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Executive Summary
Climate change in the Chesapeake Bay will affect the effort to reach the TMDL, and maintain
needed nutrient and sediment reductions. In an effort to determine how baseline nutrient and
sediment loads will likely change in response to climate, and the best management practices
(BMPs) being used to reduce them will function, a modified systematic review process was
undertaken. Using this process we reviewed research literature and studies related to two
primary questions: 1. How do climate change and variability affect nutrient/sediment cycling in
the watershed?; and 2. How do climate change and variability affect BMP performance?

Climate change impacts nutrient and sediment cycling and export in the Chesapeake Bay region
via a number of factors, including expected increases in precipitation volume and intensity,
rising temperatures, and increased atmospheric CO2 concentrations. As described in question
one, climate change impacts are predicted over a range of scales with increasing uncertainty as
direct impacts propagate through biochemical systems. Such derivative hydrologic impacts of
increased precipitation include soil moisture and partitioning of surface and subsurface flow,
which incorporate temperature and CO2 effects on biological processing largely through altered
evapotranspiration. These climate factors interact via complex mechanisms to influence the
watershed and estuary function. Increased precipitation volume is expected to increase the
water budget especially in the form of runoff, streamflow, and freshwater flows to the estuary,
but seasonal changes (e.g., increase winter and spring precipitation) increase the variability of
these responses. Increases in the water budget mobilize and export greater quantities of
nutrients and sediment from the watershed to the estuary. Increased precipitation intensity
further exacerbates nutrient and sediment export, and large increases in the intensity of the
most intense storms is/has been realized.

Climate factors also alter watershed and estuary nutrient and sediment cycling processes, with
higher temperatures increasing the rate of nutrient cycling, and increased precipitation,
expressed as wetter soils, shifting stoichiometric ratios (e.g., increased phosphorus
mineralization or nitrification). While there was considerable viability among studies, consensus
predictions indicate that BMPs will need to be capable of assimilating and treating greater
nonpoint source nutrient and sediment loads.

There are dozens of nonpoint BMPs that have been assessed and approved by the Chesapeake
Bay Program (CBP) for counting toward numeric nutrient and sediment reduction targets. This
review attempted to review the widest range of BMPs based on the modified systematic review,
which yielded varying numbers and quality of studies to inform this report’s understanding of
climate change impacts to BMP performance. The most useful insights were gained from key
papers, most often meta-analyses and literature reviews, as well as a small number of studies
that model BMP performance under future climate conditions, most often with the Soil & Water
Assessment Tool (SWAT).

Ultimately, the literature does not provide a comprehensive understanding of BMP function and
performance to explicitly illuminate the role that future climate conditions are likely to play, not
even for the BMPs where the most literature was found. However, there is enough information
to build conceptual frameworks that may serve as a basis for the CBP or others as new research
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continues to inform a collective understanding of key watershed processes and other variables
that affect BMPs en masse, rather than focusing on specific practices. This report describes a
conceptual framework that may serve as this basis, with an understanding that more work and
future research will continue to refine and improve it. Key features of the framework include
categorizing BMPs based on their primary pollutant reduction mechanisms.

This report identifies and discusses key knowledge gaps identified in the literature. Some of the
key knowledge gaps described in this report include:

1. Research to inform the selection, design and siting of cost-effective BMPs that are resilient
to anticipated long-term changes in hydroclimatic conditions, including (1) design
guidance to increase BMP resilience (e.g., standards for considering the impacts
associated with extreme weather and climate into BMP siting and design), (2) improved
simulation modeling capabilities for BMPs, (3) targeted research to quantify the impacts of
climate change on BMP effectiveness and (4) improved methods to evaluate siting and
design considerations.

2. Research to evaluate BMP resilience due to climate change and extreme weather events.
Extreme weather, amplified by climate change, will continue to threaten our BMP
infrastructure. Information about how BMPs function in a changing climate is a precursor
to understanding how they are, or are not, resilient to climate change. To the extent
possible research should identify processes, pathways, and mechanisms to improve BMP
resilience.

3. Modeling studies that assess the performance of one or more BMPs under future climate
conditions do not consider alternative land use or population growth scenarios. This is an
understandable knowledge gap given the purpose of the reviewed modeling studies is to
understand the effectiveness of one or more BMPs in isolation of other changes. However,
population growth and other socioeconomic factors will drive significant changes to the
landscape and it is well established that that landscape will be a major factor in watershed
loads. While the uncertainty of future growth projections may be quite high in the long
term, it may be worthwhile for researchers to consider how they might utilize short-or
medium-term growth projections in coordination with BMP modeling to assess impacts to
loads and BMP effectiveness.

4. Distinguishing between BMP effectiveness and variability. High effectiveness does not
necessarily mean less variable performance, in fact, very effective management practices
are often highly variable. Likewise  BMP effectiveness and uncertainty should be
distinguished, as many highly effective BMPs are also subject to considerable uncertainty
under a changing climate. Furthermore, performance certainty and adaptability is largely
related to BMP typology. With structural BMPs generally providing more certainty in terms
of function under climate change but also subject to structural (and water quality) failure
as a result of climate change. Management type BMPs generally prove more adaptable to
a changing climate, but are subject to diminished performance as a result of climate
change. Understanding BMP performance variability and uncertainty is an area of much
needed research.
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5. Social science linkages were not sought in our searches and review, but there are
significant potential contributions of social science fields particularly with respect to
improved implementation and appropriateness of individual (or suites of) BMPs.

These challenges are ripe for groups within the Chesapeake Bay Program structure to address,
and in many ways the CBP partnership already facilitates this type of longer-term thinking to
encourage convergent research.

Due to this review’s focus on BMPs for water quality we do not consider a number of closely
related systems or practices. For instance, stormwater BMPs discussed in this report work in
conjunction with combined or separate storm sewer systems in developed areas. Future work
across sectors or within the developed sector may want to directly consider the interrelated
effects between BMPs and established infrastructure (gray infrastructure). Aging infrastructure
may be a large focus of state and federal partners, especially over the next decade in light of
recent federal legislation. There will be a need to consider expected shifts from climate change
when designing and installing gray infrastructure the same way that such updated information is
needed to inform design and implementation of nonpoint source BMPs. Effort should be made
to ensure that knowledge and assumptions applied to gray infrastructure (water, wastewater,
stormwater, roads, etc.) are shared with planners and technical assistance providers in the
nonpoint source sector.

Even with the body of research available to support a systematic review, the exogenous drivers
and internal processes governing nutrient and sediment transport under climate change are
highly complex, and significant uncertainties remain.

Finally, this report offers six recommendations for the CBP to consider as next steps to fill the
most urgent and glaring knowledge gaps:

1. Develop mechanisms for publication of aggregated BMP inspection failure data. The CBP
should consolidate and publish available inspection data collected and reported by the
jurisdictions. As noted in this synthesis and others such as Lintern et al. (2020), the BMP
performance literature rarely, if ever, includes instances of BMP failures. This has proven
to be problematic for BMP expert panels when published data about BMP failure rates is
so scarce. Basic data about inspection failure rates would be a first step, and long term the
inspection data - at least for priority BMPs - could perhaps include simple information
regarding the cause or extent of the failure. Currently this data is absent in the published
literature, and the foundation offered by CBP partnership’s BMP verification framework
would enable the jurisdictions and the CBP to fill a significant gap in the knowledge base
about BMP longevity.

2. Encourage and incentivize partnerships between researchers and jurisdictions’ BMP
verification programs to collect and publish more long-term BMP performance data. When
the CBP adopted its BMP Verification Framework it included a note about a future desire
to leverage data collection opportunities through verification site-visits or inspections, or
other methods, to also gather BMP performance data (page 49-50 of framework
document). No such effort materialized, likely due to a lack of resources and capacity, in
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addition to a large number of competing science needs and priorities. There may be
opportunities to more directly encourage researchers and experts to partner with
jurisdictional agencies to confidentially collect and assess BMP performance data for
subsequent publication. To the extent that BMP performance data is already encouraged
or collected through funding mechanisms or partnerships, the CBP should ensure that any
BMP performance data is periodically published in a searchable database or publicly
accessible report that can be used by interested researchers, and would include data fields
as suggested by Liu et al. (2017) among others.

3. More mechanistic BMP modeling studies. Develop more mechanistic modeling of
individual (or suites of) BMPs under baseline and altered climatic conditions. Current CBP
modeling efforts are better suited to represent how climate change might influence
nonpoint source pollution loads reaching BMPs by representing a change in generation,
transport, and–to some extent–storage within the landscape. The influence of predicted
changes in land use and management decisions in both agricultural and urban settings on
N, P, and sediment loading is an area of active research also captured in simulation
models.

