshua J. Thompson

Hydromorphology is the complex interplay of
streamflow, sediment, vegetation, geomorphic forms, and
connectivity (Wang and others, 2015; Castro and Thorne,
2019) that creates the physical habitat template to support
aquatic organisms and communities (Orr and others, 2008).
Because these factors interact across temporal and spatial
scales, they create a diverse patchwork of physical habitats
characterized by varying water depths, streamflow types
and velocities, substrates, and channel forms. Available
hydromorphic conditions then can act as diversity filters for
what organisms can persist in a local river segment or reach
(Lamouroux and others, 2004).

Sediment and physical habitat degradation have been
identified as a leading cause of local ecological impairment
across the Chesapeake Bay watershed (Fanelli and others,
2022). However, sediment is only one aspect among many
contributing to hydromorphologic conditions, and other facets
of physical habitat that contribute to ecological condition
may be overlooked unless explicitly and directly evaluated
(Cashman and others, 2024). The direct assessment of the
different aspects of hydromorphic conditions, and how they
might be changing through time and space, may assist in
explaining the various stressors contributing to stream health
and more directly track physical habitat changes in response to
management activities.

2.6.1. Data Compilation

Two distinct but complementary analyses using different
data sources were undertaken to evaluate the status and trends
in hydromorphology across the Chesapeake Bay watershed:
(1) status and trends in multi-jurisdictional rapid habitat
assessment data, and (2) trends in channel dimensions and
hydraulics at USGS streamgages, referred to as specific
gage analysis (Cashman and others, 2021), a methodological
update to specific-stage analysis originally defined by Gilbert
(1917). These two methods have different but complementary
hydromorphic foci and provide different spatial coverages
across the Chesapeake Bay watershed. Data compilation for
specific-gage data and quality assurance and quality control
(QA/QC) for rapid habitat data were completed in R
(ver. 4.2.1; R Core Team, 2022b).

2.6.1.1. Rapid Habitat Assessment Data

Rapid habitat assessments are field-based monitoring
methods of hydromorphic and physical habitat conditions
that can be quickly conducted at a site, often in conjunction
with other data collections, such as biological monitoring.
Although several methods exist, the most common is the
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EPA rapid assessment method (Barbour and others, 1999).
Most metrics are scored on a quality scale from 0 to 20 based
on visually qualitative rankings. A given metric’s score was
used to classify it as either “poor” (0-5), “marginal” (6-10),
“suboptimal” (11-15), and “optimal” (16-20). These values
are scored against an ideal reference condition for a river
type in its region and should therefore be comparable across
regions. Rapid habitat assessment metrics cover a range

of different hydromorphic features and processes that are
relevant to components of the local ecosystem, such as fishes,
macroinvertebrates, and general hydromorphic functions. The
metrics also cover aspects of the reach through mesohabitat
and microhabitat spatial scales (table 12).

Rapid habitat assessment data were obtained from the
Chesapeake Bay Program’s DataHub database (Chesapeake
Bay Program, undated), which contains a compiled dataset
from 19 different Federal, State, and local agencies and
jurisdictions. These data were then evaluated for QA/QC for
use within status and trend analyses (refer to appendix 3 for
QA/QC methods).

Because the habitat metrics collected tended to vary
within and among the monitoring sites and events, each
unique combination of habitat metric and monitoring site was
evaluated separately for meeting qualifying trend criteria.

For sites with multiple monitoring events per year, only the
first field assessment of each year was retained such that the
datasets contained one monitoring event per metric per year.

The trend interval of analysis comprised calendar years
2008-17, and each metric and site combination qualified for
trend analyses if it contained 7 years or more of data. The
final set of trend metrics were selected for analysis based on
meeting a criterion of 50 or more qualifying trend sites across
the Chesapeake watershed. The total number of qualifying
sites varied by metric, from a minimum of 51 (Frequency of
Riffles) to a maximum of 101 sites (Embeddedness; table 12).

2.6.1.2. Specific Gage Analysis Data

Specific gage analyses examine changes to river channel
dimensions and hydraulics using data collected during routine
streamflow measurements at USGS streamgages (Juracek
and Fitzpatrick, 2009). These river-segment and reach-scale
changes can represent the state of channel evolution (Cluer
and Thorne, 2014), which has been related to fish community
trajectories by Stearman and Schaefer (2023) and capture
the timescale of hydromorphic recovery in response to
disturbances (Cashman and others, 2021). The type of specific
gage analysis used in this study is a field measurement
analysis (Cashman and others, 2021), modified to use GAMs
for additional nonlinear covariate normalization, which tracks
flow-normalized changes to bed elevation, channel area, and
channel velocity (additional details are in appendix 3).

Qualifying trend sites were identified by querying
NWIS (U.S. Geological Survey, 2023) using the R package
“dataRetrieval” (ver. 2.7.11; Hirsch and De Cicco, 2015)
for all active USGS streamgages in the Chesapeake Bay
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Table 12. Hydromorphology rapid habitat assessment metric names, metric descriptions, and number of sites in the Chesapeake Bay
watershed that qualify for trend analyses per metric.

[Data are from Boyle and others (2025). Each metric value ranges from 0 indicating “poor” metric quality to 20 indicating “optimal” metric quality]

Metric Metric long name Metric description Qua_llfymg
short name sites
Measures whether the stream banks are eroding or have the potential for erosion.
BANKS Bank Stability Includes consideration of bank steepness, exposed soil, crumbling, and bank 83
sloughing.

Measures the amount of vegetation protection afforded to the stream bank and
the near-stream portion of the riparian zone. Supplies information on the
(1) ability of the bank to resist erosion, as well as nutrient uptake by plants,
(2) control instream scouring, and (3) provide stream shading.

BANKV Bank Vegetative Protection 83

The extent of large-scale changes in the shape of the stream channel, includ-
CH_ALT Channel Alteration ing straightening, deepening, or diversions, or the presence of artificial 84
embankments, riprap, or other forms of artificial bank stabilization.

The extent to which rocks (gravel, cobble, and boulders) and snags are covered

EMBED Embeddedness or sunken into the silt, sand, or mud of the stream bottom. 1ol
. The relative quantity and variety of natural structures in the stream, such as
EPI SUB Epifaunal Substrate/ cobble, large rocks, fallen trees, logs and branches, and undercut banks for use 93

Available Cover . . . . .
as refugia, feeding, or sites for spawning or nursey functions.

The degree to which the channel is filled with water, resulting in exposed riffles
and cobbles in high-gradient streams or exposed logs and snag habitats in

FLOW Channel Flow Status low-gradient streams. Useful for interpreting biological condition under low 84
or abnormal flow conditions.
. A measure of heterogeneity using the sequence of riffles or bends, capturing the
RIFF [ ORCS frequency of high-quality habitats, as well as the channel’s capacity to absorb 51
(or Bends) . .
erosive, high-flow events.
Measures the amount of sediment deposition from large-scale movement of
SED Sediment Deposition sediment, including formation of islands, point bars, shoals, and filling of runs 84
and pools.
Patterns of velocity and depth, with the best streams in high-gradient regions
VEL D Velocity/Depth showing all four patterns: (1) slow-deep, (2) slow-shallow, (3) fast-deep, and 55
- Combinations (4) fast-shallow. Related to the habitat heterogeneity and the stream’s ability

to provide and maintain a stable aquatic environment.




watershed that reported both streamflow and stage data.
The full site record of daily streamflow was retrieved for all
sites, and each site was evaluated at various trend intervals
of interest (10-, 25-, 50-, and 75-year records), which was
measured as years prior to the end of WY 2022. A gap of more
than 201 days of missing streamflow in a water year resulted
in the end of the potential trend interval (working backwards
in time), even if data existed prior to that year, to avoid large
operational differences with gage discontinuities. For example,
if a streamgage’s period of record spanned from WY 1946
to WY 2022 and contained a period of 202 consecutive
days during WY 1975 wherein streamflow data was not
recorded, the trend intervals at this streamgage would be
a 10-year interval (WY 2012-22) and a 25-year interval
(WY 1997-2022), but not a 50-year interval nor a 75-year
interval because WY 1975 falls between the start and end of
the intervals. Other periods of missing data were allowed if
the limit of 201 consecutive days of missing streamflow data
was not exceeded. In total, this method identified 342 USGS
streamgages that qualified for a 10-year trend analysis and
declining numbers for longer trend intervals (table 13).
For each qualifying site, information on site history and
establishment was retrieved from the internal USGS Site
Information Management System database to identify any
interventions that could alter hydromorphic trends such as
streamgage relocations, datum changes, and other physical
step-change alterations, such as a local bridge building, and
dates of which are summarized in Boyle and others (2025).
Channel metrics were directly contained in, or derived
from, metrics in NWIS (U.S. Geological Survey, 2023). The
expanded field measurement tables for each site were pulled
from NWIS using the R package “dataRetrieval” (ver. 2.7.11;
Hirsch and De Cicco, 2015). A series of pre-processing steps
were conducted on these data before trend analysis, including
deriving additional field measurement metrics, labeling data
for possible confounding step-change factors, and QA/QC
of the data for outliers. Refer to appendix 3 for more data
pre-processing details.

2.6.2. Analysis

Generalized additive models (GAMs) were used to
evaluate trends across the Chesapeake Bay watershed in
(1) multi-jurisdictional rapid habitat assessment data and
(2) channel dimensions and hydraulics at USGS gages via
specific gage analysis. Status was only evaluated for the
multi-jurisdictional rapid habitat data. All analyses for both the
specific-gage data and rapid-habitat data were completed in R
(ver. 4.2.1; R Core Team, 2022b).

2Streamflow analyses appearing earlier in this report use different site
selection criteria to identify 417 streamgages for a dedicated streamflow
analysis. Refer to section 2.5 “Status and Trends in Streamflow” for details.
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Table 13. The number of qualifying U.S. Geological Survey
streamgages in the Chesapeake Bay watershed examined
for hydromorphology specific gage trend analyses at various
trend intervals.

[Data are from Boyle and others (2025). All streamgages were active as of
May 2023. The trend intervals are the minimum number of active years with
sufficient data completeness leading up to the end of water year 2022]

Trend interval, in years Qualifying streamgages

10 342
25 212
50 116
75 65

2.6.2.1. Rapid Habitat Assessment

Statuses for each site and metric were calculated by
averaging the most recent three observations in the trend
record. Trends for all repeat rapid habitat assessment metrics
were then estimated using GAM:s to capture nonlinear changes
and threshold effects. GAMs were fit using the R package
“mgcev” (ver. 1.9-1; Wood, 2017), and k£ was set as a minimum
default to no more than one-third of the total data points per
trend. Following methods from Murphy and others (2019),
trends from each GAM were compared to a null model (GAM
fit without a date or year covariate) and were considered
“strong” if AIC values were 7 or more points smaller than the
null model, “possible” if AIC values were 4 or more points
and less than 7 points, and “unlikely” if AIC values were less
than 4 points smaller than the null model. A linearized trend
slope was calculated as the difference of the model predictions
for the beginning and end years of the trend interval,
divided by the length of the trend. Additional analysis was
done to answer the following question: Are strong negative
trends occurring at sites that began in “optimal” condition
and degraded or at sites that were in “poor” condition and
worsened, and vice versa for sites with positive trends? To
answer this question, a 3-year average metric condition score
was calculated from the beginning of the record for each site
to determine starting condition, which was then compared
to trend slopes. Results from the status and trend analysis of
rapid habitat data can be found in Boyle and others (2025).

2.6.2.2. Specific Gage Analyses

The field measurement analysis used GAMs to create
a flow- and confounding-variable normalized time trend for
three field-derived metrics: bed elevation, channel area, and
channel velocity. Eight GAMs were fit for each field metric
using the R package “mgcv” (ver. 1.9-1; Wood, 2017) with
varying levels of complexity to best capture the nonlinear
and confounding factors influencing results particular to a
specific site. Possible model forms included terms for date,
year, streamflow, seasonality (represented as day of year),
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measurement type, intervention (a categorical variable
representing the periods before and after any recorded
alteration in and around a streamgage), nonlinear interactions
between day of year and time, and nonlinear interactions
between time and streamflow. K term was adjusted according
to an iterative procedure to optimize model fit. An example of
model fits for each of the 8 GAM model forms can be found in
figure 3.1. Multi-model selection was then performed based on
minimum AIC scores across all eight model forms to choose
the best fitting and most parsimonious model to represent the
dynamics of each site. For more details on the GAM flow- and
confounder-normalized method, and multi-model selection,
refer to appendix 3.

Following methods from Murphy and others (2019), the
optimally selected GAM was compared to a null model (the
optimally selected GAM fit without a date or year covariate)
and was considered strong (and the null model was rejected)
if its AIC value was at least 7 points smaller than the null
model. GAM models that did not strongly reject the null
model (referred to hereafter as a “null result”) were deemed
insufficient to recreate the channel dynamics at a site and
were removed from consideration for further analyses. A
null result does not indicate the lack of a trend, but rather
the lack of the ability to evaluate a trend. In the context of
this study, a null result would be caused by a lack of change
through time or a lack of statistical power to detect any
change. Because of the high-temporal resolution of the data,
the analysis is able to detect even minor changes associated
with the adjustments and shifts to field-measurement rating
curves (Cashman and others, 2021) that routinely occur when
operating and maintaining USGS streamgages (Sauer, 2002).
Even without a directional temporal trend, short-duration
channel responses to single storm events and cyclical seasonal
dynamics should be detected and result in a strong rejection
of the null model. A lack of short-term, event-based changes
or cyclical seasonal dynamics suggests that the streamgage
has artificial controls in the measurement area, precluding our
ability to detect meaningful channel changes elsewhere in the
channel. Similarly, the failure to strongly reject the null model
may be caused by poor model fit and high variance, likely
due to missing covariates in the model, and thus indicates an
inability for the model to report channel changes, rather than
an indication of no channel change. If included in the analysis,
the null results would increase the likelihood of false negative
“no trend” results.

Flow- and confounder-normalized predictions were
made from the optimal site models to capture a normalized
temporal trend. In this prediction, any streamflow, day of
year, and interactions between streamflow or day of year were
excluded from the prediction function, effectively removing
the effects of these variables. Interventions were fixed to be
predicted against only the most recent intervention ‘datum’,
and field measurement type was fixed to the method used most
frequently at a site.

Trend rates and uncertainties were calculated from the
confounder-normalized predictions of the best model, with
confidence intervals. Although a status for channel dimensions
and hydraulics at streamgages was not assessed on its own,
the year-long normalized predictions in the most recent year
(WY 2022) were averaged to represent the end year for each
trend interval, and the values within the WY's covering the 10-,
25-, 50-, and 75-year intervals were averaged to represent the
beginning year of each interval. Significant difference between
the timesteps was then evaluated using a t-test of the mean and
confidence intervals for the averaged year-long predictions at
each timestep, and significance was determined at p-value less
than or equal to 0.05. The magnitude of change was divided
by the length of the trend interval to create a linearized trend
slope. Specific gage analysis results can be found in Boyle and
others (2025).

2.6.3. Results and Discussion

Results of GAMs for (1) multi-jurisdictional rapid habitat
assessment data and (2) channel dimensions and hydraulics
at USGS gages via specific gage analysis are conveyed and
discussed. Results of the rapid habitat assessment analysis
found evidence suggesting degrading hydromorphic conditions
at the majority of sites with significant trends. However,
the limited number of trend sites and spatial clustering of
available sites prevented conclusions about hydromorphic
conditions on a watershed-wide scale. Specific gage analysis
revealed patterns consistent with channel evolution following
disturbance, including decreasing bed elevation and increasing
channel area trends indicating channel incision and expansion
over a 75-year interval followed by occasional fill and
widening, indicated by increasing bed elevation and channel
area trends in the 10-year interval.

2.6.3.1. Rapid Habitat Assessment

On the scale of 0 (“poor” habitat quality) to 20 (“optimal”
habitat quality), the status of rapid habitat assessment metrics
averaged from 12.0 to 16.4. The lowest average scores were
in Embeddedness (12.0), and the greatest average scores
were in Channel Alteration (16.4). Status varied across
the watershed. Low scores for some metrics were notably
clustered in the Delmarva Peninsula and in the urbanized
Baltimore—Washington, D.C., metropolitan area, and metrics
with greater scores were generally in western parts of the
watershed (fig. 20). The sites used for the analysis were also
distributed unevenly across the watershed and tended to
concentrate within Maryland and the southwestern portion of
the watershed (Virginia and West Virginia).

Most sites that showed a change in habitat conditions
were degrading, with relatively few sites showing positive,
improving conditions. Of the 955 unique metric and
site combinations tested for trends, 86 (9 percent) had
“strong” trends, 96 (10 percent) had “possible” trends,



2. Status and Trends Methods, Analyses, and Results 47

A. BANKS B. BANKV C. CH_ALT
80° 79° 78° 77° 76° T%° 76°  75° 80° 79° 78> 77° 76° T%5°
4 ET | | S | | g O | | ol
NEW YORK {}‘" “\: Lake Erie NEW\\‘(’ORK (J"‘ "\: Lake Erie NEW,YORK hY
e -—-—,4 c
- . |
41° |7 PENNSYLVANIA Va - —'r PENNSYLVANIA ’ ¢
" P .- 4

k] . ) ! S J ) ‘L;

| / A Y ! " N E
o LI . =1 4 K —_|
ML T??\_Q)_ALWJAND%E/E ) ‘0. MARYLAN S{E‘/E
o) g L2~ £
39° WES; VéjVASHIN N; & @ DroN %\M

A D.C, T (R |E

© VIRGINIA | |

& <

> >

AN M P o
fedi A

D. EMBED E. EPI_SUB

Lake Erie

T T
NEW,YORK ¥

T T
NEW,YORK r“"

»""'\

/ 7 7 o~ /
_ —_—}———— _
3 ‘ poes z 5
DNy e 4 N
| { :

,/ ~{ | PENNSYLVANIA ] { _
£l L /A -]

z - D — S Yoy Sl

Z1 | g/ffj‘;\\")%AltﬂJ iz 2
| WEST, WAS S \M

§WAS‘H S
VlRGlN'lA{ P

Base from U.S. Census Bureau, 2022 0 25 50 100 MILES
Geographic coordinate system EXPLANATION

North American Datum of 1983 - 1 Chesapeake Bay watershed |_|_L|_|_|_,

0 2550 100 KILOMETERS

US. Selogia S, 2072 —--— State boundary
Data from Boyle and others, 2025 Mean metric score
20
15
10
5
0

Figure 20. Maps of the Chesapeake Bay watershed showing the status of all rapid habitat hydromorphology sites analyzed for the
following qualifying metrics: A, Bank Stability (BANKS), B, Bank Vegetation (BANKYV), C, Channel Alternation (CH_ALT),

D, Embeddedness (EMBED), E, Epifaunal Substrate/Available Cover (EPI_SUB), F, Channel Flow Status (FLOW), G, Frequency of
Riffles (RIFF), H, Sediment Deposition (SED), and /, Velocity/Depth Combinations (VEL_D). Status computed using the average of
most recent 3-year observations. Qualifying trend site counts are in table 12.
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Figure 20—Continued

764 (80 percent) had “unlikely” trends, and 9 sites had no
measured change across their record. Of those with “strong”
trends, 54 (77 percent) were negative and indicated degrading
condition, 13 (19 percent) were positive and indicated
improving condition, and 3 results had nonmonotonic trends
that indicated no net change in condition across the time
interval. Although some metrics showed slightly different
proportions of negative or positive trends, most metrics
showed slight to moderate negative trends of degrading
condition through time at most sites, and few sites showed
positive, improving conditions (fig. 21). On average, linearized
slopes for ”strong” trends changed by an absolute magnitude
of change of about 0.55 points per year in either positive or
negative directions, and the mean change across all metrics,
—0.37 points per year, indicating overall degrading conditions.
Across the trend interval of 2008—17, this would result in a
change of nearly 5 points of change, and mean degradation of
nearly 3.7 points, out of the 20-point scale, across our period

of analysis. Areas with significant changes were scattered
throughout the watershed, although with notable significant
trends around the Baltimore—Washington, D.C., metropolitan
area for many metrics (fig. 22).

Trend slopes were compared against metric scores from
the beginning of the record to evaluate whether there were
any management-relevant patterns in trend slopes based on a
site’s initial condition. Epifaunal Substrate/Available Cover
exhibited a significant relationship between trend slope and
initial metric score, indicating that negative trends in epifaunal
substrate were more likely to be observed at higher-quality
sites (fig. 23). However, this trend analysis excluded some
earlier data available at each site, which may provide
additional perspective on how these sites may have changed
through time. To achieve Chesapeake Bay Program targets,
conserving sites currently in good condition and targeting
lower quality sites for management interventions and (or)
restoration may be necessary.
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Figure 21. Linearized trend slopes for rapid habitat hydromorphology sites across the Chesapeake Bay watershed
for the following metrics: A, Bank Stability (BANKS), B, Bank Vegetation (BANKV), C, Channel Alternation (CH_ALT),
D, Embeddedness (EMBED), E, Epifaunal Substrate/Available Cover (EPI_SUB), F, Channel Flow Status (FLOW),

G, Frequency of Riffles (RIFF), H, Sediment Deposition (SED), and /, Velocity/Depth Combinations (VEL_D). Slopes are
presented in change in the metric score per year. Qualifying trend site counts are in table 12. Data are from

Boyle and others (2025). [>, greater than or equal to; <, less than]
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Figure 22. Maps of the Chesapeake Bay watershed showing the trend slopes of rapid habitat hydromorphology sites
analyzed for the following metrics: A, Bank Stability (BANKS), B, Bank Vegetation (BANKV), C, Channel Alternation (CH_ALT),
D, Embeddedness (EMBED), E, Epifaunal Substrate/Available Cover (EPI_SUB), F, Channel Flow Status (FLOW), G, Frequency of
Riffles (RIFF), H, Sediment Deposition (SED), and /, Velocity/Depth Combinations (VEL_D). Slopes are presented in change in the
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Figure 23. Trend slopes for all hydromorphology rapid habitat assessment metrics compared to the 3-year average starting score,
which represents an initial quality condition for each site at the beginning of the trend interval: A, Bank Stability (BANKS), B, Bank
Vegetation (BANKYV), C, Channel Alternation (CH_ALT), D, Embeddedness (EMBED), E, Epifaunal Substrate/Available Cover (EPI_SUB),
F, Channel Flow Status (FLOW), G, Frequency of Riffles (RIFF), H, Sediment Deposition (SED), and /, Velocity/Depth Combinations
(VEL_D). The coefficient of determination (R?) and p-values are from linear regression output according to the linear model fit line.
Slopes are presented in change in the metric score per year. Qualifying trend site counts are in table 12. Data are from Boyle and
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Overall, the field-based rapid habitat assessment data
indicated that metrics of physical habitat condition that
were significantly changing through time were degrading
in condition, and only a few sites showed improvement.
However, site locations included in this analysis were
not evenly distributed throughout the watershed. Sites
were instead clustered within a few jurisdictions and
overrepresented many of the watershed’s metropolitan
areas, which contain more urban stressors of physical
habitat. Future analyses, which can incorporate additional
data at more locations, may provide additional spatial and
temporal perspective for these trends across the watershed.
For example, if agencies and jurisdictions continue to collect
rapid habitat assessments, additional sites should have
enough data to meet the criteria for a trend analysis. Although
representative of the conditions in these monitored rivers and
streams, these locations might overlook other key drivers of
change throughout the watershed, including areas of forest
conservation, forest harvest, or mixed farming. This method
also relies on visual-based scoring and subjective judgement,
so uncertainty can be introduced by differing field personnel,
differing standards among jurisdictions conducting the
surveys, or guidelines to differentiate between similar scores
in a similar quality category. Refer to section 2.8 “Indicator
Results Synthesis” for more information.

2.6.3.2. Specific Gage Analyses

Across the 342 sites analyzed and the four trend intervals,
all sites had at least one strong field measurement model
that was sufficient for trend analysis. Overall, between 36
and 51 percent of trends analyzed in each time interval were
significant at p-values less than or equal to 0.05. The greatest
proportion of significant trends were within the 75-year
trend interval. Among metrics, channel velocity and channel
area had the least number of significant trends (41 percent),
and bed elevation had the most (47 percent). Overall, trends
were more likely to be significantly decreasing across the
time interval for bed elevation and channel velocity, and
the proportion of decreasing trends was greatest at 50- and
75-year intervals. In contrast, trends were more likely
to be increasing for channel area, and the proportion of
increasing trends was greatest at 50- and 75-year intervals
(table 14). Overall, these patterns demonstrate the sequence
of channel evolution following disturbance, like that from
urban development, and demonstrate multiple channel
evolution stages, including initial channel incision (negative
bed elevation trends), expansion (increasing channel area),
followed by occasional fill and widening (positive bed
elevation trends and increasing channel area), and approaching
new quasi-equilibrium conditions (indicating lesser change in
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metrics in recent years compared to previous change). Channel
fill and constriction (decreasing channel area and increasing
bed elevation) are also channel responses expected from
increased upstream sediment supply. This also likely indicates
decadal-scale channel adjustment to changing land use, rapid
urbanization, and other development throughout regions of the
Chesapeake Bay watershed because altered patterns of flow
and sediment delivery have resulted in long-term changes and
adjustments (Wolman, 1967). Widespread channel changes
captured in 50- and 75-year trends (fig. 24) are likely driven
by suburban expansion and other widespread change. More
recent trend patterns, as evidenced in the 10-year trend
interval (fig. 25), represent a mixed combination of recovery
from former disturbance, more localized recent disturbances
or development, and other site-specific factors, such as dam
removals (Cashman and others, 2021).

This study empirically demonstrates the decadal-scale
response of channel evolution and geomorphic change across
many rivers throughout a region. In addition, this analysis
highlights additional factors associated with changes in
hydraulic character, such as flow-normalized velocity (refer
to appendix 3), which co-occurs with channel evolution
and geomorphic disturbance. As channel area increased in
many rivers across the watershed, especially in response to
urbanization, the flow-normalized channel velocity decreased,
a habitat condition which may be relevant to many species,
particularly lithophilic and other flow-sensitive species.

The trend results from specific gage analysis provide a
comprehensive, watershed-wide approach for hydromorphic
trends and multiple results covering jurisdictions throughout
the Chesapeake Bay watershed. These trends highlight
large-scale response to changes in watershed conditions over
time but also locally driven patterns of geomorphic change
demonstrating the timing and type of local watershed factors.
As a result, individual streamgage results should be interpreted
within the context of a local watershed’s history of disturbance
and other changes. In addition, many USGS streamgages are
operated to address specific management questions, such as a
targeted restoration. These gages may provide additional local
interpretive context but may not be generally representative
of all streams in a region. Lastly, USGS streamgages are
generally known to be biased toward larger rivers compared
to the overall drainage network (refer to section 2.8 “Indicator
Results Synthesis™); therefore, these results may not
generally capture the range of channel changes occurring
within headwaters. However, the results of the specific gage
analysis capture unique information about channel change
throughout the watershed and can help interpret the magnitude
of geomorphic change and the timeframe for geomorphic
recovery after disturbance (Cashman and others, 2021).
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Table 14. Number and direction of significant trend results in the Chesapeake Bay watershed for hydromorphology-specific gage
analyses broken down by field metric and trend interval.