4. Leverage existing adaptive management efforts to establish a CBP agenda for research and
science needs related to BMPs and climate change, with priority on communication of
“no-lose” directions. There are long-standing and ongoing efforts within the CBP to better
articulate and understand the state of knowledge and research needs pertaining to BMPs
in a changing climate. This report grew from such discussions and the concepts, findings
and recommendations documented here will augment the CBP’s efforts moving forward.
The details and direction of the research agenda are the prerogative of the CBP
partnership, not the authors of this study, but it is recommended that the CBP utilize its
network of experts and communications professionals to identify and communicate
strategies that have zero or minimal chance of negative impacts. For example, the
protection and conservation of existing high-functioning natural areas will remain an
effective strategy for water quality and numerous other environmental outcomes
regardless of future climate conditions.

5. Develop mechanisms of quantifying BMP efficiency uncertainty under climate change. The
evolution of the watershed model makes analysis of multiple potential outcomes relatively
straightforward. In this context, it becomes possible to consider the implications of BMP
performance uncertainty by assuming and simulating alternative efficiencies.

6. Expert elicitation to determine alterations to BMP Efficiencies. The CBP partnership has an
urgent need to account for the impact that climate change may have on BMPs’
effectiveness, but the uncertainty in performance extends to management and other
complex non-climate factors which are poorly understood in the literature for most BMPs.
Without accounting for climate impacts and performance uncertainty the CBP may not be
setting realistic expectations of BMP implementation necessary to achieve water quality
goals under future climate conditions. However, the information needed to simulate these
factors is not available in the literature, as seen through this synthesis. The CBP can still
gather the necessary information, with expert elicitation likely to be the most
cost-effective, robust and timely option would be a comprehensive expert elicitation
project that would encompass all existing BMPs.
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Overview

Achieving water quality goals in the Chesapeake Bay under climate change will depend on
robust landscape management strategies. Best management practices (BMPs) that reduce
nutrient and sediment export effectively across a range of possible future climates will be a
critical part of such strategies. Selection and targeted implementation of BMPs robust to climate
change impacts requires understanding of the factors influencing BMP performance variability
as well as the uncertainty in predicted climatic conditions and how these affect (1) the
hydrologic and biogeochemical processes that control the cycling of nutrients and sediments
through the watershed, (2) the land use changes and management decisions affecting export of
nutrients and sediments, and (3) the efficacy, efficiency, and cost-effectiveness of BMPs
intended to mitigate nutrient and sediment export. We synthesize the science of the impacts of
climate change on watershed nutrient and sediment cycling and to identify the mechanisms by
which climate change can affect BMP removal efficiency, performance uncertainty, and,
ultimately, nutrient and sediment loading to the Bay. We applied a modified systematic review
methodology to answer two specific questions.

1. How do climate change and variability affect nutrient/sediment cycling in the
watershed?

2. How do climate change and variability affect BMP performance?

a. By what mechanisms can climate change and variability affect BMP nutrient and
sediment removal efficiency?

b. How does climate change affect BMP performance variability?

The ultimate goal of addressing these questions is to help decision makers determine which
BMPs will likely result in the best water quality outcomes under climate uncertainty

We conceptualized these research questions by expanding a simplified nutrient and sediment
material balance to represent the impact of climate change and variability on nutrient and
sediment loading to the Bay (Figure 1). The review identifies which climate change variables and
affected processes have the greatest impact on nutrient and sediment loads and load
reductions by agricultural, urban, and assimilative BMPs and where knowledge gaps persist. The
uncertainty in climate projections of such critical variables and the uncertainty in impacts of
these variables on watershed processes and remediation efforts was characterized.

Question 1: How do climate change and variability affect nutrient/sediment cycling in the
watershed? The foundation of the systematic review evaluated observational and modeling
studies in the Chesapeake Bay watershed that assess the impact of climate change and/or
variability on watershed hydrology, and nutrient and sediment cycling (i.e., transport, storage,
and nutrient species transformations) and predict nitrogen (N), phosphorus (P), and/or
sediment loads. Since the review of (Najjar et al. 2010) the scientific literature on climate
change and its impact on nutrient and sediment cycling in the Bay watershed has grown
significantly and is sufficient to support this review. To extract data from these studies, we
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cataloged and categorized the attributes of inputs/methods (e.g., climate scenarios, global
climate models, downscaling technique, watershed models, spatial and temporal scale) and
outputs/metrics (e.g., forecast N/P/sediment loads, model skill, rate change in some
biogeochemical process) of these studies to assess the relationships between study attributes
and variability/uncertainty in predictions of N, P, and/or sediment loading. Using the generated
database describing study methodologies and their findings, we assessed the relationships
between attributes of study design and uncertainty/ variability in predictions of N, P, and
sediment loading as well as characterize output variability across all studies to evaluate the
relative uncertainty/variability.

Figure 1: A simplified material balance for nutrient and sediment control BMPs overlaid with a
conceptual model of how climate change influences BMP performance and nutrient/sediment
cycling and transport to the Bay. In situ BMPs refer to those that remove nutrients and sediment
directly from surface waters (e.g., stream restoration), as opposed to source reduction BMPs,
which intercept pollutants before they reach water bodies (e.g., cover cropping, nutrient
management).
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Question 2: How do climate change and variability affect BMP performance? We divided this
question into two focus areas, one addressing the mechanisms by which climate change affects
BMP effectiveness and the other addressing how climate related uncertainty translates to BMP
performance uncertainty. We primarily draw on two sources of data, the climate change/
watershed simulation studies that explicitly evaluate the effect of BMPs and reports by the
Chesapeake Bay Program (CBP) BMP Expert Review Panels. We create an attribute table for the
simulation studies expanded to include attributes of BMPs application (e.g., removal process
representation, design assumptions). However, due to the small number of studies in this area,
it proved difficult to reveal relationships analogously to the approach in Question 1, though the
literature on the impacts of climate change on BMP performance is growing. We also identified
the dominant variables that influence BMP performance using the Expert Review Panel findings
as a starting point and prioritized searches for additional data examining the effects of the
identified critical variables or addressing data gaps according to the BMP conceptual model. By
examining the overlap between the most important variables/processes influencing BMP
performance and the variables/processes most influenced by climate change and variability, we
identified the mechanisms by which climate change is most likely to influence BMP
performance. We evaluated the effect of climate variability/uncertainty on the variability in
BMP performance through an examination of why climate variability/uncertainty is influential.
Through mechanistic understanding of the most influential and/or uncertain climate variables
combined with knowledge of the dominant variables dictating BMP performance (as derived
from this review), we were able to evaluate how climate change and variability are most likely
to affect BMP performance variability, both for individual practices and relatively across
practices.

An understanding of BMP robustness is critical because certain practices that perform well
under one climate scenario might prove to be maladaptive under another. A key aspect of the
synthesis determined the relative sensitivity of BMPs to environmental variables impacted by
climate change in order to identify robust solutions. This was accomplished by examining the
combined effects of climate change on BMP central tendency and variability as evaluated in
Question 2 and considering reported cost-effectiveness based on available unit cost estimates in
CAST. We evaluated approaches appropriate for assigning relative levels of uncertainty to BMPs
that are capable of incorporating both climate and performance uncertainty and suggested
different metrics to describe robustness, such as lack of data on BMP performance probability
distributions and well-defined quantitative relationships between performance and controlling
variables was a major consideration (<1/3 of the Expert Review Panels provided some indication
of BMP variability, often qualitatively); thus, one aspect of defining robustness involved an
assessment of the strength of evidence. A critical project outcome will be identifying knowledge
gaps that future research must address to answer this question; we may not know enough
about a particular BMP’s function to evaluate if it is robust to climate changes.
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Descriptions of terms

Climate factors: temperature, precipitation, CO2, solar radiation, potential evapotranspiration,

Hydrologic response variables: streamflow/runoff, soil moisture, actual evapotranspiration

Watershed processes and response variables: processes describing N, P, and sediment cycling,
and response variables describing the resultant loads

BMP resilience: not a term used until later in this section (discussion, conclusions). “BMP
resilience” could be considered in a variety of ways, but for this report “resilience” of a BMP
refers to that BMP’s ability to deliver and maintain water quality benefits at an expected level or
within an expected range given current or future conditions.

BMP implementation in the watershed, 1985 - present

The Bay jurisdictions report BMP implementation annually to the Chesapeake Bay Program.
These BMPs are reported at various scales, including specific latitude-longitude coordinates,
varying watersheds (HUC-4, -6, -8, -10 or -12), county or statewide (watershed CBW portion
only). The BMPs are combined with base conditions data generated by the partnership using
agreed-upon methods to estimate animal populations and other inputs using data available to
the CBP partners. For detailed information, consult the Chesapeake Assessment Scenario Tool
(CAST) website (https://cast.chesapeakebay.net/), which houses all model documentation as
well as extensive data and documentation for inputs and methodologies applied in the
Watershed Model.