[Data are from Boyle and others (2025). Qualifying streamgage counts are in table 13. Trend interval years are 10 (water years [WY] 2012-22), 25 (WY
1997-2022), 50 (WY 1972-2022), and 75 (WY 1947-2022)]

Number of Trend direction
Field metric Trend interval, in years significant . . i
trends Percent of total decreasing Percent of total increasing

10 142 54.9 45.1
i 25 101 57.4 42.6

Bed elevation
50 56 66.1 33.9
75 30 73.3 26.7
10 136 47.8 52.2
25 76 38.2 61.8

Channel area
50 52 23.1 76.9
75 28 17.9 82.1
10 129 51.9 48.1
. 25 79 58.2 41.8

Channel velocity

50 53 81.1 18.9

75 33 84.8 15.2




A. Bed elevation B. Channel area C. Channel velocity

80° 79° 78° 77° 76° 75° 80° 79° 78° 77°
T T

80° 79°

) ) NEW YORK PR ) NEW YORK
Lake Erie Lake Erie 2 ° Lake Erie 2
L I & LA 4 o cf‘{\,w’ .
40 _____}_ ___—#__g__b_.__ - m _____i__‘__b_.__
L ‘,' < <o - 4
. < oA
| | AN | S0y ko o
| PENN SYLVA)NIA | PENNSYLVA]}\IIA 'S < PENNSYLVA)NIA 'S v A
e _| ;O _| !‘V‘ ’ _‘ {‘“ ‘
| “, | "\ 'S < | S <
b Yy v bl » %4 o Al b N ov ve
: o & R
a° | /" L /A Vv o L /vv %0 o
| A | | 8
—_— — - - -
£57 % 'C’Cf AR FEER T
LN g : FalN A
W WEST | - WEST ’ A WASH’NG*’NT'é - WEST /v WAiH CroN '%G
VIRGINIA // VIRGINIK' // Vs {§ VIRGINIA' // ;i
s 'S
\J ‘ A’A S \J ‘ v‘v E
< M < ° M \4
A VIRGINIA P v VIRGINIA
> a, * > Vo
\"'"\t O, A ‘ b Ko
=— g —— g _— —_——— — o J— —_— e e —
Base from U.S. Census Bureau, 2022 Watershed boundary from 0 25 50 100 MILES
Geographic coordinate system U.S. Geological Survey, 2022 EXPLANATION
North American Datum of 1983 Data from Boyle and others, 2025 o=
L | Chesapeake Bay watershed 0 2550 100 KILOMETERS
—--—State boundary
Trend direction
A Increasing significant
v Decreasing significant

< Not significant
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2.1. Status and Trends in Stream Biological
Aquatic Communities

By Lindsey J. Boyle and Kelly 0. Maloney

Freshwater rivers and streams are home to thousands
of species with diverse requirements for habitat condition.
Shifts in stream biological assemblages can indicate
changes in habitat quality such as alterations to riparian and
instream habitat, changes in streamflow, and degradation
of water quality. Two freshwater assemblages, benthic
macroinvertebrates and fishes, are key indicators of stream
health and habitat condition. Shifts in fish assemblages
historically have been linked to changes in streamflow and
physical instream habitat (Gardner and others, 2013; Perkin
and others, 2015). Benthic macroinvertebrates are indicators of
overall stream health because they respond strongly to changes
in water quality and to multiple stressors associate with land
development (Kenney and others, 2009; Clapcott and others,
2012). Thus, identifying trends in both assemblages provides
holistic insight into the overall changing biological condition
of streams in the Chesapeake Bay watershed.

Often, to assess stream biological condition, many
metrics of a biological assemblage are calculated and then
collated into a single multi-metric index of biological health
with numeric score ranges for different condition categories.
Such a multi-metric index can help assess whether a stream
may be in good or poor condition (Karr, 1999; Morse and
others, 2003), and individual metric components are helpful
for identifying what specific stressors may be affecting the
stream. For analysis of trends in benthic macroinvertebrates
and fish, four metrics were selected based on previous
studies (cited in the following paragraphs) showing metric
responsiveness to anthropogenic stressors: a multi-metric
index of integrity, an assemblage sensitivity metric, a
functional feeding strategy, and a habitat preference metric.

For benthic macroinvertebrates, metrics used in this
analysis were the Chesapeake Basin-wide Index of Biotic
Integrity (hereafter termed Chessie BIBI) score (Smith and
others, 2017); the percentage of Ephemeroptera, Plecoptera
and Trichoptera taxa excluding the family Hydropsychidae,
which is tolerant to pollution and habitat disturbance (hereafter
EPT-H); the percentage of taxa classified as filterer feeders;
and percentage of taxa classified as preferring clinger habitat
(metric definitions are in table 15). The Chessie BIBI is a
metric of overall assemblage structure and function. Low
scores indicate some disturbance large enough to greatly alter
expected assemblage. Chessie BIBI scores range from 0 to
100 and correspond to the narrative categories of “very poor,”
“poor,” “fair,” “good,” or “excellent.” Decreasing percentages
of EPT-H taxa are linked to many stressors that increase as a
result of urbanization (Cuffney and others, 2010). Clinger taxa
adapted to cling to substrate in swift water are often sensitive
to decreasing streamflow and increasing sedimentation,
because deposited particles can cover suitable cobble habitat
(Drover and others, 2020). Abundance of filter feeding taxa
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may decrease with decreasing streamflows, because they
depend on water movement to distribute food particles
(Woodcock and Huryn, 2007; Graeber and others, 2013).

For fish, metrics used in this analysis were the EPA
fish multi-metric index (MMI) score (U.S. Environmental
Protection Agency, 2020), the percentage of nontolerant
individuals, the percentage of individuals that feed on
benthic invertebrates, and the percentage of rheophilic
habitat individuals (metric definitions are in table 15). Like
the Chessie BIBI, the MMI is a metric of overall structure
and function. Its scores range from 0 to 100 and correspond
to the narrative categories of “poor,” “fair,” and “good.”
Decreases in scores over time can indicate a decrease in
assemblage quality. Decreases in sensitive fish populations
can indicate decreasing habitat quality from multiple stressors.
Rheophilic species are adapted to live in swift water habitats,
and decreases in abundance can be linked to decreases in
streamflow (Musil and others, 2012). Benthic invertivore
individuals primarily depend on benthic invertebrates as a
food source and are sensitive to increased pesticides and
agricultural development (Marion and Scott, 2010; Waite and
others, 2019).

2.7.1. Data Compilation

Data were gathered from two Chesapeake Bay
watershed-wide compilation efforts: Smith and others’ (2017)
generation of the Chessie BIBI, which compiled benthic
macroinvertebrate (hereafter termed macroinvertebrate) data;
and Maloney and Krause’s (2021) development of a fish
habitat assessment, which compiled fish sampling data. The
two resulting datasets allow numerous approaches for which
site-specific measures of benthic macroinvertebrates and
fishes may be characterized, including multi-metric composite
indices and summary metrics that describe assemblage
composition (for example, life histories and tolerance
classifications), taxonomic composition, and presence or
abundance of specific species.

Long-term biological monitoring sites are generally
sampled only once per year or less. To identify trend sites,
datasets were separated by season [winter (December—
February), spring (March-May), summer (June—August),
and fall (September—November)], because season can have
a strong effect on macroinvertebrate and fish community
structure (Gelwick, 1990; Linke and others, 1999). To
incorporate the largest number of sites possible within a trend
interval long enough for trend analysis, the trend interval was
set from 2008 to 2017. Sites qualified for trend analysis if
samples were collected in the same season for at least 7 total
years within the interval. The total needed to include at least
one sample each in 2008 and 2017. If a trend site had multiple
samples within the same season and year, one sample was
randomly selected for analysis and the others were discarded.
Following these steps, there were 92 spring, 4 summer, and
2 fall trend sites for macroinvertebrates and 36 summer and
8 fall sites for fish trend analyses (table 16).
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Table 15. Definitions of metrics used to track biological condition in benthic macroinvertebrate and fish assemblages.

[Benthic macroinvertebrate metric definitions are in Smith and others (2017). Fish metric definitions are in U.S. Environmental Protection Agency (2020). For
both assemblages, the selected metrics are known to be responsive to anthropogenic stressors, and thus good indicators of changes in stream condition and were
not strongly correlated with each other. Chessie BIBI, Chesapeake Basin-wide Index of Biotic Integrity; EPT-H, Ephemeroptera, Plecoptera and Trichoptera
taxa, excluding the tolerant family Hydropsychidae; MMI, multi-metric index]

Assemblage Category

Metric

Definition

Multi-metric index

Benthic macroinvertebrate Assemblage sensitivity

Functional feeding strategy

Habitat Preference

Multi-metric index

Assemblage sensitivit
Fish & Y

Functional feeding strategy

Habitat Preference

Chessie BIBI

Percentage EPT-H taxa

Percentage filterer taxa

Percentage clinger taxa

MMI

Percentage nontolerant
individuals

Percentage benthic
invertivores

Percentage rheophilic
individuals

A multi-metric index of macroinvertebrate
assemblage condition developed for streams in
the Chesapeake Bay watershed by the Interstate
Commission on the Potomac River Basin with
unitless raw scores corresponding to narrative
condition categories

Percentage of genera in orders sensitive to
anthropogenic disturbance (Ephemeroptera,
Plecoptera, Trichoptera), but excluding
the tolerant Trichopteran family Hydropsychidae

Percentage of genera that collect food particles from
the water using a variety of filtering appendages

Percentage of genera with morphological
adaptations to cling to rocky substrate in
swift-moving flows

A national multi-metric index of fish assemblage
condition developed by the U.S. Environmental
Protection Agency with unitless raw scores
corresponding to narrative condition categories

Percentage of individuals in species classified
as sensitive or intermediately sensitive to
anthropogenic disturbance

Percentage of individuals in species that primarily
consume benthic invertebrates (bottom feeding
invertebrate predators)

Percentage of individuals in species that prefer
habitat with rapid flows

Table 16. Number of biological assemblage trend sites in the Chesapeake Bay watershed per season, 2008-17.

[Data are from Boyle and others (2025). Spring is March through May; summer, June through August; and fall, September through November]

Number of trend sites per season

Assemblage - Total number of trend sites
Spring Summer Fall
Benthic macroinvertebrate 93 4 2 99
Fish 0 36 8 44




2.1.2. Analysis

All analyses were completed in R (ver. 4.2.1; R Core
Team, 2022b). Status of biological sites was defined as
the average value of the 3 most recent years of data for
each metric at each site. Both multi-metric indices, the
macroinvertebrate Chessie BIBI and the fish MMI, have
built-in narrative categories based on score ranges. The
Chessie BIBI scores sites amongst five categories ranging
from “very poor” to “excellent.” The fish MMI categorizes
sites as “poor” or “good,” and sites in between these two
categories are listed as “fair.” After averaging the index scores
from the most recent 3 years at each site, the resulting values
were placed into their corresponding narrative categories. The
remaining three metrics (assemblage sensitivity, functional
feeding strategy, and habitat preference) are presented as
the percentage of the total assemblage composition, and the
values from the last 3 years at each site were averaged to
provide status.

For each site, trends were estimated separately for each
macroinvertebrate and fish metric using GAMs. In total,
572 individual GAMs (396 for macroinvertebrates and 176 for
fish) were fit using the R package “mgev” (ver. 1.9-1; Wood,
2017). Because samples sizes were small (7-10 years per site
with one measurement per year), the flexibility of the smooth
function was limited for all GAMs by setting the upper limit
on the degrees of freedom (k) associated with a smooth to
be an integer no more than half of the total data points per
trend. This allowed greater flexibility in model fit for sites

2. Status and Trends Methods, Analyses, and Results 59

with larger samples sizes but limited trend detection to highly
linear trends for sites with small samples. Figure 26 displays
the difference in function flexibility between a site with 7 data
points and a site with 10 data points. Following methods
from Murphy and others (2019), trends from each GAM were
compared to a null model (GAM fit without year covariate)
and were considered “strong” and “extremely likely” if the
AIC value was at least 7 points lower than the null model and
the p-value was less than or equal to 0.05. Results from this
analysis can be found in Boyle and others (2025).

2.7.3. Results and Discussion

Patterns in status metrics varied greatly across the
watershed but generally showed that around half of
macroinvertebrate sites and one-third of fish sites were in poor
condition and had few sensitive taxa and few taxa preferring
swift water habitat. Analysis of status revealed that 56 of the
99 macroinvertebrate sites (57 percent) were in the “poor”
or “very poor” Chessie BIBI condition categories, and 28
(28 percent) were in the “good” or “excellent” condition
categories. At 21 sites (21 percent), less than 50 percent of
the assemblage consisted of sensitive EPT-H taxa and clinger
taxa (table 17; fig. 27). Sites in poor condition categories
were clustered near the greater Baltimore—Washington, D.C.,
metropolitan area. Among the additional macroinvertebrate
metrics, there were many more EPT-H and clinger taxa and

A B
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Figure 26. Line graphs showing how trend line shapes are affected by sample size with the following examples:

A, a site with seven data points and B, a site with 10 data points. In the R package “mgcv,” k (the upper limit on the degrees
of freedom associated with a smooth) was set to be an integer no more than half of the total data points in a trend.
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Table 17.
macroinvertebrate assemblage metrics from 2008—17.

Number of sites in the Chesapeake Bay watershed with significantly strong or no trend for fish and benthic

[Data are from Boyle and others (2025). Chessie BIBI, Chesapeake Basin-wide Index of Biotic Integrity; EPT-H, Ephemeroptera, Plecoptera and Trichoptera
taxa excluding the tolerant family Hydropsychidae; MMI, multi-metric index; >, greater than or equal to; <, less than or equal to; <, less than; >, greater than]

. Strong trend’
Assemblage Metric - - No trend?
Increasing Decreasing

Chessie BIBI score 2 4 93

. . Percentage EPT-H 4 8 87
Benthic macroinvertebrate

Percentage filterer taxa 7 1 91

Percentage clinger taxa 1 5 93

MMI score 5 0 39

Fish Percentage of nontolerant individuals 5 6 33

is
Percentage benthic invertivore individuals 3 2 39
Percentage rheophilic individuals 5 2 37

Delta Akaike information criterion: > 7, p<0.05

2Delta Akaike information criterion: < 7, p>0.05

fewer filterer taxa within assemblages in the Blue Ridge
range of Virginia, compared to assemblages clustered near the
Baltimore—Washington, D.C., metropolitan area (fig. 27).

Of the fish biological community sites analyzed, 14
(32 percent) were classified as “poor,” 9 (20 percent) were
classified as “good,” and 21 (47 percent) had intermediate
scores classified as “fair” (table 17; fig. 28). Percentages
of nontolerant fish varied greatly among site locations.
Percentages of rheophilic individuals followed geographic
patterns of slope within the watershed. Assemblages generally
consisted of less than 50-percent rheophilic individuals in sites
near the Bay where low-slope gradients create slow water
habitat, whereas assemblages in streams with swifter flows in
the western portion of the watershed consisted of between 85
and 100 percent rheophilic individuals. Percentages of benthic
invertivores varied greatly among sites with no consistent
spatial pattern (fig. 28).

Many sites exhibited no strong directional trend in their
biological metrics, indicating that biological composition
quality is not increasing or decreasing at a detectable rate.

Of the 572 trends in macroinvertebrate and fish metrics

tested, 60 (11 percent) had strong increasing or decreasing
trends (table 17). For both fish and macroinvertebrates, the
assemblage sensitivity metric had the most strong trends

of any metric, and most trends indicated declines in the
percentage of sensitive organisms. Most sites had strong trends
in only one metric (figs. 29, 30). Interestingly, strong trends

in sensitive taxa did not often co-occur with strong trends in
biotic index scores, highlighting the importance of analyzing

individual metrics in addition to multimeric indices to capture
patterns in specific groups of organisms that may be masked
by an overall assemblage condition score. The lack of strong
trends could be due to the small sample size and stringent
analysis parameters rather than truly static biological condition
through time. Though limiting the flexibility of the GAMs
allowed for very high confidence in the reported strong trends,
it likely prevented detection of trends with small sample sizes
(7-8 years) and more variable or nonlinear patterns.

The current biological sites suitable for trend analysis
are spatially biased; most sites are in Maryland, and some are
also in and around the Blue Ridge range of Virginia. Sites with
the most detectable trends were clustered around the highly
urban Baltimore-Washington, D.C., metropolitan area or the
protected and forested Blue Ridge Mountain (figs. 29, 30).
There is no representation of the northern portion of the
Chesapeake Bay watershed. Though the current dataset does
not provide adequate coverage to interpret co-occurring trends
or trend patterns for the entire Chesapeake Bay watershed,
incorporating more data from a future data retrieval may
help resolve both sample size and spatial distribution issues.
Many sites have 5-6 years of data within the 2008—17 trend
interval and are therefore close to meeting trend analysis
criteria. If more recent data are identified for these sites, the
overall number of sites suitable for trend analyses may greatly
increase. Such recent data may also increase the sample size of
current trend sites and the overall spread of trend sites across
the watershed.
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Figure 27.

Maps of the Chesapeake Bay watershed showing the status of the following metrics at benthic

macroinvertebrate biological community sites: A, Chesapeake Basin-wide Index of Biotic Integrity (Chessie
BIBI) condition category (Smith and others, 2017), B, percentage of Ephemeroptera, Plecoptera, and Trichoptera
taxa (excluding the tolerant family Hydropsychidae) (EPT-H), C, percentage of clinger taxa, and D, percentage

of filterer taxa.
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Figure 28. Maps of the Chesapeake Bay watershed showing the status of the following metrics at fish

biological community sites: A, U.S. Environmental Protection Agency (EPA) multi-metric index (MMI) condition
category (U.S. Environmental Protection Agency, 2020), B, percentage of nontolerant individuals, C, percentage of
rheophilic individuals, and D, percentage of benthic invertivore individuals.
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Figure 29. Maps of the Chesapeake Bay watershed showing benthic macroinvertebrate biological community site
trend slopes for A, Chesapeake Basin-wide Index of Biotic Integrity (Chessie BIBI; Smith and others, 2017),

B, percentage of Ephemeroptera, Plecoptera, and Trichoptera taxa (excluding the tolerant family Hydropsychidae)
(EPT-H), C, percentage of filterer taxa, and D, percentage of clinger taxa.
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2.8. Indicator Results Synthesis

The trends presented in this report represent vastly
different data types that were compiled from a wide variety
of sources and span varied temporal and spatial scales. Some
indicators have 75 years of high-quality continuous data, and
others have too few data points to evaluate any trend. The
amount of spatial and temporal variability among indicators
makes teasing out patterns in trend co-occurrence across
indicators difficult. The purpose of sections 2.1 through
2.7 is to establish initial datasets, methods, and results for
each individual indicator. The following section describes
an initial attempt to synthesize results and explore patterns
across indicators by (1) determining the number of sites with
co-occurring trends for multiple indicators, (2) quantifying
the representation of various landscape types in indicator
watersheds, and (3) investigating potential drivers of indicator
status values.

2.8.1. Trend Site Co-Occurrence

To assess the feasibility of a multi-indicator trend
synthesis, trend sites of all seven indicators were overlayed to
determine locations where multiple indicators co-occur. Sites
representing multiple indicators that were clustered within a
200-meter radius of each other were identified as a potential
co-occurrence location. Each cluster was visually inspected in
ArcGIS Pro (ver. 3.3.2; Esri Inc., 2024) to ensure the potential
cluster did not contain points falling on different streams.
Most trend sites in this report were not co-located (table 18).
There were no locations that had data for all seven indicators.
One site, the Susquehanna River at Danville, Pennsylvania
(USGS 01540500), had data for six of the seven indicators but
did not have biological data (fig. 31). Indicators that regularly
co-occurred were split into two general groups: (1) nutrients
and sediment, salinity, flow, and stream temperature
data, which were often collected at or near streamgages;
and (2) biology and habitat data, which were often collected
in the same sampling event by a stream sampling crew at
wadeable locations (table 19). These two groupings highlight
the mismatch between hydrology and water-quality data and
biological community sample locations. Many gaged sites are
not wadeable and difficult to accurately sample for biology.
Similarly, many biological samples are collected at small
streams, which are not well represented by the streamgaging
network.

The limited instances of trend co-occurrence locations
make integrating trend patterns across indicators difficult.
Even when long-term data for multiple indicators co-occur
spatially, differing trend intervals among indicators may
prevent trend comparison unless enough data exists to truncate
datasets to uniform start and end dates. Integrating trend
results from multiple indicators at specific locations will
require new and creative methods.

2. Status and Trends Methods, Analyses, and Results 69

Table 18. Number of sites with 2 to 6 co-occurring indicator data
among the 1,353 indicator sites in the Chesapeake Bay watershed.

[Data are from Boyle and others (2025)]

6 5 4 3 2
Indicators Indicators Indicators Indicators Indicators
1 8 44 70 213

2.8.2. Status Snapshot

Although synthesizing trends results across indicators
remained a challenge, status conditions were synthesized
across indicators, and potential drivers were explored by
assessing status conditions during a period shared among
all indicators. The most recent status period shared by all
indicators (calendar years 2015 through 2017) was selected
as the common period of interest to assess if land cover is a
driver of status condition. The salinity, hydromorphology,
and biological assemblage indicators had status values that
already corresponded with this time interval. For the status
snapshot, status values for salinity departure from background
SC, all nine hydromorphological metrics, and the multi-metric
indices and assemblage sensitivity metrics for fish and
macroinvertebrate biological assemblages were utilized. For
the remaining indicators (stream temperature, nutrients and
sediment, and streamflow), additional status metrics were
calculated from 2015-17 data for each site. Temperature was
represented by mean temperature, nutrients and sediment
were represented by mean nutrient and suspended sediment
concentrations, and streamflow was represented as the mean
flow metric values for 2015-17.

The spatial distribution of the highest and lowest quality
sites for each indicator was assessed using data from the
shared status interval for all indicators. High-quality sites
were sites with the status metric values most indicative of
good stream condition for each indicator, whereas low-quality
sites represent the poorest status values for each indicator.
Metric values were divided into quartiles and coded as
“degraded condition” or “good condition” if the status value
fell within the top or bottom 25 percent of values. Which
percentile was coded as degraded or good varied among the
metrics. For example, 75th-percentile temperature values were
categorized as degraded condition, whereas 75th-percentile
macroinvertebrate biological index scores were categorized
as good condition. To categorize flow metric values as good
condition or degraded condition, the percentage difference
between mean annual flow metric values for 2015-17 and the
mean annual metric values for 1985-2022 (the full interval of
flow data) was calculated and divided into quartiles.

After coding, sites for each metric were then assigned
to the overall high-, low-, or intermediate-quality categories.
Temperature sites were assigned the quality category that
corresponded to their single temperature status metric
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Pairwise counts of co-occurring trend sites in the Chesapeake Bay watershed among the following indicators: nutrients and sediment, streamflow, temperature,

hydromorphology (habitat and specific gage), salinity, toxic contaminants, and biological aquatic communities (fish and macroinvertebrates).

Table 19.

[Data are from Boyle and others (2025). For nutrients and sediment, there were 123 co-occurring trend sites, and for streamflow, 211; temperature, 31; hydromorphology (habitat), 105; hydromorphology

(specific gage), 344; salinity, 313; toxic contaminants, 72; biological aquatic communities (fish), 44; and biological aquatic communities (macroinvertebrates), 99]

Macro-invertebrates

Streamflow Temperature Habitat Specific gage Salinity cont.::l)l(il::ants Fish

Nutrients
and sediment

Indicator

60
68

107
206

15
12

75

NA

Nutrients and sediment

11

NA

Streamflow

10

26

NA

Temperature
Habitat

45

28

NA

13
21

80

NA

Specific gage

NA

Salinity

NA

Toxic contaminants

Fish

26

NA

NA

Macroinvertebrates
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(mean temperature). For example, sites with degraded
temperature values were assigned to the low-quality
temperature site category. For the nutrients and suspended
sediment and biology indicators, a low-quality site was one
associated with any degraded metric(s), and a high-quality site
was one associated with any good metric(s) and no degraded
condition metric(s). The streamflow and hydromorphology
indicators had many metrics with sometimes conflicting
scores. For these indicators, a site was categorized as
low-quality if it was associated with any degraded metric(s)
and no good metric(s), and vice versa for high-quality
categorization. Sites with both good and degraded metrics
were assigned to the intermediate category because of
uncertainty. For salinity, a different definition was used; sites
were considered low-quality if the status metric was greater
than 3 times the predicted background SC and high-quality if
the status value was at or below background SC. Status values
and quality categories for each indicator site can be found in
Boyle and others (2025).

The high-quality and low-quality sites were mapped
individually to compare the overall spatial distribution of
high- and low-quality sites. High-quality sites for all indicators
were spread mostly evenly across the watershed, but some
distinct clusters of high-quality biological assemblage,
salinity, nutrients and sediment, and hydromorphology sites
were apparent along the Blue Ridge range in Virginia and
along the northern West Virginia—Maryland border (fig. 32).
In contrast, the low-quality sites for multiple indicators were
clearly clustered around the urban centers of Washington,
D.C., and Baltimore, as well as within the Delmarva Peninsula
(fig. 32). Maps showing the spatial distribution of high- and
low-quality sites for each indicator individually can be found
in appendix 4.

Potential drivers of status conditions were further
investigated through a simple linear regression, which was
used to determine if different major land-cover categories
explained status values for each indicator. To characterize land
cover for each status site, sites were associated with flowlines
from the National Hydrography Dataset Plus High Resolution
(NHDPlus HR) network and were subsequently joined to a
dataset that summarized the total watershed area and National
Land Cover Database (NLCD) land cover for each flowline
(U.S. Geological Survey, 2022; Gressler and others, 2023).
The 2016 NLCD dataset was used because 2016 marked
the middle of the 3-year common status interval. Multiple
land-cover percentages were summed to create the following
predictor variables: (1) the percentage of developed land
cover (open space, low intensity, medium intensity, and high
intensity), (2) the percentage of agriculture land cover (pasture
or hay, and cultivated crops), and (3) the percentage of forest
land cover (deciduous, evergreen, and mixed). Individual
linear models were run for each combination of indicator
metric and predictor variable and categorized relationships as
significant at p-values less than or equal to 0.05. Linear model
results are shown in table 20 and appendix 4 and can be found
in Boyle and others (2025).
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Table 20. Linear model results showing relationships between six indicators’ status metrics and percentage of urban, agriculture, or
forest land-cover predictors.