There is available annual BMP implementation data from the bay jurisdictions dating back to
1985. The annual implementation data includes all CBP-approved BMPs, which use a variety of
measurement units, including, but not limited to: acres, feet, animal count, animal units, and
pounds. Practices take many forms. For the purposes of this report, BMPs are often discussed in
terms of structural BMPs or management BMPs. Structural BMPs are most commonly
multi-year practices as they are built or installed to last for longer periods of time, and
sometimes indefinitely. While we use the term “structural” we are not exclusively referring to
gray or built structures. Many structural practices can be green, nature-based systems, or be
hybrids of green and gray structures. We simplify by using the term “structural” to refer to any
practice that continues to operate or function within the landscape for multiple years following
its initial construction, installation or planting. There may be instances where a structural
practice is mobile, but these are rare or only exist on pilot-scales. “Management BMPs” may be
a redundant term, but it is intended to define a class of practices that are less dependent on
built or planted structures and more dependent on active or passive management by a
person(s). These practices are often, but not always, performed on an annual basis.

The watershed model includes two types of BMPs based on their simulated duration: annual
and cumulative. In CAST, annual practices are any BMP that is implemented and simulated only
for a single year, whereas cumulative BMPs last more than one year and can remain in
simulated scenarios for multiple years. CAST itself only runs single year scenarios, but it is useful
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to know the distinction between annual and cumulative BMPs when looking at implementation
data over time. The following chart (Figure 2) considers three popular annual BMPs -
agricultural nutrient management, cover crops (traditional only), and conservation tillage (all
types defined by the CBP) - in comparison to all other annual BMPs that are also reported in
acres, which includes all sectors not only agriculture (source: CAST, trends over time data).

Figure 2. Total annual BMPs implemented compared to three popular annual BMPs, 1985-2019,
only looking at BMPs in acres. Source: CAST (2019), trends over time data download. Accessed
October 2021.

For comparison, Figure 3 looks at cumulative practices that are also reported by acres. While
the annual practices are composed largely of the popular practices also graphed in the previous
previous, there is a greater diversity of cumulative practices. To simplify the chart, the
cumulative practices are shown by two sectors (agriculture and urban) and the net total (which
also includes practices in the “natural” sector as defined in CAST). Agriculture represents the
large majority of cumulative practices implemented in the watershed

12



Figure 3. Total cumulative BMPs implemented, compared with urban and agriculture sector
cumulative BMPs, 1985-2019, using only BMPs reported in acres. Source: CAST (2019), trends
over time data download. Accessed October 2021.

Many other practices are reported in other units, so it can be difficult to compare levels of
implementation and relative effect across sectors and across all BMPs. The chart below, from
Chesapeake Bay Program (2020), shows the most-implemented practices based on the planned
implementation levels in the jurisdictions Phase 3 WIPs, and it includes BMPs that are measured
in other units, not just acres (x-axis displayed in logarithmic scale of amount credited).
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Figure 4. Most Implemented BMPs, across source sectors and reporting units. Source: CAST
(2019). https://cast.chesapeakebay.net/Documentation/wipbmpcharts

To understand the overall effects of BMPs, annual scenarios from CAST can compare “no action”
scenarios to the official Progress scenario of each year. Using the reported wastewater data
from each given year in the “no action” scenario controls for the point source loads and
reductions, yielding an estimate of the overall impact of all BMPs implemented in that year. The
overall impact of all nonpoint source BMPs, for all sectors and across the whole CB watershed is
given as a percentage estimate for N, P and sediment in Figure 5.
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Figure 5. Estimated effect of all BMPs in annual progress scenarios, 1985-2019. The effect from
wastewater treatment plant reductions is not included in this analysis. Data downloaded from
CAST annual progress scenarios, compared with no-action scenarios of the same year to
calculate change in loads and % difference. Chesapeake Bay Program (2020), CAST 2019.

Note that the percent values in Figure 5 are calculated as a percent reduction, even though the
values are shown as positive. For example, all BMPs reported and simulated in 2017 reduced
total P loads by ~13% from the “no action” baseline, whereas all BMPs reported and simulated
in 1985 only reduced total P loads by ~2%. The increasing overall reductions reflects the
increasing levels of implementation across the watershed, even though the baseline also shifts
due to land use change, population growth and other factors. Since this estimated effect is
calculated from CAST scenarios it represents the accumulated reductions of BMPs using an
average hydrology and with specified effectiveness values for each simulated BMP. This is useful
to compare the relative influence of BMPs over time, but a look at summarized observed
conditions over time (Table 1; CAST, 2019; Murphy et al. 2019) across the watershed’s 130
monitoring stations shows that TN and TP loads are improving at a smaller percentage of sites in
recent years compared to the long term trend. The differences between the short term and long
term trends are less severe when flow-adjusted. Figure 6 and Table 2 provide some context and
contrast between model-predicted improvements from nonpoint source BMPs and measured
water quality. The modeled results will inevitably vary due to lag times (Meals et al. 2010),
among other factors. Differences between measured results and modeled predictions will be
discussed later with respect to BMP studies.
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Table 1. Short and long term trends in estuary  dissolved oxygen, Secchi depth, Chlorophyll-a,
Total Nitrogen and Total Phosphorus. From CAST (2019) estuary trends
https://cast.chesapeakebay.net/TrendsOverTime. Data and procedures from Murphy et al.
(2019).

Water Quality Variable Observed Conditions Flow-adjusted Conditions

Improving No
Change

Degrading Improving No
Change

Degrading

Short-term Trend (2010-11 to 2018-19)

Dissolved Oxygen
(summer, bottom layer)

22% 62% 16% 21% 56% 24%

Secchi Depth (annual,
surface layer)

13% 58% 29% 27% 48% 25%

Chlorophyll-a (spring,
surface layer)

26% 65% 9% 28% 63% 10%

Total Nitrogen (annual,
surface layer)

16% 49% 35% 46% 40% 14%

Total Phosphorus
(annual, surface layer)

29% 54% 17% 43% 49% 9%

Long-term Trend (Period of Record)

Dissolved Oxygen
(Summer, bottom layer)

30% 47% 24% 24% 44% 32%

Secchi Depth (annual,
surface layer)

12% 20% 68% 18% 25% 57%

Chlorophyll-a (spring,
surface layer)

20% 38% 42% 27% 45% 28%

Total Nitrogen (annual,
surface layer)

68% 18% 14% 88% 10% 1%

Total Phosphorus
(annual, surface layer)

76% 13% 12% 81% 14% 5%

Planned implementation and relative contributions of BMP categories;
Identification of BMPs

The previous section presented the overall reported BMP implementation since 1985 and the
overall effect of that implementation. Figure 6 considers the planned implementation in the
jurisdictions Phase 3 WIPs, and illustrates the relative contributions of various practices. The
first version shows the contribution of practices to the planned TN reductions and the second
image for TP.

Given the large number of CBP-approved BMPs, this project attempted to focus its efforts on
certain selected practices. A number of sources informed the generation of the list in Table 2
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below. Sekellick et al. (2019) served as an initial source, with input from CBP stakeholders also
provided alongside the planned implementation and relative reductions as seen in Figure 6,
respectively. Additional funding from NOAA specifically asked for a literature search targeting
certain practices associated with vital habitat and living resource concerns, often but not
exclusively in tidal areas.
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Figure 6. BMP Effectiveness for nitrogen (top) and phosphorus (bottom), showing weighted percentages for Chesapeake Bay
Watershed that represent relative reductions from nonpoint source BMPs in jurisdictions’ Phase 3 Watershed Implementation Plans.
Source: CAST, 2019. Accessed October 2021. https://cast.chesapeakebay.net/Documentation/wipbmpcharts
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It must be emphasized that the practices evaluated do not reflect the social or environmental
value of a BMP, but only reflect estimated contributions in the WIPs and/or specific requests
from CBP workgroups to include in the analysis. In discussions with CBP groups such as the
CLimate Resiliency Workgroup and Water Quality Goal Implementation Team, there was interest
to prioritize multi-year BMPs that contribute substantially to WIP reductions as well as
structural BMPs that persist for longer time periods in the landscape. However, as seen in the
next section of this report, we also include practices by virtue of their presence in the reviewed
literature (e.g., filter strips), and/or if the practices logically fit with conceptual models of the
next section, or based on the authors’ familiarity with the BMPs for the sake of examples.

Table 2. Overview of BMPs considered as priorities for the literature searches based on reported
or planned implementation, effectiveness, partnership input, or based on natural and habitat
considerations from NOAA.