[Data are from Boyle and others (2025). Blue cells indicate a positive relationship between the metric and the predictor, red cells indicate a negative relationship,
and gray cells indicate no relationship between the metric and predictor. <, less than or equal to; mg/L, milligram per liter; °C, degrees Celsius; uS/cm,
microsiemens per centimeter; (ft*/s)/mi2, cubic feet per second per mile squared; SC, specific conductance; Chessie BIBI, Chesapeake Basin-wide Index of
Biotic Integrity; EPT-H, Ephemeroptera, Plecoptera, and Trichoptera taxa excluding the tolerant family Hydropsychidae; MMI, multi-metric index]

Relationship at significance value of p<0.05

Indicator Metric -
Developed Agriculture Forest
Suspended sediment concentration, mg/L None None
Nutrients and sediment Total nitrogen concentration, mg/L None

Total phosphorus concentration, mg/L
Temperature Temperature, °C
Salinity 3-year median annual SC value, uS/cm
Low-flow magnitude, (ft3/s)/mi2

Low-flow frequency

Low-flow duration, days None None None
Streamflow

High-flow magnitude, (ft3/s)/mi?

High-flow frequency

High-flow duration, days

Bank stability

Bank vegetative protection

Channel alteration None None None

Embeddedness None
Hydromorphology Epifaunal substrate None

Channel streamflow status None

Frequency of riffles None None None
Sediment deposition
Velocity and depth combinations None None

Chessie BIBI None
. . Percentage EPT-H None
Biological assemblages
MMI None None None

Percentage nontolerant individuals

None

None

F
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Many metrics representing the seven indicators had
significant relationships with the land-cover predictor
variables. Of the 24 metrics, 14 (58 percent) had significant
relationships with developed land cover. High percentages
of developed land cover were significantly associated with
higher total phosphorus, stream temperature, and stream
salinity; less extreme low-flow magnitudes; greater frequency
of low and high-flow events; and shorter duration of high-flow
events than low percentages of developed land cover. High
percentages of developed land cover are also significantly
associated with low values of habitat metrics, including bank
stability, embeddedness, and epifaunal substrate, and low
values of metrics characterizing macroinvertebrate sensitive
taxa and assemblage condition. Fewer metrics (11 of the
24 metrics [46 percent]) had significant relationships with
agriculture land cover. High percentages of agriculture land
cover was associated with elevated total nitrogen, total
phosphorus and, salinity concentrations; less extreme low-flow
magnitudes; higher habitat velocity-depth combination scores;
decreased high-flow duration, frequency, and magnitude;
lower habitat streambed sedimentation scores; and fewer
sensitive fishes (nontolerant individuals) compared to low
percentages of agriculture land cover. Conversely, indicator
responses to forest land cover were a near-perfect inverse
of the responses to developed land cover. Forest land cover
was significantly associated with lower nutrient and SC
concentrations, lower stream temperatures, less frequent
high-flow events, lower low-flow magnitude, longer high-flow
duration, larger high-flow magnitude, and higher habitat scores
and metrics for sensitive macroinvertebrates.

Together, the patterns between indicator status conditions
and land-cover predictors demonstrate the negative impact
of anthropogenic activity on stream condition. Urban
development increases the amount of impervious surface
and necessitates deicer application, leading to high salt
loading into streams and groundwater systems (Kaushal and
others, 2005). Increased sedimentation as a result of urban
development also effects habitat quality. The removal of
riparian buffers and alterations to natural flow regime that
are prevalent in urban areas can cause additional degradation
of instream habitat and increases in streamflow flashiness
and stream temperature (LeBlanc and others, 1997; Paul and
Meyer, 2001; Nelson and Palmer, 2007; Rosburg and others,
2017; Anim and others, 2018). High percentages of agriculture
land cover were similarly associated to poorer water quality
than watersheds with low percentages of agriculture land
cover as agricultural practices can introduce high amounts
of nutrients and increase SC in streams (Kaushal and others,
2018). Water withdrawals for agricultural practices can also
alter flow regimes, creating more extreme low-flow events
(Eheart and Tornil, 1999; Almahawis and others, 2024). Poorer
water quality, flow, and habitat conditions associated with
these anthropogenic activities were especially represented
in the macroinvertebrate metrics. Overall macroinvertebrate
assemblage condition scores (Chessie BIBI), and the
percentage of sensitive taxa (EPT-H) were significantly lower

at sites with greater urban development and the percentage

of sensitive fish (percentage of nontolerant individuals) was
significantly lower at sites with high percentages of agriculture
land cover.

The association of indicators to the percentage of forest
land cover was a near-perfect inverse relationship to that of
developed and agriculture land covers. This is unsurprising,
because the percentage of forest land cover is often negatively
correlated with developed and agriculture land cover, but
these results further highlight the importance of forested
watershed and riparian buffers for maintaining good stream
condition. Forested watersheds and riparian buffers reduce
runoff of nutrients and shade streams, limiting stream warming
(Lowrance and others, 1984; Bowler and others, 2012).
Forested areas often have higher-quality habitat for biological
assemblages by limiting streambank erosion and allowing for
natural flow regime processes as shown by higher amounts
of forested land covers being associated with less extreme
low-flow magnitudes and less frequent high-flow events
(Wang and others, 1997; Schoonover and others, 2006).

2.8.3. Land Cover and Spatial Representation of
Indicator Site Networks

Multiple factors influence the location, frequency, and
duration of the stream monitoring efforts highlighted in
this study. Some sites may have been selected randomly,
others may have been targeted for long-term sampling to
monitor a pre- and (or) post-disturbance event (such as dam
removal, bridge construction, or restoration project), and
yet others may have been selected as longstanding reference
sites in least-disturbed areas. To begin understanding how
the indicator sites in this report represent the Chesapeake
Bay watershed as a whole, cumulative-distribution plots
were created for watershed area, urban, agriculture,
and forest land covers for all indicator site networks
(fig. 33). These distributions were compared visually to
cumulative-distribution curves of all NHDPlus HR stream
segments in the Chesapeake Bay watershed.

Small watershed settings were poorly represented by all
indicator site networks except biological aquatic community
sites. Biological aquatic community sites most closely
followed the distribution of Chesapeake Bay watersheds
because biological data are most often collected in the small,
wadeable streams that make up most of the Chesapeake Bay
watershed’s stream network. Toxic contaminants, nutrients
and sediment, and salinity site networks had the highest
proportions of large watersheds; 75 percent of sites in each
network represented watersheds larger than 2,093 square miles
(mi?), 928 mi?, and 544 mi?, respectively. In comparison,
only 22 percent of Chesapeake Bay watershed NHDPlus HR
segments represent watersheds greater than 40 mi2. Areas
with intensive agriculture (greater than 50 percent agriculture
land cover) were under-represented by all indicator networks
compared to agricultural intensity across all streams in the
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Chesapeake Bay watersheds. Distribution of urban settings
across the salinity network was similar to the full watershed,
but all other indicators represented more urban land cover
within their watersheds than is represented across the full
Chesapeake Bay watershed. All indicator sites had somewhat
similar representation of forested land cover compared to
the full Chesapeake Bay watershed, though the salinity
network had more sites with moderately forested watersheds
(50-percent forest land cover) compared to other indicators.
In addition to differences in land-cover representation
compared to the full Chesapeake Bay watershed, indicator
site networks have clustered and disparate spatial coverage
across the watershed. Almost all indicators had low to no
representation of sites in New York, except for streamflow,
and all indicators had more sites in the southern half of the
watershed compared to the northern half. Many indicator
networks, especially temperature, stream habitat, and biology,
had limited data for trend analysis, and criteria for trend
inclusion were chosen to maximize the spatial coverage across
the watershed and to provide the adequate record lengths for
trend analysis. Many biological and stream habitat sites in
the northern half of the watershed are close to meeting trend
criteria, and temperature monitoring at gaged sites is becoming
more prevalent. Thus, the spatial coverage and length of the
trend intervals for all indicators will likely increase over time
if data collection continues.

3. Summary

The Chesapeake Bay watershed is one of the most
fertile and productive ecosystems in North America. Over
the years, many regional and watershed-wide goals have
been set to improve stream condition. Analysis of status
(condition at a point in time) and trends (change in condition
over time) aids in the tracking of progress towards stream
improvement goals and pinpointing locations with improving
or degrading conditions. This report describes methods
of analyzing status and trends in seven key indicators of
river and stream condition within the Chesapeake Bay
watershed (nutrients and sediment, salinity, temperature,
toxic contaminants, streamflow, hydromorphology, biological
aquatic communities), and documents the initial results of
each indicator. Additionally, an integrated summary of recent
status conditions across all indicators and regression analysis
between indicator status metrics and major land cover for the
sites is provided.

Stream nutrients and suspended sediment were analyzed
for total nitrogen, total phosphorus, and suspended sediment
loads at 123 sites. Status estimates were calculated as the
average yield (load normalized by watershed area) from 2011
to 2020. Trends were estimated using Weighted Regressions
on Time, Discharge and Season (WRTDS) over short-term
(2011-20) and long-term (1985-2020) intervals. Status values
for total nitrogen and total phosphorus were highest in the

Susquehanna River Basin and on the Delmarva Peninsula,
and for suspended sediment they were highest towards the
mouth of the Susquehanna and Potomac Rivers and in central
Virginia. Trend results for 1985-2020 showed that most sites
had decreasing trends in total nitrogen and phosphorus loads,
indicating improving condition, and equal numbers of sites
with increasing and decreasing trends for suspended sediment.
Trend results for 2011-20 showed most sites had increasing
trends or no change for total nitrogen and suspended sediment
and decreasing trends or no change for total phosphorus.

Stream water salinity analyses utilized specific
conductance (SC) as a metric of stream salinity at 278 sites.
Status was estimated as the 3-year median of SC from 2015
through 2017, compared to predicted background salinity for
the region. Trends were calculated for 2008—17 using WRTDS
and Seasonal Mann-Kendall (SMK) trend tests. Status results
revealed that 84 percent of sites had SC values higher than
their predicted background SC values. For both WRTDS and
SMK trend analysis, most sites had significant increasing
trends or no trends in SC.

Stream temperature analyses used continuous temperature
data to analyze trends at 31 sites and used discrete temperature
data to derive a general watershed-wide trend. Status estimates
for the 31 sites were calculated as the change in 2022, in
degrees Celsius above or below the mean annual temperature
for the trend interval. Trends were estimated using generalized
additive models (GAMs) over one of four trend intervals
(2013-20, 2013-21, 2013-22, and 2014-22) depending on
years where at least 300 daily values per year were available
for each site. A linear mixed effect model was used to estimate
an overall trend in stream temperature for the watershed
from 1985 to 2020 using discrete temperature records. Status
results indicated that water year (WY) 2022 was the second
warmest year for stream temperatures. Trend results revealed
that increases stream temperature were “likely” or “extremely
likely” at 24 of the 31 sites, and the linear mixed effect model
of discrete data indicated a significant increasing trend in
stream temperature for the entire watershed, in aggregate, over
the trend interval.

Data compiled for stream water toxic contaminants
such as mercury (Hg), polychlorinated biphenyls (PCBs),
and pesticides were insufficient for analysis of status or
trends. Eighty-nine PCB sites were identified as having
three or more PCB samples from the same media type over
a time span of 5 years or more, meeting criteria for possible
future trend analyses. Future data collection could provide
enough information for toxic contaminants trend analyses at
these sites.

Streamflow analyses utilized stream hydrologic metrics
of high-flow and low-flow magnitude, frequency, and
duration for 211 sites. Status was calculated as the percentage
difference between annual metric values for 2022 and metric
means for WY 1985-22. Trends were analyzed using GAMs
for each metric at each site. Status results indicated that
high-flow frequency and low-flow magnitude were above
average for most of the watershed and all other streamflow



metrics were below average for WY 2022. Trend results
revealed very few significant trends in any metric. Low-flow
magnitude had the most significant trends of any metric with
12 sites increasing and 2 sites decreasing.

Stream hydromorphology analyses utilized two distinct
datasets: (1) nine metrics from rapid habitat assessment data,
which scores instream metrics of habitat quality (101 sites);
and (2) three metrics of channel dimension and hydraulic
metrics from gaged locations computed with a specific gage
analysis method (342 sites). Status was estimated for rapid
habitat data as the mean metric values for 2015-17. Trends for
both datasets were analyzed using distinct but complementary
GAM analyses. Trends in rapid habitat metrics were analyzed
from 2008 to 2017, and trends in specific gage metrics were
analyzed over four intervals (WY 2013-22, WY 1998-22,
WY 1972-22, and WY 1948-22). Status values varied across
the watershed, but low habitat scores for some metrics were
notably clustered in the Delmarva Peninsula and in the
urbanized Baltimore- Washington, D.C., metropolitan area.
Trend results for rapid habitat metrics revealed that most
sites had decreasing trends in habitat condition. Trends in
specific gage metrics were more likely to be significantly
decreasing for bed elevation and channel velocity, and
significantly increasing in channel area; this pattern was most
apparent at the 50 (WY 1972-2022), and 75 (WY 1948-2022)
year intervals.