Most implemented Most effective TN Most Effective TP Tidal BMPs

By units planned
implementation/treatment

By reductions By reduction

Ag Nutrient Management AWMS AWMS Living shoreline

Tillage Management Tillage Management Tillage Management Tidal wetland
restoration

Cover Crops Nutrient
Management

Forest Buffers Oyster restoration

Urban Nutrient Management Forest Buffers Grass Buffers Oyster aquaculture

Pasture Management Grass Buffers Nutrient
Management

Forest Harvesting Cover Crops Stream Restoration

Manure Incorporation Wet Ponds and
Wetlands

Land Retirement

Wetland Rehabilitation

Tree Planting

Wetland Restoration

Grass Buffers

Forest Buffers

Animal Waste Management
Systems (AWMS)

Ultimately, this report found varying levels of information for the above practices, in addition to
information about a range of other BMPs included in the literature results. The methods and
results are summarized in the next section.
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Climate Change: An Overview

Climate change poses an array of challenges to meeting the Bay TMDL nutrient/sediment
reduction targets. Some of these challenges, such as increased streamflow, are widely
recognized for their potential to increase nutrient/sediment delivery to the Bay. Indeed, the
TMDL Phase III Watershed Implementation Plans (WIPs) now requires all Bay jurisdictions to
account for the additional nutrient and sediment loading expected from climate change through
2025. In order to understand how climate change is affecting system response at the Bay level,
it is important to characterize the ways in which climate-induced changes to the watershed may
be affecting management actions implemented to achieve the Bay TMDL (a description the
TMDL can be found in the Appendix).

The primary climate-related drivers affecting the Bay watershed are air temperature and
precipitation (Johnson et al. 2016, 2018). Other climatic variables, including sea-level rise,
humidity, radiation, and atmospheric carbon dioxide (CO2) concentrations may be important to
consider as well. Changes in these drivers are expected to alter key processes within the
Chesapeake Bay and its watershed, including evapotranspiration (ET), plant growth, soil
moisture, streamflow, terrestrial and aquatic biogeochemistry, water temperature, salinity,
estuarine circulation, and water quality variables such as water clarity, chlorophyll-a, and
dissolved oxygen (Najjar et al. 2010). Climate change will also affect water quality by indirect
means, such as by increasing the length of the growing season, which can result in changes in
agricultural land use, and increasing the opportunity for agricultural intensification, such as
double cropping. This could fundamentally alter the nutrient mass balance, and as a
consequence the cycling and export of nutrients in ways we do not fully understand. Increased
stream temperature is already thought to have decreased N export from portions of the
watershed due to increased denitrification (Chanat and Yang 2018), though increased stream
temperature has other consequences for the aquatic ecosystems.

Precipitation is one of the key climatic variables that not only controls watershed discharge, but
also influences internal nutrient cycling processes, and the potential for increased
nutrient/sediment export from the watershed. Climate predictions suggest that precipitation
quantity (during the winter/spring), and intensity (during the growing season) will continue to
increase,which causes greater diffuse nutrient and sediment export from agricultural
landscapes (Chang et al. 2001; Cousino et al. 2015), as well as developed areas. This increased
export has a number of deleterious consequences for receiving water bodies; accelerated
eutrophication resulting in harmful algal blooms (Burgin and Hamilton 2007), undesirable
changes in the river structure and function, and decreasing storage capacity or flood control of
reservoirs (Cerco 2016; DePhilip and Moberg 2010). In addition, the loss of valuable nutrients
and topsoil from agricultural fields decreases productivity or increases management intensity
(Lal 1998). According to Easterling et al. (2017), mean annual precipitation in the Mid-Atlantic
region increased by 5–10% from the historical period (1901–1960) to 2015. These findings
dovetailed with recent observations by Rice, Moyer, and Mills (2017) showing that precipitation
increased throughout the Bay watershed from 1927–2014, with northern regions of the
watershed exhibiting increases on the order of 6–15%. Notably, studies by Sinha and Michalak
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(2016) and Ballard, Sinha, and Michalak (2019) indicated strong linkages between increasing
precipitation and N export to the Bay. Moreover, a study by Ryberg et al. (2018) suggested that
annual precipitation was a key driver of P loads to the Bay, and that increases in precipitation
could already be offsetting management actions to reduce P loss (Ockenden et al. 2016, 2017).
In cases where increasing precipitation is enhancing nutrient loading to the Bay (Ballard et al.
2019), jurisdictions might need to implement additional management practices to mitigate
these trends (Rice et al. 2017; Ryberg et al. 2018), as indicated in the Phase III WIPs.

It is important to note, however, that aggregate trends in precipitation do not reflect changes in
rainfall distributions, particularly the duration, frequency, and magnitude of extreme events, or
how precipitation is distributed across the watershed. For example, precipitation intensity has
been on the rise in the US (Mallakpour and Villarini 2017) and throughout the Northeast (Huang
et al. 2017). According to Easterling et al. (2017), the amount of annual precipitation falling in
the heaviest 1% of daily events increased by 55% in the northeastern US, faster than any other
region in the nation. Johnson et al. (2016, 2018) report that by mid century, the mean increase
in precipitation intensity (defined as the number of days per year with precipitation above 1
inch) is 10 and 20% throughout the Chesapeake Bay watershed. These changes in precipitation
intensity can affect patterns and magnitudes of nutrient and sediment loss. Not surprisingly,
nutrient losses from extreme precipitation have important implications for nonpoint source
BMP performance (Renkenberger et al. 2017), as increased runoff generation, can overwhelm
BMP infrastructure (Moglen and Rios Vidal 2014) and potentially diminishes nutrient load
reductions from BMPs (Hopkins et al. 2017; Selbig and Bannerman 2008).

Temperature has a large effect on the system through impacts on ET (which influences soil
moisture and streamflow), water temperature, and on biogeochemical processes (e.g.,
denitrification) among others. In the assessment by Johnson et al. (2018) of climate data for use
in the CBP modeling framework, they found that air temperatures predicted by 15 climate
models show an increase of + 1.6 C by 2035, and average warmings of +2.7 C to + 4.4 C towards
the end of the century. These increases in air temperature affect watershed and BMP function
directly, through changes to ET and soil moisture, and indirectly via changes to biogeochemical
cycling rates, plant growth rates, or plant water use (Modi et al. 2021). Adding complexity to
how climate change impacts terrestrial processes is the interaction between temperature and
precipitation, for instance, BMPs such as riparian buffers or cover crops may be least impacted
under scenarios of moderate warming without significant shifts in the timing or magnitude of
precipitation but result in reduced growth (and degraded BMP performance) if dry periods
coincide with times when plants are most sensitive to water shortages (Elliott et al. 2014).
Water temperature may also have direct effects on BMP performance, such as for wetlands
where temperature influences both plant growth and nutrient cycling and uptake (Kadlec and
Reddy 2001).

In addition to changing temperature and precipitation, atmospheric CO2 concentrations play a
crucial role in plant water use and growth (Modi et al. 2021), both of which can influence how
BMPs perform. Increased atmospheric CO2 levels can increase agricultural productivity by
enhancing photosynthesis rates while suppressing leaf-level transpiration, ultimately reducing
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plant water use (Kimball and Idso 1983; Vanuytrecht et al. 2012). However, the interactions
between changes in precipitation, temperature, atmospheric CO2 concentrations, and
plant/vadose zone processes make collecting empirical evidence of the impact of climate
change on BMPs that harness plant based nutrient removal highly uncertain. Thus, most of the
studies included in the review that account for the CO2 fertilization effect rely on models, adding
additional uncertainty.

Nutrients and Sediment

Nutrient export from the landscape to surface waters is controlled by a combination of key
biogeochemical and hydrologic processes. Changes in precipitation and temperature alter the
timing and magnitude of runoff, soil moisture, and biogeochemical cycles (Gleick 1989). For
instance, N mineralization, nitrification, and denitrification are, to a large extent, controlled by
factors that climate change influences, such as soil temperature, soil moisture, and carbon
availability (Butterbach-Bahl and Dannenmann 2011). Wagena et al. (2018) report that climate
change caused an increase to the rate of nitrification (conversion of ammonium to nitrate), and
a reduction on denitrification (conversion of nitrate to nitrogen gas), ultimately providing a
greater pool of soluble N in an agricultural watershed. During the winter and spring, the
increase in nitrification provided more NO3 to the system than could be utilized by
denitrification because this system was C limited. This process is driven by increased
temperatures, soil moisture levels, and soil N levels. Similarly, increased soil temperatures and
moisture content can influence the sorption and desorption of P, as well as immobilization and
mineralization rates, all factors affecting P export (Sheppard and Racz 1984). Increased soil
temperature can accelerate the growth of soil microbes (Davidson and Janssens 2006) that
control nutrient processes such as nitrification, denitrification, and P mineralization. These
processes are primarily controlled by soil and environmental factors that are affected by a
changing climate (Parton et al. 1996). All of these derivative hydrologic changes impact nutrient
cycling as well (Huntington 2003; Johnson et al. 2012; Najjar et al. 2009, 2010; Neff et al. 2000).
It is also well established that sediment transport is affected by soil moisture (Wiggs et al.
2004), by precipitation amount, and by precipitation intensity (Römkens et al. 2002), most of
which are predicted to increase in the Bay watershed.

Non-point sources are the primary contributor of nutrients and sediment in the Chesapeake Bay
region and cause numerous problems when they enter water bodies, such as eutrophication
(Sharpley et al. 2003), reduced dissolved oxygen, fish kills, loss of biodiversity, and human
health threats (Carpenter et al. 1998; Peterjohn and Correll 1984). BMPs are increasingly and
widely used to reduce the impact of diffuse pollutant export from agricultural landscapes and
improve water quality (Ullrich and Volk 2009). BMPs can be structural or management based.
Structural BMPs include physical structures, such as manure storage, or altered landscape
features, such as stream restoration, while management BMPs involve altering some sort of
landscape management practice, such as nutrient management, or conservation tillage. For
instance, conservation tillage or no-till, enhances soil organic carbon, soil quality, and soil
aggregation, leading to less soil erosion in agricultural landscapes (Roldán et al. 2007). BMPs
such as riparian vegetation, strip crop, and buffer strip can all help reduce diffuse pollutants, by
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reducing inputs to the crop, enhancing sequestration of nutrients in plant tissue, or reducing
surface and subsurface losses due to hydrologic pathway alterations (Carpenter et al. 1998). For
instance, increased precipitation volume and intensity may overwhelm many BMPs like riparian
buffers, but higher temperatures, longer growing seasons, and more rainfall might cause that
same buffer to mature more quickly, thus trapping more sediment and sequestering more
nutrients. Thus, BMPs need to be assessed for performance under a changing climate (Hatfield
and Prueger 2004; Peterjohn and Correll 1984).

A fundamental understanding of these coupled processes (hydrology and nutrient/sediment
cycling) under a changing climate is critical to managing N, P, and sediment export from
ecosystems to sensitive coastal zones. Development of effective landscape management
strategies to improve water quality requires an understanding of how processes that regulate
nutrient/sediment production on the landscape are coupled with hydrologic transport to water
bodies. Of particular interest is the impact of climate change on hydrologically active areas of
the landscape that contribute disproportionately to watershed nutrient export (e.g., Critical
Source Areas, CSAs), where active hydrologic transport and high nutrient availability coincide
(Groffman et al. 2009a, 2009b). A better understanding of climate change and its potential
influence on landscape biogeochemistry can be used to develop new strategies for protecting
coastal waters and their contributing watersheds from pollution. For instance, it is entirely
possible that climate change would enhance some natural ecosystem services that protect
water quality. One example is through a potential change in denitrification, a natural process
that transforms dissolved NO3-N into nitrogen gasses, and returns it to the atmosphere.
Hydrologically active areas in the landscape prone to soil saturation are recognized as
biogeochemical hotspots (McClain et al. 2003; Vidon et al. 2010) and understanding where
these areas are, or will be under future conditions will help water quality managers more
effectively locate BMPs in critical areas of the watershed.

How is Climate Change Quantified: Climate Models

While there have been attempts to harness the climate analog approach to quantify climate
change (e.g., space for time substitution), most assessments of climate change incorporate use
of general circulation models (also referred to as global climate models,GCMs) to quantify how
climate may change over time and for given scenarios.

Climate models represent the past, present, and future climate trends by solving complex
mathematical equations, which describe the physical processes and energy transfer between
the land surface, ocean, sea ice, and the atmosphere (Bader et al. 2008). Major climate
variables considered by most GCMs include precipitation, air temperature and atmospheric CO2

concentration. Under the auspices of the United Nations, the World Climate Research Program
(WCRP), the Coupled Model Intercomparison Project (CMIP) was introduced to promote
coordinated climate modeling experiments — the aim of which is to better understand future
climate changes induced by natural and man made changes to the atmosphere (Taylor et al.
2012). Since the scale of GCM predictions is relatively coarse (e.g., 1 deg to 3 deg
latitude/longitude) downscaling is performed to better understand mesoscale phenomena —
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Regional Climate Models (RCMs) are widely exploited for numerical downscaling, another
approach is statistical downscaling; both are discussed further in Bader et al. (2008) and (Ross
and Najjar (2019).

Global climate models compute the energy balance of the earth's atmosphere – the amount of
radiation coming in and out of the earth's atmosphere. As presented in (Moss et al. 2010) this
balance is affected by the concentration of radiatively active elements of the atmosphere –
aerosols and greenhouse gasses. The change of their concentration over time is dependent on a
myriad of factors including natural, socio-economic, technological, economic, and land use
changes. Climate models require data on radiative pathway trajectory in order to predict
changes in climatic variables. Accordingly, the IPCC has developed representative concentration
pathways (RCPs), which capture the time evolution and end level alternative radiative forcing.
Four RCPs for CMIP5 exist, (Figure 7): RCP8.5 (8.5W m^2 in 2100); RCP6.0 (6W m^2 at
stabilization after 2100); RCP4.5 (4.5W m^2 at stabilization before 2100); RCP2.6 (Peak at 2.6W
m^2 before 2100 and then declines) (Moss et al. 2010; Taylor et al. 2012).

Many earlier studies have employed CMIP3 projections (Nakicenovic and Swart 2000) and while
the modeling methodologies are updated in CMIP5 the use of scenarios is similar, there are six
radiative forcing levels for CMIP3, so called Special Report on Emission Scenarios, SRES
(Figure 8). The most commonly used scenarios in the literature are the A2, A1B, and B1
scenarios typified by high, medium, and low future levels of atmospheric CO2, respectively.
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Figure 7. Coupled Model Intercomparison 5 (CMIP5) data showing global carbon emissions (left), atmospheric CO2 concentrations
(center) and average temperature (right) for different representative concentration pathways (RCP) over the period 2000-2100.
Adapted from Walsh et al. (2014).
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Figure 8. Coupled Model Intercomparison 3 (CMIP3) data showing global carbon emissions (a),
atmospheric CO2 concentrations (b) average temperature (c), and sea level rise (d) for different
climate change scenarios over the period 2000-2100. From Najjar et al. (2010) and Houghton et
al. (2001).

.

BMP Uncertainty

First we should distinguish between uncertainty and variability: variability describes the
heterogeneity of response (say BMP performance), and is expressed with statistical metrics
(mean, median, quartiles), it is a known quantity; uncertainty describes a lack of knowledge or
an incomplete understanding or a response (e.g., what exactly the future climate may look like).
Variability is often irreducible, an intrinsic state of the system, but uncertainty can be reduced
with better or more complete understanding of the system.

There are a number of uncertainties involved in the assessment of climate change impacts on
BMP performance. The mechanisms and processes by which BMPs reduce nutrient and
sediment loads are biological or chemical, hydrological, and mechanical (as shown in the
conceptual model in Figure 1), each of which may be impacted by climate change. These
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mechanisms determine the sensitivity of BMPs to different climate drivers (e.g., rainfall volume
and intensity, temperature, soil moisture, etc.). Higher pollutant loading from urban and
agricultural lands to BMPs could reduce BMP pollutant removal efficiencies, requiring
resizing/redesign, or the need for additional BMPs to meet water quality goals (e.g., (USEPA
2018; Wagena and Easton 2018). Climate change could also alter physical and biological
processes (e.g., denitrification) affecting the ability of BMPs to reduce pollutant loading. There
are many nuances to this, for instance, climate change may induce altered delivery of nutrient
and sediment loads that a BMP has to treat, but it may also affect changes to the BMP itself,
and how it functions or performs. A given BMP could potentially remove a greater load of
nutrients or sediment in a future climate, but have a lower efficiency (effectiveness) depending
on how the delivered load changes. Figure 1 shows a simplified system material balance for a
nutrient and sediment control BMP. BMPs receive nutrients and sediment inputs from a variety
of sources. While weather events influence these inputs, the amount and composition of those
inputs may not be well-known or characterized. Variation in BMPs performance is also heavily
influenced by specific site conditions (slope, soil type, surrounding vegetation, etc.). Once
pollutants enter the BMP, a number of pollutant transformation processes treat and reduce
nutrients and sediment. In general, these processes can be chemical transformations (ex.
nitrification, denitrification) or bio/physical sequestration (burial, storage in plants). Pollutants
can be exported from BMPs through a variety of pathways in surface runoff, groundwater
leaching, or through the atmosphere (N2, N2O, NH4). The extent of loss pathways may be
unknown or incompletely characterized. Finally, practices must be designed, installed, and
maintained. Uncertainty in any of these components of BMP function may exist, and how
removal pathways respond to different potential climates is an area of needed research.

One must also distinguish between the uncertainty of a BMPs existing performance, which
often vary widely (Lintern et al. 2020), and those uncertainties introduced by the choice of
climate model/scenario, or biophysical model. BMPs are designed and implemented with
consideration of expected patterns of precipitation variability, including extreme events. In the
decades to come, changes in climate present additional uncertainty and risk to BMP
performance. Long-term changes in climate and extreme weather will have implications for
BMP siting, design and maintenance strategies that seek to minimize a BMP’s vulnerability to
structural failure during its design life (Johnson et al. 2016, 2018). BMPs function through a
variety of mechanisms, including physical retention (storage), filtration, chemical conversion,
and biological uptake. These mechanisms determine the sensitivity of BMPs to different climate
drivers (e.g., rainfall volume and intensity, temperature, soil moisture, etc.).