Stream biological assemblages were analyzed for four
metrics describing overall biotic assemblage condition,
sensitivity, functional feeding strategy, and habitat preference
for benthic macroinvertebrate (99 sites) and fish (44 sites)
assemblages. Status was defined as the average metric
value for 2015-17 at each site. Trends were analyzed
using GAMs for each metric at each site with either fish or
macroinvertebrate data. Status results for an index of overall
biotic condition placed 57 percent of macroinvertebrate sites
in “poor” or “very poor” condition categories and 32 percent
of fish sites in a “poor” condition category. There were very
few sites with significant trends in any metric and increasing
and decreasing trends were scattered across the lower half
of the watershed. The metric of assemblage sensitivity had
the most significant trends for both macroinvertebrate and
fish assemblages, and most trends indicated decreases in the
percentage of sensitive taxa over time.

Status and trends of the seven key indicators represent
different data types compiled from a variety of sources
spanning temporal and spatial scales. Sites associated with
each indicator were overlayed to determine locations where
multiple indicators co-occur, revealing that no site had
available trend data for all seven indicators. This spatial
variability and the temporal variability among indicators
prevented direct comparison of trends between indicators,
but status values from an interval of 2015—-17 were utilized
to identify areas of the watershed where high-quality and
low-quality sites were present and to analyze the association
between status values and watershed land covers. Low-quality
sites were clustered around the Baltimore—Washington, D.C.,
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metropolitan area, and high-quality sites were clustered along
the western portion of the watershed and the Blue Ridge
range. Developed land cover was associated with degraded
condition status values for at least one status metric of every
indicator, and forest land cover was associated with good
condition status values. Agriculture land cover was associated
with higher nutrient and salinity status values, increased
metrics of high flow and decreased metrics of low flow, and
fewer sensitive fish individuals. Further analysis of the spatial
representation of indicator sites across different land covers
and stream sizes revealed that all indicators except biological
assemblages were under representative of small watersheds.
Sites for most indicators were also over representative of
urban land covers and unrepresentative of agriculture land
covers compared to all stream segments in the Chesapeake
Bay watershed.

The scope of this report is limited to the initial status and
trend results for each indicator of stream condition, and a brief
investigation of site locations and representation across the
watershed and landscape drivers of status condition. Results
generally indicate more decline than improvement in selected
metrics of stream condition for each indicator; however,
differences in trend intervals and site locations among
indicators prevent direct comparison of patterns and drivers.
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A comparison of the Seasonal Mann-Kendall (SMK) and Weighted Regression on Time, Discharge, and Season (WRTDS)
trend results was conducted for the 35 sites that fit criteria for both analyses (table 1.1). More than half of the sites (18) had
trend direction and significance that agreed between the two methods. Increasing trends were detected using both methods in
11 of the 35 sites (30 percent). Both methods agreed on significantly decreasing trends at four sites (11 percent). Increasing
trends were detected by WRTDS where no trend was detected by the SMK methods in another 29 percent of sites (10 sites). No
cases were found where the trend directions from the two methods were contradictory. Similar results were found in a national
study that compared the same two methods (Oelsner and others, 2017). Given the patterns in the WRTDS results, it is likely
that a proportion of the SMK no-trend sites are experiencing increasing trends that are not otherwise detectable without the
flow-normalization procedure employed by WRTDS. Annual change estimates were also comparable between the two methods
(fig. 1.1), suggesting that the SMK approach is a reliable, yet perhaps conservative, method to assess trends throughout the
region where streamflow data are lacking.

Table 1.1. Comparison of Seasonal Mann-Kendall (SMK) and Weighted Regression on Time, Discharge, and Season (WRTDS) trend
results for the 35 sites in the Chesapeake Bay watershed to which both methods were applied.

[Values are the percentage of sites that fell into each category divided by the total number of sites with results from both methods.]

WRTDS
SMK Not significant Significantly decreasing Significantly increasing
Not significant 9 6 29
Significantly decreasing 9 11 0
Significantly increasing 6 0 31
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Average annual change in specific conductance
(SMK), in microsiemens per centimeter per year

-10 -5 5 10

Average annual change in specific conductance (WRTDS), in microsiemens per centimeter per year
EXPLANATION
WRTDS trend direction and certainty category
Upward trend is highly likely
Upward trend is very likely
Upward trend is likely
Downward trend is likely
Downward trend is very likely

Downward trend is highly likely

© @ ®@ OO 0 o0

No trend

Figure 1.1. Plot comparing the average annual change in specific conductance estimates computed by the Seasonal
Mann-Kendall (SMK) and Weighted Regressions on Time, Discharge and Season (WRTDS), approaches for the 35 sites that have
results for both approaches.
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Appendix 2. Stream Toxic Contaminants Supplemental Information

By Trevor P. Needham, Ellie P. Foss, and Emily H. Majcher

The following section provides additional information
on the methodology, analysis, and discussion of work related
to the toxic contaminants polychlorinated biphenyls (PCBs),
mercury (Hg), and pesticides.

For all data sources, data were compiled and organized
by site unique identifier and sampling events relevant to PCBs,
mercury, and pesticides in the Chesapeake Bay watershed as
described in Banks and others (2022). The number of PCB
congeners sampled at each site did not change the number of
times a given site was listed as sampled. All constituents were
included under each sampling event. A site was only listed
twice if it was visited on two or more separate occasions.
During the compilation, all missing pertinent information,
such as latitude or longitude, was noted in the detailed
table. Methods and sample media were included when such
information was available. Throughout the compilation
process, the source of the data records was tracked in the
compiled database.

Data that did not contain sample coordinates or
relevant analyte data were excluded from the compilation.
Furthermore, data files only containing summary statistics
without original sample results were not included in the
compiled inventory. Some data files only contained detection
limits for metals, PCBs, PCB Aroclors, and pesticides and
thus were excluded from the inventory because they did not
include relevant sample results. Files were omitted from
the compilation in cases where insufficient information was
contained in the file, for example, if unique site numbers and
locations were absent or if the file only included averaged
calculations without accompanying original results. Other files
containing information related to bioaccumulation, additional
appendixes, data validation summaries, and chemical
statistics were excluded from the inventory because of limited
information applicable to the toxic contaminants inventory.
Many data files containing mercury data also included data for
other metals, such as zinc or copper; however, these metals
were not included as part of the inventory as they were outside
the scope of this compilation.

The type of data provided varied between each data
source and constituent type. PCB data were reported in
various formats, in which multiple compounds of concern
could be reported under PCBs. For example, some agencies
reported only total PCBs, others provided concentrations of
different PCB Aroclors, and still others provided PCB percent
homolog data and a combination of 209 individual PCB

congeners. Aroclors refer to the different commercial blends
of individual PCB congeners. These blends varied based on
the properties required in the commercial application. Some
data files included a combination of these PCB data types.

To aid in spatial and historical trend analysis, PCB records
compiled in the inventory included total PCB concentrations.
For pesticides, some sources categorized records as a general
pesticide sample collected, whereas others included individual
records for each pesticide compound analyzed. In some cases,
sources delineated pesticides as organochlorine pesticides,
organophosphate pesticides, and raw organochlorine pesticide
data. Not all sources described specific pesticides or PCBs
analyzed; therefore, the generic identified constituent was
assigned. Data retrieved from the U.S. Geological Survey
(USGS) National Water Information System (NWIS; U.S.
Geological Survey, 2023) were not limited to organochlorine
pesticides and included all pesticide data. Mercury data were
typically included as part of a suite of metals analyzed for
various media sampled. Mercury data sources quantified

total mercury in parts per million (ppm) or concentrations
depending on the source of the data and media sampled.

To standardize formatting across all data compiled for the
inventory, contaminants were grouped into the following
classes: PCB, Hg, and Pesticide.

The type of media sampled also varied by data source
and constituent type. Across all contaminant classes, the type
of media sampled included a wide variety of classifications,
including fish, algae, benthic macroinvertebrates, crayfish,
mussels, eel, turtle, insects, biological tissue, water, water
(dissolved), water (whole), stream water, groundwater, filtered
water samples, porewater, effluent, soil, solids, sediment,
manhole sediment, subsediment, subsurface sediment,
surface sediment, bottom sediment, suspended sediment, bed
sediment, leachate, wet fall material, and other. Fish samples
could be reported as any one of the variations of the following
fish portions analyzed: fish tissue, tissue, fillet, fillet skin on,
fillet skin off, edible portion skin off, skin on fillet, whole, fish
plug, tissue plugs, and pan-dressed. Some agencies only listed
the fish species name and therefore a generic fish category was
assigned as the type of media in the inventory. To simplify
types of media for graphical representation and general use of
the inventory, all media were grouped into one of three classes
when possible: fishbio, water, or sediment, when possible,
with some exclusions.
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Appendix 3. Stream Hydromorphology Supplemental Information

By Matthew J. Cashman, Coral M. Howe, and Joshua J. Thompson

Rapid Habitat
Assessment—Data Pre-processing

Several quality assurance and quality control (QA/QC)
issues were identified in the multi-jurisdictional dataset
obtained from the Chesapeake Bay Program DataHub
(Chesapeake Bay Program, undated) and were resolved in the
following ways. All metric data were evaluated, and values
that fell outside of the expected range (0-20) were removed
from the dataset. Some monitoring site identifying information
was found to be non-unique because a given site may have
been reported with modified names based on field personnel or
date, and (or) with different location information for the same
site. For sites with a unique name and multiple sets of location
coordinates (latitude and longitude), the following procedure
was used:

1) If the locations were manually assessed to be on the
same National Hydrography Dataset Plus (NHDPIlus)
High-Resolution (U.S. Geological Survey, 2022)
flowline and otherwise comparable, the first set of
location coordinates were retained for the site.

2) For other cases, a clustering procedure was created
using the dbscan function in the dbscan package in R
(Hahsler and Piekenbrock, 2019), using a minimum
of 7 unique points within 200 meters, to create a new
clustered site, which was given a new site name and
location based on the centroid of all included points.

3) Ifsite locations that shared a name were not clustered
and were on different flowlines, then sites were split into
new sites with unique names and locations.

Specific Gage Analyses

Data Pre-processing

For each field measurement, mean channel depth was
estimated by dividing each measurement’s cross-sectional
area by wetted channel width. Mean riverbed elevation was
estimated by subtracting mean measurement channel depth
from stage, corrected for the local gage datum, and reported
with respect to North American Vertical Datum of 1988
(NAVD 88).

Streamgage relocations, datum changes, and other
physical step-change alterations, such as a local bridge
building, may affect channel-flow relationships without
representing meaningful hydromorphic trends in overall
channel condition through time. As such, these changes were
considered a “site intervention” and evaluated for potential
step-changes to field measurement values. Information on
Site History and Establishment was scraped from the internal
USGS Site Information Management System database, and
dates of potential interventions were recorded for each site.
Time series of stage were also visually examined for any
other step-changes missing from site history metadata. When
a site intervention occurred, a site’s time series and field
measurement data were coded with an additional categorical
variable to represent the before-after step change: 0, before
intervention; 1, after (first) intervention; 2, after possible
second intervention; and so on).

Measurement data went through an iterative QA/QC
process that included inspection of outliers (especially
of derived metrics), evaluation of poor model fits, and
comparison with other measurements at similar streamflows.
A number of field measurement metrics were identified as
outliers, primarily because of decimal place transcription
errors in the historical database entry and were removed from
the analysis.
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Multi-Model GAM Trend Method

This section provides additional detail about the methods used in the specific gage analyses for calculating trends. For each
site, a multi-model procedure, which uses a variety of model forms to best capture the site-specific processes that may affect
these relationships among varying streamgages, was utilized. As a result, for each site and metric, GAMs were fit according to
the following model forms:

0) gam(Metric ~ s(measurement_dt, k=adjust.k) + s(logl0_discharge) + meas_type + intervention)

1) gam(Metric ~ cyear + s(logl0_discharge) + meas_type + intervention)

2) gam(Metric ~ s(cyear, k=adjust.k) + s(logl0_discharge) + meas_type + intervention)

3) gam(Metric ~ s(cyear, k=adjust.k) + s(log10_discharge) + s(doy, bs="cc”’) + meas_type + intervention)

4) gam(Metric ~ s(cyear, k=adjust.k) + s(flow_res) + s(doy, bs="cc”’) + meas_type + intervention)

5) gam(Metric ~ s(cyear, k=adjust.k) + s(logl0_discharge) + s(doy, bs="cc”) + ti(cyear, logl0_discharge) + meas_type +

intervention)

6) gam(Metric ~ s(cyear, k=adjust.k) + s(logl0_discharge) + s(doy, bs="cc”) + ti(doy, logl0_discharge, bs=c(cc, tp) +
meas_type + intervention)

7) gam(Metric ~ s(cyear, k=adjust.k) + s(logl0_discharge) + s(doy, bs="cc”) + ti(cyear, logl0_discharge) +
ti(doy, logl0_discharge, bs=c(cc, tp) + meas_type + intervention)

where
Metric

cyear
measurement _dt
logl0 discharge
flow_res

doy

meas_type

intervention

k=adjust.k

50
ti()
bs="cc”

bs=c(cc, tp)

indicates one of the three field response metrics being evaluated for trends;
indicates a centered integer year;

indicates a decimal date;

indicates a log10-transformation of discharge;

indicates the residual from a prior-GAM-fitted seasonally detrended streamflow;
indicates the day of year;

indicates the discrete measurement code of the measurement method used by the technician (wading,
bridge, cableway, boat, and so on), which can affect results because of different measurement
cross-sections for various types;

intervention effect, added to all model forms only when an intervention was detected in the record;

indicates the degrees of freedom (k) were a flexibly fit with a variable value based on the length of the
record and number of observations (see below);

indicates a nonlinear smooth term;
indicates a nonlinear tensor product interaction;
indicates the basis spline uses is a cyclic cubic regression; and

indicates the basis splines used are a cyclic cubic regression and penalized thin plate regression applied
to their respective nonlinear product interaction terms.
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An example of model fits for each of the 8 GAM model
forms can be found in figure 3.1. Variable product interactions
between streamflow with year and season were considered
to be due to the potential for changes to localized regions of
the streamflow rating curve. For example, seasonal emergent
vegetation growth in the channel may affect readings at low
streamflows but have negligible effects at larger flows; bank
failure and channel expansion throughout the record might
affect ratings at higher streamflows on the rating in incised
channels but not affect baseflow ratings constrained by
channel bars.

Unless otherwise specified, all smooth terms were fit with
a default of thin plate (bs = “#p”); a cyclic cubic smooth term
(bs =“cc”) was used to represent cyclical dynamics and was
used for day of year.

Adjust.k indicates that k& values—the upper limit on
the degrees of freedom associated with the corresponding
smooth term—were initially set according to the length of the
trend record in a ruleset modified from Murphy and others
(2019). The £k value was initially set as 2/3 the number of
years in the site’s largest trend interval (rounded down), with
a minimum £ of 10 for a maximum 10-year trend interval.
Because it is recommended to evaluate and refit the £ value
to ensure sufficient flexibility within your dataset (Wood,
2004), an iterative k adjustment process was applied to each
site. For each model, k£ was increased by 10 percent, and the
model was tested for improved effective degrees of freedom;
the new model was accepted if effective degrees of freedom
increased by 20 percent or more. This process was repeated
until effective degrees of freedom did not increase beyond
the threshold, which then resulted in the penultimate adjusted
k value being selected. Null versions of each model, which
omitted the yearly time trend component, were also fit, and
the change in AIC between the null and original GAM was
compared. Following methods from Murphy and others

(2019), time trends were considered strong if AIC values
decreased by more than 7 points from the null model.
Confounder-normalized predictions were then made for all
models to capture a signal being driven by exclusively a
yearly trend. In this confounder-normalized trend prediction,
any streamflow, seasonality, and interactions with either
streamflow or seasonality were excluded from the prediction
function, effectively removing any non-time trend variable
effects. Predictions were made as if the metric were collected
with the majority field measurement method. Predictions
were then made throughout the time interval, including
confidence intervals. Then, a multi-model selection based
on minimal AIC scores across all 8 model forms was used

to choose the best fitting and parsimonious model that best
captures the dynamics of each site.

Trend rates and uncertainties were then calculated taking
the confounder-normalized predictions of the best model,
with confidence intervals, and averaging the values for each
month of the beginning and end years of each trend intervals,
which are then averaged for a mean annual beginning and
end-year value. The magnitude of change was divided by
the length of the trend interval to create a trend slope as
a linearized rate of change, and the significant difference
between the timesteps was evaluated according to a t-test
between the mean and confidence intervals for the normalized
predictions at each timestep. This approach, incorporating
variability within the beginning and end years of the trend
interval, and greater statistical uncertainty in the underlying
model of a site (not being able to accurately capture site
dynamics), propagates greater uncertainty in evaluating
trend significance. In effect, increased rates of Type II (false
negative) results were preferentially accepted as conservative
tradeof to avoid Type I (false positive) results, or differences
typically within intra-year variability.



5 $ AIC=-20821 8 AIC=-191.81 $ AIC=-21021 $ AIC=-243.48
g : .: 095 I .:0.94 . =095 =096
2 Vo1 R oot

£ o :$+ %i: h” :+ Ii O :ﬁ ii

E 1 ' TG ] | 1 I, ol '|- . It || ol 'I )

= ll ‘[ ..+b | il L Ul “ ; l N

e VUL Y L,,.,. il |1 (e |

s 'cp"w | . WMW P i WWM N |
A o IR a1 E I

E. GAM4 F GAM5 G. GAM6 H. GAM7
T T T T T T T T T T T T
AC=-10708 ', AIC = ~309.08 s AIC - 73348 T AIC = -31062
= | Re=09 I R2=0.97 | Re-096 R2=0.97
s 3 | |
5 | i |
1) | I
2 |
a : i ' '
qu_, 2 T | | |
£ [ I
Z 'l { I
E |+ l- _
2 R 4
@ % ﬂh Q
f oy
j
©
=
U P

0
I I I I I I I I I
2010 2015 2020 2010 2015 2020 2010 2015 2020 2010 2015 2020
Year Year Year Year
EXPLANATION
Confidence interval
— —  GAMfit
—— GAM adjusted fit
. Data

Figure 3.1. An example of the multi-model Generalized Additive Model (GAM) and fitting procedure conducted for each metric and site in the Specific Gage
Trend Analyses: eight GAM forms for the average channel velocity metric at U.S. Geological Survey site 01485000, Pocomoke River near Willards, Maryland
(U.S. Geological Survey, 2023).

uoneuuoyu| jeyuawajddng AGojoydiowolpAy weang ¢ xipuaddy

G6



96 Tracking Status and Trends in Indicators of River and Stream Condition in the Chesapeake Bay Watershed

References Cited

Chesapeake Bay Program, [undated], DataHub: Chesapeake
Bay Program database, accessed December 15, 2022, at
https://datahub.chesapeakebay.net/Home.

Hahsler, M., Pieckenbrock, M., 2019, dbscan—Fast Density-
Based Clustering with R: Journal of Statistical Software, v.
91 no. 1 p. 1-30, accessed February, 12, 2024, at
https://doi.org/10.18637/jss.v091.101.

Murphy, R.R., Perry, E., Harcum, J., and Keisman, J., 2019,
A Generalized Additive Model approach to evaluating
water quality—Chesapeake Bay case study: Environmental
Modelling & Software, v. 118, p. 1-13, accessed October
13, 2023, at https://doi.org/10.1016/j.envsoft.2019.03.027.

U.S. Geological Survey, 2022, NHDPlus High Resolution
(NHDPIus HR): U.S. Geological Survey data release,
accessed March 20, 2023, at https://prd-tnm.s3.amazonaws.
com/index.html?prefix=StagedProducts/Hydrography/
NHDPIlusHR/VPU/Current/.

U.S. Geological Survey, 2023, USGS water data for the
nation: U.S. Geological Survey National Water Information
System database, accessed March 20, 2023, at
https://doi.org/10.5066/F7P55KJN.

Wood, S.N., 2004, Stable and efficient multiple smoothing
parameter estimation for generalized additive models:
Journal of the American Statistical Association, v. 99, p.
673-686, accessed March 20, 2025, https://doi.org/
10.1198/016214504000000980.


https://datahub.chesapeakebay.net/Home
https://doi.org/10.18637/jss.v091.i01
https://doi.org/10.1016/j.envsoft.2019.03.027
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/
https://doi.org/10.5066/F7P55KJN
https://doi.org/10.1198/016214504000000980
https://doi.org/10.1198/016214504000000980

Appendix 4.

Figure 4.1.

status data.

37°

41°

40°

?

39

38°

4°

400

38°

37°

Status Snapshot

High-quality sites
80° 790 78° 77°  76°  75°

Low-quality sites

80° 79 78

77°

76°  75°

AWARE:

17

,_
DE

=

NIA’\

Lfé"!\ -"‘*”

N/ o

®

A .

@ VIRGINIA

‘,, ° &,
L oo e

Lake Erie

J-»-""J"q

]

NEW JERSEY
Nutrients and sediment

2 {5
PE‘N]\SYLVAI\IA )

- r <
< -
| \ oy LLE
| / . =l
| — — z
},./ "LMARYLAND g Z
N ;\7/
[~ WEST, ‘WASHING:TON |\ A
VIRGINIA /N ’ DE.
()
}’“' .

I ﬂ*‘{wfj\m

,,g% ..

A
v~
STA
'

NEW ‘JERSEY

Salinity

2/

e
DELAWARE:

1)
Vv

TNA

NEWHERSEY |

PFNV\SYI _VANIA <;
I <.
| :
| —

Ti;\.r "; ‘MARYBAND,

WES' 1“1 f,wuumg\row
[ VIRGIYIA A

{

ELAWARE

.———
WRE

VIRGINIA

4.»-"\.-\'__\/“

S R E—{

[ VIRGINIA A

v

WEST' /WASHIN 3

7_ £l “LMARV

LAND
GIONY. s 2

I,
T

NEW JERSEY

EIAWARE
.(

r
o

Temperature

Base from U.S. Census Bureau, 2022
Geographic coordinate system

North American Datum of 1983
Watershed boundary from

U.S. Geological Survey, 2022

Data from Boyle and others, 2025

0 2550

ey

0

25

100 KILOMETERS

100 MILES

Appendix 4. Status Snapshot

EXPLANATION

| Chesapeake Bay watershed

p

—=--—State boundary

Indicator site

97
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sediment, B, salinity, C, temperature, D, biological aquatic communities, E, streamflow, and F, hydromorphology based on 2015-17 mean
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Figure 4.2. Plots showing linear model results with significant relationships between the percentage of 2016 developed land cover
in a given site's watershed and the following indicator metrics: A, total phosphorus, B, temperature, C, salinity, D, high-flow frequency,
E, low-flow frequency, F, low-flow magnitude, G, Bank Stability (BANKS), H, Embeddedness (EMBED), /, Epifaunal Substrate/Available
Cover (EPI_SUB), J, Channel Flow Status (FLOW), K, Sediment Deposition (SED), L, Bank Vegetation (BANKV), M, macroinvertebrate
Chesapeake Basin-wide Index of Biotic Integrity (Chessie BIBI), and N, percentage Ephemeroptera, Plecoptera, and Trichoptera taxa
(excluding the tolerant family Hydropsychidae) (EPT-H).
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C. Salinity
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Figure 4.3. Plots showing linear model results with significant relationships between the percentage of 2016 agricultural land cover
in a given site's watershed and the following indicator metrics: A, total nitrogen, B, total phosphorus, C, salinity, D, high-flow duration,
E, high-flow frequency, F, high-flow magnitude, G, low-flow magnitude, H, Sediment Deposition (SED), /, Velocity/Depth Combinations

(VEL_D), and J, percentage of nontolerant fish individuals.



Tracking Status and Trends in Indicators of River and Stream Condition in the Chesapeake Bay Watershed

102
A. Total nitrogen
8 [T T T T ]
° L]
8 .
E 61 « * . )
[<b]
o
g 4
o
=
= 2
=
0
D. Temperature
20 F T T T T]
. L]
15 F ® o . IS -
" M
=
©» 10 . S e 0,
S
5 L .
0 i 1 1 1 1
0 25 50 75 100
G. High-flow frequency
» 95 7 . T T T_]
= .
[}
3 20 - o -
% : L] ° Ld
= L ° ° -
T 15 .. e
L= e
S 0f gy oY
o
E . e o "os . o “ee
2 5F ° . “, N
IS ] e
=}
= 0 1 ° 1 1]
0 25 50 75 100
Figure 4.4.

Specific conductance, in
microsiemens per centimeter

Cubic feet per second

Milligrams per liter

per square mile

0.3

0.2

0.1

1,250
1,000
750
500

250

250

B. Total phosphorus

Percent forest land cover

Cubic feet per second

Milligrams per liter

Number of days

per square mile

50

40

30

20

0.8

0.6

0.4

0.2

C. Suspended sediment

= ° -

0 25 50 75 100
I. Low-flow magnitude
T T T T T_]
L]
L . .o i
L]
L] . e
. ':’0... ° xS ]
.’: e ., 'o:ﬁ ".'
° ° o
1 ...I.“ ...I.‘ 2| ° .I_
0 25 50 75 100

Plot showing linear model results with significant relationships between the percentage of 2016 forest land cover

in a given site's watershed and the following indicator metrics: A, total nitrogen, B, total phosphorus, C, suspended sediment,

D, temperature, E, salinity, F, high-flow duration, G, high-flow frequency, H, high-flow magnitude, /, low-flow magnitude, J, Bank
Stability (BANKS), K, Embeddedness (EMBED), L, Epifaunal Substrate/Available Cover (EPI_SUB), M, Channel Flow Status (FLOW),
N, Sediment Deposition (SED), 0, Bank Vegetation (BANKV), P, macroinvertebrate Chesapeake Basin-wide Index of Biotic Integrity
(Chessie BIBI), and @, percentage of Ephemeroptera, Plecoptera, and Trichoptera taxa.



Appendix 4. Status Snapshot 103

J. BANKS K. EMBED L. EPI_SUB
20 [ ' L ]
@ o 15 ®
= = =
(] @© ©
> > >
o o 10 KS)
© D ©
= = = 5 |
0 0 | | | 1]
0 25 50 75 100
20
15
E E s
(] (] ‘—c
o o 10 >
© ® =
s i = s
5
0 1 | | | L] 0 1 | | | 1] 0 1 | | | 1]
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Percent forest land cover
P. Chessie BIBI
100 ' ' ' ¢ o] 100
[ ]
4 S
o 15 - S 75
= T
S =
S 50 4 5 w5
© 1=
= % - S 25
[}
o
[ ]
0 1 0 1 hd 1 1 1 L
100 0 25 50 75 100

Percent forest land cover

Figure 4.4—Continued



104 Tracking Status and Trends in Indicators of River and Stream Condition in the Chesapeake Bay Watershed

References Cited

Boyle, L.J., Austin, S.H., Cashman, M.J., Clune, J.W., Colgin,
J.E., Elliott, K.E.M., Fanelli, R.M., Maloney, K.O., and
Zimmerman, T.M., 2025, Status and trends in stream
temperature, salinity, flow, hydromorphology, and biological
assemblages across the Chesapeake Bay watershed: U.S.
Geological Survey data release, https://doi.org10.5066/
P13FB2KQ.