The Chesapeake Bay Program Watershed Modeling Framework

The CBP Phase 6 model shown in Figure 9, (also referred to as CAST) contains multiple
components (landuse model, airshed model, watershed models and an estuary model). The
watershed model (Figure 10) predicts loads of nitrogen, phosphorus and sediment delivered to
rivers and streams, while accounting for the expected impact of BMPs on water quality.

Shenk et al. (2021) provide a concise description of the Phase 6 Watershed Model, which we
paraphrase here. The Phase 6 Watershed Model consists of two parallel models: a
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time-averaged model and a dynamic model. The dynamic model is constrained to match the
time-averaged model over the long term . The time-averaged model, known as the Chesapeake
Assessment Scenario Tool (CAST), described in much greater depth in (Chesapeake Bay Program
2020), is used as the primary model for decision making at both the Bay Program and by
jurisdictions. The dynamic model is used to produce hourly loads of nutrients and sediment for
the estuarine model, as well as to assess scenarios, climate change and BMP efficiency among
them.

Figure 9. Chesapeake Bay Program partnership’s modeling system (Shenk et al. 2021).

Best Management Practices in the Chesapeake Bay Watershed Model

Since 2010, the Chesapeake Bay Program (CBP) utilizes a partnership-approved expert panel
process for estimating the nitrogen, phosphorus, and sediment reduction effectiveness of
nonpoint source BMPs. In the process, panels of experts review scientific evidence and provide
estimates of the nutrient and sediment removal effectiveness for individual BMPs. Chesapeake
Bay Program (2015) details how BMP efficiencies are determined via the Expert Panel process
and Stephenson et al. (2018) provide an explicit description of how BMP performance and
performance variability are considered in CAST. Distilling these two documents, an estimate of
BMP performance variability is not generally made by panels, and if those estimates are made
the mechanisms to incorporate them into the model (CAST) are not currently in place
(Stephenson et al. 2018) .

With regards to the BMP efficiency estimates made by expert panels, they are used in different
ways: The CBP uses them to track progress toward meeting water quality objectives, and state
and local governments use them to calculate planning scenarios to evaluate options to comply
with TMDL regulations.   The CBP uses the BMP efficiency in CAST to evaluate the effectiveness
of various combinations of BMPs. The watershed model estimates nonpoint source nutrient and
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sediment loads by first estimating Bay average per acre loading rates for different land uses
(Figure 10). Average loads are adjusted based on nutrient inputs from atmospheric deposition
and fertilizer, manure and biosolid applications within a defined land segment of the watershed.
This load is then multiplied by the number of acres of each landuse to generate a potential
exported load (Stephenson et al. 2018). Within the model, BMPs reduce nutrient and sediment
loads exported from the land segment as a percent reduction (or in some cases as an input
prevented , e.g. nutrient management ) in the potential exported load. The CBP typically assigns
a single efficiency estimate for nitrogen, phosphorus, and sediment to each defined BMP. Land
to Water factors add spatial variation in nutrient transmission by making adjustments to
physical conditions (e.g. soil and geomorphic conditions) within the land segment. Together
these factors produce total load estimates exported to the stream and river network.
Attenuation factors are applied to land segment export loads to estimate the quantity of
nutrients and sediment reaching the Bay (Figure 10).

Figure 10. Conceptual framework of the CAST watershed model detailing how BMPs are
accounted for in the Phase 6 Watershed Model (adapted from Stephenson et al. 2018).

30



Synthesis Question 1. How do climate change and variability affect
nutrient/sediment cycling in the watershed?

To define how climate change affects nutrient and sediment cycling we evaluated published
literature reviews, syntheses, and meta-analyses of nutrient and sediment yield, export or
processing. We also include the impacts of climate change on hydrology, as changes to the
hydrologic response impact BMP performance. As the most comprehensive database of
scientific journal articles, selected the Web of Science and used searched for articles by topic
using the following terms: “ TS=(( watershed simulation* OR hydrologic* model* OR biophysical
model* OR process*based model* OR watershed model) AND (climate change OR climate
variability OR climate uncertainty OR global warming OR temperature  change OR precipitation
changel) AND (nitrogen OR phosphorus OR sediment OR nonpoint source pollution OR water
quality) AND (Chesapeake Bay))”. Each article was screened for the following inclusion criteria
according to the abstract and full text if needed: 1. Geographical relevance to the Chesapeake
Bay Watershed, 2. Relevance to nonpoint source pollution loading or mitigation efforts under
climate change, and 3. Relevance to climate change impacts on hydrologic response. The search
yielded 92 results, 12 of which were determined to meet inclusion criteria and 14 of which were
deemed supplementary.

Extracted data included: locational context (geographical location, land use, watershed size),
climate scenarios used, climate models used, downscaling technique, watershed model used,
spatial and temporal scale, and outputs/metrics (e.g., forecast N/P/sediment loads, model skill,
rate change in some biogeochemical process). Extracted data from these studies was used to
assess the relationships between study attributes and variability/uncertainty in climate
predictions and N, P, and/or sediment cycling or export. Data quality were evaluated by
assessing methodological rigor.

Brief Description of the (12) studies included in Synthesis Question 1

Chesapeake Bay Program, Chesapeake Bay: A description of the model used for the Chesapeake
Bay Program climate change analysis is given above in this document, and in Shenk et al. (2021).
For the climate change analysis, Shenk et al. (2021) made changes to both CAST and the
dynamic model. The dynamic model was run with the long term trend in precipitation and
temperature change extrapolated out to 2025, and with projected precipitation and
temperature input data from an ensemble of 31 CMIP5 climate models after 2050 to predict
changes in hydrology and sediment. CAST uses these changes to predict changes in nitrogen and
phosphorus loads delivered to large rivers. While the CBP ran multiple RCPs, the results
presented in the report are for RCP4.5. Then the dynamic model is used to temporally
disaggregate the predictions of CAST, simulate the effects in large rivers, and pass loads to the
estuarine model. They evaluated the impact of climate change on precipitation, temperature,
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precipitation intensity, ET, streamflow, and TN, TP, and sediment export. The CO2 fertilization
effect was incorporated with an empirical adjustment.

Alam et al. (2017), US: Using the The SPAtially Referenced Regression On Watershed attributes
model (SPARROW) and downscaled precipitation and temperature outputs from 14 CMIP3
GCMs were used to assess the impacts on nitrogen yield in the conterminous US. They use two
CMIP3 scenarios A2, and B1 for the periods 2030, 2050, and 2090.

Giuffria et al. (2017) Difficult Run VA, 15 km2:Using the SWMM model and NARCCAP A2
Scenario data for the 2045–2068, they assessed the impact of climate change (precipitation,
temperature) on the costs of meeting various water quality goals.

Hawkins (2015), Chesapeake Bay: Using a rainfall runoff model and CMIP5 RCP2.6 and RCP8.5
scenarios, Hawkins (2015) assessed climate change impacts on precipitation, temperature, and
the hydrologic response of the watershed, including ET, runoff, and soil moisture.

Lee et al. (2017), Two coastal plain CB watersheds, 220 & 290 km2: Using the SWAT model and
CMIP3 A1B, A1, and B1 scenarios for the 2085-2091 period were used to evaluate the impact of
climate change on precipitation, temperature, ET, streamflow, soil moisture, and NO3 export.
They considered the CO2 fertilization effect on ET.

Lee et al. (2018), Two coastal plain CB watersheds, 220 & 290 km2: Using the SWAT model and
CMIP5 RCP8.5 scenario for the 2083-2098 periods they evaluated the impact of climate change
on precipitation, temperature, ET, streamflow, soil moisture, and NO3 export. They considered
the CO2 fertilization effect on ET.

Modi et al. (2021) Susquehanna Basin 71,000 km2: Using NOAH-MP and CMIP5 RCP4.5 and
RCP8.5 scenarios for the 2021-2050 and 2069-2090- periods, assessed climate impacts on
precipitation, temperature, ET, runoff, and soil moisture, and crop water use. They considered
the CO2 fertilization effect on ET.

Muhling et al. (2018) Susquehanna Basin 71,000 km2: Using a water balance model and CMIP5
RCP8.5 scenario for the 2050-2090 period they assessed the impact of climate change on
precipitation, temperature, and streamflow.

Renkenberger et al. (2016), Choptank Sub-basin, 298 km2; Using SWAT and CMIP3 A1B, A2, B!
Scenarios for the 2046-2064 and 2081-2100 periods, they evaluated the climate change impacts
on precipitation, streamflow, and TN, TP and sediment export.

Seong and Sridhar (2017), Chesapeake Bay: Using the CBP Model Phase 5.3, and CMIP5
RCP4.5 and RCP8.5 scenarios for the 2020-2029, 2040-2069, and 2070-2099 periods they
reported on climate impacts on precipitation, temperature, ET, and streamflow.

Wagena et al. (2018), Mahantango Creek Watershed, 7.3 km2: Using SWAT and NARCCAP A2
scenario data for the 2045-2068 period they assess climate change impacts on precipitation,
precipitation intensity, temperature, ET, streamflow, soil moisture, soil temperature, and NO3,
dissolved P, TP, Sediment P, and sediment export.
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Wagena and Easton (2018), Susquehanna Basin 71,000 km2; using SWAT and CMIP5 RCP2.6 and
RCP8.5 for the 2041-2065 and 2075-2099 periods they assessed climate change effect on
precipitation, precipitation intensity, temperature, ET, streamflow, soil moisture, surface runoff,
and NO3, TN, Dissolved P, TP and sediment export.

Greater detail about the specific methodologies (e.g., model initialization data, downscaling and
bias correction methods, assumptions) can be found in the appendix, table A1.

Climate change in the watershed and tidal systems

For the assessment of climate change impacts in the Chesapeake watershed, the primary
variables considered were precipitation volume, precipitation intensity, air temperature, and ET.
Estimates of the influence of sea level rise and atmospheric CO2 concentrations are also
included where appropriate. Scenarios for climate change indicate that by the end of the 21st
century the Bay region will experience significant changes in climate conditions, dependent on
radiative forcing, including increases in precipitation of 3-10%, temperature 2-6C, and sea level
0.7-1.0m. These factors interact in complicated ways to influence watershed level processes like
streamflow generations, soil moisture, ET, and nutrient and sediment cycling. We review each of
these parameters and how they interact to influence BMP performance. The CBP report on
climate change (Shenk et al. 2021) describes in detail how the partnership is currently
incorporating the impacts of climate change to develop planning targets, and one is referred to
this document for clarity on specifics. We use this report as a point of comparison.

Precipitation Volume

The delivery of freshwater, nutrients, and sediment to the Bay is mainly driven by the amount
and intensity of precipitation in the watershed. Thus, Bay circulation and water quality strongly
respond to changes in watershed precipitation. Climate predictions for the Mid-Atlantic suggest
that average annual precipitation quantities will increase.

Table 3 presents the climate change and watershed specific variables from 12 studies conducted
in the Chesapeake Bay watershed since the assessment made by Najjar et al. (2010). Most of
the climate change studies (7) used climate change data from the most recent Coupled Model
Intercomparison Project, CMIP5. Clear differences exist between results using the most recent
CMIP5 data and those studies using the older CMIP3 data. For instance, most of the studies
relying on CMIP3 data project substantially higher precipitation amounts (+15% to +40%) in the
future than CMIP5 studies, which are generally constrained to +3% to +10%, with the notable
exception of (Lee et al. 2018), who predicted a +21% increase in precipitation, although for
RCP8.5 at the very end of the century (2083-2098). These differences notwithstanding, all but
one study (Lee et al. 2017) showed increases in precipitation over the watershed (ƒ). Estimates
from studies using CMIP5 data for the mid century indicate increases in precipitation volume
from +3.8% (Wagena and Easton 2018) to +7.4% (Modi et al. 2021) for RCP4.5 to as much as
+5.2% (Seong and Sridhar 2017) to +8.5% (Modi et al. 2021) for RCP8.5 (Table 3). End of century
estimates from CMIP5 show greater increases, from +5.1% (Seong and Sridhar 2017) to +9.3%
(Modi et al. 2021) for RCP4.5, and +8.5% (Seong and Sridhar 2017) to +21% (Lee et al. 2018) for
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RCP8.5. Estimates from CMIP3 data suggest considerably greater precipitation variability and
range, from estimates of precipitation declines of −3% to −4% (Lee et al. 2017) to substantial
increases of +15% to +43% (Alam et al. 2017).

In a recent analysis by of the Susquehanna River basin, (Modi et al. 2021), employing CMIP5
MACAv2-METDATA, a statistically downscaled and bias-corrected weather model using
constructed analogs, saw an increase in precipitation across both RCP4.5 and RCP8.5 and time
periods (Figure 11 a & b) shows the average monthly change and inter-model variation in the
precipitation (%), and 2 m air temperature [K] respectively across the six selected GCMs.
Figure 11 a) depicts the monthly precipitation change and inter-model variation. Precipitation
increased by 9% and 10% in RCP4.5 and RCP8.5 scenarios in the 2061-2090 period as compared
to the historical period (1976-2005). Interestingly, a consistent increase of 7.5% in precipitation
was observed across all models for RCP4.5 in the 2021-2050 period, whereas there was greater
uncertainty of ±20 mm/month among the RCP 8.5 model scenarios with an overall mean
change of 6% in the 2021-2050 period. A larger mean difference was observed during the
winter and spring seasons while greater variation was observed during the summer and fall
seasons for both RCP4.5 and RCP8.5. Likewise, a lower inter-model variation of ±5 mm/month
was observed during the historical period for the winter and spring seasons as compared to the
higher inter-model variation during the future period for the summer and fall seasons. A
consistent increase was observed in the Appalachian Plateau and Valley region across all GCM’s
and scenarios except in the RCP 8.5 scenario during the 2021-2050 period, which was due to a
decrease in precipitation in Pennsylvania and the lower portion of the Chesapeake Bay
watershed.
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Figure 11. Box plots (a & b) representing the climatological monthly uncertainty and change for historical and future scenarios for
precipitation, and 2m air temperature respectively for six GCM across the Susquehanna River basin. The values in box brackets
indicate an overall change with respect to the mean of historical data from 1976-2005 and ‘x’ denotes the mean. Plots (c & d) show
the annual change (mean and one standard deviation as ribbon) for historical and future scenarios. The change is with respect to the
mean of historical data from 1976-2005. The values colored indicate the Sen’s slope (SS) for the respective scenarios. The units for SS
are mm/yr, and K/yr for c and d respectively (Modi et al. 2021).
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Table 3. Studies reporting the impact of climate change on climatic drivers (precipitation, temperature, ET), hydrologic responses
(streamflow, soil moisture, runoff), and other relevant parameters (precipitation intensity, CO2 fertilization, soil temperature). The
last column of the table contains information about the climate forcings and the watershed/hydrologic models used in the studies.

Source Precipitation Temperature Evapotranspiration Streamflow Soil Moisture
Other relevant
information

Climate models/
scenario/
time span/
watershed model

Shenk et al.
2021
CBP program
estimates,
entire CB
watershed

2025
+3.1%
2050 RCP4.5
+6.2%

2025
+1.1C
2050 RCP4.5
+1.9C

2025
+3.4%
2050 RCP4.5
+6.4%

2025
+2.3%
2050 RCP4.5
+6.0%

Not reported Observed
change in 90th
percentile
precip intensity
of +64.3%

Long-term trend to
2025

CMIP5 scenario
RCP4.5
2050

Phase 6 WSM
(HSPF)

Alam et al.
2017
Continental
US, data from
CB

A2
2030 +15%
2050 +20%
2090 +43%
B1
2030 +14%
2050 +17%
2090 +39%

A2
2030 +1.3C
2050 +2.2C
2090 +4.0C
B1
2030+1.3C
2050 +1.8C
2090 +3.0C

Not reported Not reported Not reported CMIP3
Scenarios, A2, B1
Baseline 1992
Future 2030, 2050,
2090

SPARROW

Giufarra et al.
2017
Difficult Run
VA, 15 km2

−14% to +30%
Mean +6.7%

−1C to +2C
Mean +1.3C

Not reported Not reported Not reported NARCCAP A2
baseline
1989–2007
Future 2045–2068

SWIMM

Hawkins,
2015

RCP2.6 +5.2%
RCP8.5

RCP2.6 +1.9C
RCP8.5 +5.4C

PET
RCP2.6 +11.3%

Runoff
RCP2.6 +12.7%

RCP2.6 −2.7%
RCP8.5 −11.2%

CMIP5
RCP2.6 & 8.5
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CB +15.2%
Largest
increase in
winter and
spring

Largest increase
in summer fall

RCP8.5 +42.6%
AET
RCP2.6 +11.3%
RCP8.5+32.2%

RCP8.5 −38.5% Baseline
1950-1999
Future
2080-2099

Rainfall- runoff
model

Lee et al. 2017
Two coastal
plain CB
watersheds,
220 & 290
km2

A1B -3.0%
A2 -4.3%
B1 -3.3%
Largest
declines in
summer fall

A1B +3.4C
A2 +4.1C
B1 +2.1C
Largest increases
in summer fall

*A1B −31%
A2 −34%
B1 −27%
Attributed to CO2
Fertilization effect

A1B +40%
A2 +43%
B1 +33%

Increases in soil
moisture

CO2 effect
increased the
water balance
and resulted in
higher cover
crop yields

CMIP3
A1B, A2, B1
Baseline 2001-2014
Future
2085-2091

SWAT

Lee et al. 2018
Two coastal
plain CB
watersheds,
220 & 290
km2

+11 to +21% +2.9 to +5.0 C −32% to -26% +50% to +70% Minimal
increases in
winter soil
moisture,
greater
decreases in
summer