U.S. Census Bureau, 2022, TIGER/Line Shapefiles: U.S.
Census Bureau data release, accessed February 2025 at
https://www.census.gov/geographies/mapping-files/
time-series/geo/tiger-line-file.html.

U.S. Geological Survey, 2022, NHDPlus High Resolution
(NHDPlus HR): U.S. Geological Survey data release,
accessed March 20, 2023, at https://prd-tnm.s3.amazonaws.
com/index.html?prefix=StagedProducts/Hydrography/
NHDPIlusHR/VPU/Current/.


https://doi.org10.5066/P13FB2KQ
https://doi.org10.5066/P13FB2KQ
https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/
https://prd-tnm.s3.amazonaws.com/index.html?prefix=StagedProducts/Hydrography/NHDPlusHR/VPU/Current/

For additional information contact:

Director, Virginia and West Virginia Water Science Center
U.S. Geological Survey

1730 East Parham Road

Richmond, Virginia 23228

or visit our website at

https://www.usgs.gov/centers/virginia-and-west-virginia-water-
science-center

Publishing support provided by the Baltimore Publishing
Service Center.


https://www.usgs.gov/centers/virginia-and-west-virginia-water-science-center
https://www.usgs.gov/centers/virginia-and-west-virginia-water-science-center

@ Printed on recycled paper

ISSN 2328-0328 (online)
ISSN 2328-031X (print)
https://doi.org/10.3133/sir20255072

ISBN 978-1-4113-4628-4

917814111346284

2105-620Z YIS—paysiajep Aeg axeadeIaqg ay) Ul UONIPUOY WRa)S pue I3ALY JO sm;Tgpm ul Spuaij pue snjejs ﬁumoeu_—sljaqm pue ajhog


https://doi.org/10.3133/sir20255072

	Abstract
	1. Introduction
	1.2. Background
	1.3. Study Rationale

	2. Status and Trends Methods, Analyses, and Results
	2.1. Status and Trends in Stream Nutrients and Suspended Sediment
	2.1.1. Data Compilation
	2.1.2. Analysis
	2.1.3. Results and Discussion

	2.2. Status and Trends in Stream Salinity
	2.2.1. Data Compilation
	2.2.2. Analysis
	2.2.2.1. WRTDS
	2.2.2.2. Seasonal Mann-Kendall

	2.2.3. Results and Discussion
	2.2.3.1. Status Results
	2.2.3.2. WRTDS Trend Results
	2.2.3.3. Seasonal Mann-Kendall Trend Results


	2.3. Status and Trends in Stream Temperature
	2.3.1. Data Compilation
	2.3.2. Analysis
	2.3.2.1. Continuous Data
	2.3.2.2. Discrete Data

	2.3.3. Results and Discussion
	2.3.3.1. Status
	2.3.3.2. Continuous Data Trends
	2.3.3.3. Discrete Data Trends


	2.4. Status and Trends in Stream Toxic Contaminants
	2.4.1. Data Compilation
	2.4.2. Analysis
	2.4.3. Results and Discussion

	2.5. Status and Trends in Streamflow
	2.5.1. Data Compilation
	2.5.2. Analysis
	2.5.3. Results and Discussion

	2.6. Status and Trends in Stream Hydromorphology
	2.6.1. Data Compilation
	2.6.1.1. Rapid Habitat Assessment Data
	2.6.1.2. Specific Gage Analysis Data

	2.6.2. Analysis
	2.6.2.1. Rapid Habitat Assessment
	2.6.2.2. Specific Gage Analyses

	2.6.3. Results and Discussion
	2.6.3.1. Rapid Habitat Assessment
	2.6.3.2. Specific Gage Analyses


	2.7. Status and Trends in Stream Biological Aquatic Communities
	2.7.1. Data Compilation
	2.7.2. Analysis
	2.7.3. Results and Discussion

	2.8. Indicator Results Synthesis
	2.8.1. Trend Site Co-Occurrence
	2.8.2. Status Snapshot
	2.8.3. Land Cover and Spatial Representation of Indicator Site Networks


	3. Summary
	References Cited
	Appendix 1. Stream Salinity Supplemental Information
	Appendix 2. Stream Toxic Contaminants Supplemental Information
	Appendix 3. Stream Hydromorphology Supplemental Information
	Appendix 4. Status Snapshot
	Figure 1. Map showing features of the Chesapeake Bay watershed
	Figure 2. Maps of the Chesapeake Bay watershed showing the 10-year average nutrient and suspended sediment status estimates for total nitrogen, total phosphorus, and suspended sediment yields
	Figure 3. Maps of the Chesapeake Bay watershed showing the short-term and long-term trend direction of qualifying nutrient and suspended sediment sites for total nitrogen, total phosphorus, and suspended sediment loads
	Figure 4. Maps of the Chesapeake Bay watershed showing median annual background specific conductance (SC) values, 3-year median SC values, and SC departure classes in 2015–17 for 278 salinity sites
	Figure 5. Maps of the Chesapeake Bay watershed showing salinity site trend results from the Weighted Regressions on Time, Discharge, and Season analysis of 35 sites and the Seasonal Mann-Kendall analysis of 278 sites for the 2008–17 trend period
	Figure 6. Maps of the Chesapeake Bay watershed showing the estimated annual rate of change for salinity site specific conductance as estimated by the Weighted Regressions on Time, Discharge, and Season trend analysis of 35 sites and the Seasonal Mann-Kend
	Figure 7. Boxplots showing the annual seasonal change estimates for salinity sites computed from Weighted Regressions on Time, Discharge, and Season daily concentrations for the four seasons in the 2008–17 trend period for sites in the Chesapeake Bay wate
	Figure 8. Barplot showing the number of salinity sites in the Chesapeake Bay watershed that have increasing, decreasing, or no trend in each departure class for the Weighted Regressions on Time, Discharge, and Season (WRTDS) trend analysis. Barplot showin
	Figure 9. Data flow diagram showing how continuous and discrete data were used to develop status and trends for stream temperature
	Figure 10. Map of the Chesapeake Bay watershed showing continuous and discrete data sites selected for evaluating status and trends in stream temperature
	Figure 11. Barplots showing the distribution of discrete stream temperature observations by temperature, day of year, hour of data collection, and year of data collection
	Figure 12. Scatterplot showing the seasonal variation of 94,148 discrete stream temperature datapoints
	Figure 13. Map of the Chesapeake Bay watershed showing the stream temperature status of 31 sites in 2022
	Figure 14. Map of the Chesapeake Bay watershed showing trends for 31 stream temperature sites with continuous stream temperature
	Figure 15. Stream temperature generalized additive model for Flatlick Branch above Frog Branch at Chantilly, Virginia, showing the stream temperature trend over time in degrees Celsius, the rate of change over time and 95-percent confidence interval, a sm
	Figure 16. Line graph showing the stream temperature prediction for 1985–2022 from the best-performing model, and the 95-percent prediction interval for mean stream temperature change when accounting for seasonal and diurnal effects
	Figure 17. Map of the Chesapeake Bay watershed toxic contaminant sites showing the 89 water or biological tissue sampling sites that meet data criteria for polychlorinated biphenyls
	Figure 18. Maps of the Chesapeake Bay watershed showing the status of streamflow sites in water year 2022 based on high-flow and low-flow duration, frequency, and magnitude
	Figure 19. Maps of the Chesapeake Bay watershed streamflow sites showing the 37-year trends in low-flow and high-flow duration, frequency, and magnitude
	Figure 20. Maps of the Chesapeake Bay watershed showing the status of all rapid habitat hydromorphology sites analyzed for the following qualifying metrics: Bank Stability, Bank Vegetation, Channel Alternation, Embeddedness, Epifaunal Substrate/Available 
	Figure 21. Linearized trend slopes for rapid habitat hydromorphology sites across the Chesapeake Bay watershed for the following metrics: Bank Stability, Bank Vegetation, Channel Alternation, Embeddedness, Epifaunal Substrate/Available Cover, Channel Flow
	Figure 22. Maps of the Chesapeake Bay watershed showing the trend slopes of rapid habitat hydromorphology sites analyzed for the following metrics: Bank Stability, Bank Vegetation, Channel Alternation, Embeddedness, Epifaunal Substrate/Available Cover, Ch
	Figure 23. Trend slopes for all hydromorphology rapid habitat assessment metrics compared to the 3-year average starting score, which represents an initial quality condition for each site at the beginning of the trend interval. Bank Stability, Bank Vegeta
	Figure 24. Maps of the Chesapeake Bay watershed showing the trend results for channel metrics at specific gage hydromorphology sites for the 50-year trend interval: bed elevation, channel area, and channel velocity
	Figure 25. Maps of the Chesapeake Bay watershed showing the trend results for channel metrics at specific gage hydromorphology sites for the 10-year trend interval: bed elevation, channel area, and channel velocity
	Figure 26. Line graphs showing how trend line shapes are affected by sample size with the following examples: a site with seven data points and a site with 10 data points
	Figure 27. Maps of the Chesapeake Bay watershed showing the status of the following metrics at benthic macroinvertebrate biological community sites: Chesapeake Basin-wide Index of Biotic Integrity condition category, percentage of Ephemeroptera, Plecopter
	Figure 28. Maps of the Chesapeake Bay watershed showing the status of the following metrics at fish biological community sites: U.S. Environmental Protection Agency multi-metric index condition category, percentage of nontolerant individuals, percentage o
	Figure 29. Maps of the Chesapeake Bay watershed showing benthic macroinvertebrate biological community site trend slopes for A, Chesapeake Basin-wide Index of Biotic Integrity, percentage of Ephemeroptera, Plecoptera, and Trichoptera taxa (excluding the t
	Figure 30. Maps of the Chesapeake Bay watershed showing fish biological community site trend slopes for U.S. Environmental Protection Agency multi-meter index, percentage of nontolerant, percentage of rheophilic, and percentage of benthic invertivore
	Figure 31. Map of the Chesapeake Bay watershed showing trend sites with data from multiple indicators
	Figure 32. Maps of the Chesapeake Bay watershed showing the sites with the low-quality status values and the high-quality status values for each indicator
	Figure 33. Cumulative distribution plots showing the watershed area, and the percentage of urban, agriculture, and forest land covers in 2016 for watersheds of indicator trend sites and all National Hydrography Dataset Plus High Resolution stream segments
	1. A summary of the metrics, status definition, and trend interval utilized for analysis of seven indicators of stream conditions in the Chesapeake Bay watershed
	2. P-values, Theil-Sen slope estimates, and trend categories for the Seasonal Mann-Kendall trend analysis of stream salinity at 278 sites across the Chesapeake Bay watershed, December 1, 2007, through November 30, 2017
	3. Counts and percentages of salinity sites with specific conductance (SC) status values for 2015–17 that are at or below predicted background SC; are 1–2 times, 2–3 times, or greater than 3 times greater than background SC; or are located where SC predic
	4. Trend direction and significance categories for salinity sites across the Chesapeake Bay watershed analyzed using the Weighted Regressions in Time, Discharge, and Season and the Seasonal Mann-Kendall, 2008–17
	5. Generalized additive model (GAM) comparison of 31 sites with continuous (daily) stream temperature in the Chesapeake Bay watershed
	6. The four top-performing linear mixed models of stream temperature in the Chesapeake Bay watershed based on all pairwise additive combination of covariates
	7. The 95-percent confidence intervals defining the effect direction and magnitude for covariates in M1, the top-ranked model for stream temperature in the Chesapeake Bay watershed
	8. Number of samples with pesticides, polychlorinated biphenyls, or mercury toxic contaminants detected in media gathered across the Chesapeake Bay watershed, 1938–2019
	9. The number of toxic contaminant sites identified for future trend analysis for polychlorinated biphenyls per watershed at the 6-digit hydrologic unit code scale and 8-digit hydrologic unit code scale within the Chesapeake Bay watershed
	10. Descriptions of six metrics characterizing streamflow extrema and analyzed for trends
	11. Number of increasing, decreasing, and no-trend estimates associated with low-flow and high-flow extrema metrics for streamflow sites in the Chesapeake Bay watershed
	12. Hydromorphology rapid habitat assessment metric names, metric descriptions, and number of sites in the Chesapeake Bay watershed that qualify for trend analyses per metric
	13. The number of qualifying U.S. Geological Survey streamgages in the Chesapeake Bay watershed examined for hydromorphology specific gage trend analyses at various trend intervals
	14. Number and direction of significant trend results in the Chesapeake Bay watershed for hydromorphology-specific gage analyses broken down by field metric and trend interval
	15. Definitions of metrics used to track biological condition in benthic macroinvertebrate and fish assemblages
	16. Number of biological assemblage trend sites in the Chesapeake Bay watershed per season, 2008–17
	17. Number of sites in the Chesapeake Bay watershed with significantly strong or no trend for fish and benthic macroinvertebrate assemblage metrics from 2008–17
	18. Number of sites with 2 to 6 co-occurring indicator data among the 1,353 indicator sites in the Chesapeake Bay watershed
	19. Pairwise counts of co-occurring trend sites in the Chesapeake Bay watershed among the following indicators: nutrients and sediment, streamflow, temperature, hydromorphology (habitat and specific gage), salinity, toxic contaminants, and biological aqua
	20. Linear model results showing relationships between six indicators’ status metrics and percentage of urban, agriculture, or forest land-cover predictors