CO2 effect
reduced ET

CMIP5 RCP8.5
Baseline
1999–2014
Future 2083–2098

SWAT

Modi et al.
2021
Susquehanna
Basin 71,000
km2

RCP4.5
2021-2050
+7.4%
2069-2090
+9.3%
RCP8.5
2021-2050
+6.1%
2069-2090
+9.9%
Largest in
winter and
spring

RCP4.5
2021-2050 +1.8C
2069-2090 +2.7C
RCP8.5
2021–2050 +2.4C
2069-2090 +4.1C
Largest in
summer fall

RCP4.5
2021-2050
−5% Corn, −4% Soy
2069-2090
−2% Corn, −2% Soy
RCP8.5
2021-2050
−2% Corn, −2% Soy
2069-2090
−5% Corn, −6% Soy

RCP4.5
2021-2050
+2% Corn, +2%
Soy
2069-2090
+6% Corn, +6%
Soy
RCP8.5
2021-2050
+5% Corn, +5%
Soy
2069-2090
+14% Corn,

RCP4.5
2021-2050
+14% Corn,
+13% Soy
2069-2090
+7% Corn, +7%
Soy
RCP8.5
2021-2050
+4% Corn, +2%
Soy
2069-2090
+3% Corn, +3%

Evaluated CO2
fertilization
effects,
resulted in
reduced crop
water use −1%
to − 18%

CMIP5
RCP4.5 & 8.5
Baseline
1976 to 2005
Future 2021–2050
2069-2090

NOAH-MP
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+13% Soy Soy

Muhling at al
2018
Susquehann
a Basin
71,000 km2

+9% +4.1C Not reported +11% Not reported CMIP5
RCP8.5
Baseline
1956-2005
Future
2050-2099

Renkenberger
et al. 2016
Choptank
Sub-basin, 298
km2

A1B +30%
A2 +29%
B1 +25%
Do not
provide break
down by
future periods

Not reported but
used T from
CMIP3 data

Not reported *2046-2064
A1B +60%
A2 +53%
B1 +51%
2081-2100
A1B +75%
A2 +86%
B1 +52%

Not reported
although water
balance
suggest
substantial
increase

CMIP3
A1B, A2, B1
Baseline 2001-2014
Future
2046-2064
2081-2100

SWAT

Seong and
Sridhar 2017
CB

RCP4.5
2020-2029
+1.6%
2040-2069
+3.9%
2070-2099
+5.1%
RCP8.5
2020-2029
+2.3%
2040-2069
+5.2%
2070-2099
+8.4%

RCP4.5
2020-2029 +1.7C
2040-2069 +2.5C
2070-2099 +3.0C
RCP8.5
2020-2029 +1.8C
2040-2069 +2.7C
2070-2099 +3.2C

RCP4.5
2020-2029 +8.0%
2040-2069 +13.2%
2070-2099 +16.5%
RCP8.5
2020-2029 +8.8%
2040-2069 +17.4%
2070-2099 +27.9%

RCP4.5
2020-2029
−10.5%
2040-2069
−11.1%
2070-2099
−12.4%
RCP8.5
2020-2029
−11.1%
2040-2069
−13.5%
2070-2099
−21.8%

Not Reported CMIP5
RCP4.5 & 8.5
Baseline
1970-1999
Future
2020-2029
2040-2069
2070-2099

Phase 5.3 WSM
(HSPF)

Wagena et al.
2018
Mahantango
Creek

−1.5 to
+12.5% Mean
+3.7%

Tmin +2.0 to
+2.7C
Tmean +2.5C

+2 to +17%
Mean +7.5%

−16.1 to +34.3%
Mean −0.7%

Increase on
average

Precip intensity
−3.8% to
+11.4% mean

NARCCAP
A2
Baseline
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Watershed,
7.3 km2

Tmax +2.0 to
+2.8C
Tmean +2.5C

+5.1%

Soil T +1.5 to
+2.3C

1989–2007
Future 2045–2068

SWAT

Wagena and
Easton 2018
Susquehanna
Basin 71,000
km2

2041-2065
−5.1% to
+14.2%
Mean +3.8%
2075-2099
−3% to
+10.7%
Mean +6.5%

2041-2065
Tmin +1.3 to
+2.0C
Tmean +1.7C
Tmax +1.7 to
+2.3C
Tmean +1.9C
2075-2099
Tmin +2.1 to
+3.0C
Tmean +2.7C
Tmax +2.4 to
+3.1C
Tmean +2.8C

2041-2065
+3.1% to +14.2%
Mean +4.7%
2075-2099
+2.9% to +15.7%
Mean +7.4%

2041-2065
−10.1% to
+14.8%
Mean +4.2%
2075-2099
−3.9% to
+16.6%
Mean+ +6.7%

Increase in
winter and
spring,
decrease in
summer

Surface Runoff
2041-2065
−5.1 to +13.4%
Mean +3.2%
2075-2099
−3.1 to +16.2%
Mean +5.6%

Precipitation
Intensity
2041-2065
+6.5%
2075-2099
+10.1%

CMIP5
RCP2.6 & 8.5
(averaged)
Baseline 1985-2011
Future
2041-2065
2075-2099

SWAT
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Temporal precipitation variability was discussed in several of the studies in Table 3. Most studies
agree that precipitation amounts are likely to increase in the winter and spring (Hawkins 2015;
Lee et al. 2017; Modi et al. 2021; Shenk et al. 2021; Wagena et al. 2018), while summer fall
precipitation levels are projected to decrease (Hawkins, 2015; Lee et al., 2017; Wagena et al.,
2018). Winter and spring precipitation increases are as high as +25% (Giuffria et al. 2017; Modi
et al. 2021), with a central tendency among studies using CMIP5 of +15% (Hawkins 2015; Lee et
al. 2017; Wagena et al. 2018). Spatial variability in precipitation is also expected, with the
northern region of the Bay watershed expected to experience greater precipitation in the near
term, than the southern region, however, towards the latter part of the century, these
projections are reversed, with the southern region seeing greater precipitation increases
(Hawkins 2015; Shenk et al. 2021).

Consensus on Precipitation Volume: Significant increase in mean annual precipitation
(Figure 12), with greater increases towards the end of the century for scenarios with greater
CO2 levels (e.g., RCP8.5). Largest increases for the winter and spring period. Supported by high
agreement and robust evidence among studies.

Figure 12. Estimated annual percent change in precipitation volume of counties within the
Chesapeake Bay Watershed for climate projections of 2025 (left) and 2050 (right). (Shenk et al.
2021).

Precipitation Intensity

The frequency of high intensity precipitation events has increased substantially over the past
decade with the greatest increases seen in the most extreme events (i.e., days with a total of at
least 5.5 cm of rainfall) (Miro et al. 2021). Projections of future climate show that these extreme
precipitation events will increase further in the coming decades. By the mid-21st century, the
region “could experience a doubling of annual extreme precipitation events over 5-6 cm
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compared to historical averages (Fischbach et al. 2019). Many BMPs and most stormwater
infrastructure are designed and managed around historic rainfall intensities and durations, so
called intensity duration frequency (IDF) curves. IDF curves represent the relationship between
rainfall intensity or depth, the duration of a rainfall event, and a measure of frequency,
representing the average time between rainfall occurrences. Recently Miro et al. (2021)
evaluated and modified IDF curves for the Chesapeake Bay region in an effort to incorporate the
impact of climate change on rainfall intensity into BMP and stormwater design. IDF change
factors (representing the proportional change between historic IDF curves and IDF curves
expected with a changing climate) ranged from just over 1.05, to 1.5. This indicates that rainfall
IDF curves used in BMP and stormwater design and management should be increased by 1.05
to 1.5, depending on location, return period, duration, and RCP. Figure 13 (from Miro et al.
2021) shows IDF change factors developed for the Chesapeake Bay region. Use of climate
change modified precipitation products in BMP design and management is critical because
much of BMP function is related to how much runoff or stormwater the BMP is designed to
assimilate and treat. BMPs designed to historic precipitation records are prone to failure, or at
the very least, reduced treatment efficiency (Wood 2021). Many agricultural or natural sector
BMPs also rely on IDF curves and assumptions in their design.

Figure 13. County-Level
Change Factors for the
Chesapeake Bay watershed
Projected by the Ensemble
Median of All GCMs in Each
Dataset for Both Future
Periods Under RCP4.5 (from
(Miro et al. 2021). LOCA
simulations are driven using
Localized Constructed Analog
climate data; NA-CORDEX
simulations are driven using
North American Coordinated
Regional Downscaling
Experiment climate data
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Indeed several studies in Table 3 also suggest substantially greater rainfall intensity under future
climates. Perhaps the most interesting and concerning from a BMP performance perspective
(particularly for stormwater retention type BMPs) is the dramatic increase in observed
precipitation intensity of the most intense storms by Shenk et al. (2021), who observed a 64.3 %
increase in the 90th percentile and greater precipitation intensity. Several other studies noted
precipitation intensity changes, from +5.1% (across all storm sizes) by Wagena et al. (2018) and
+6.5% to +10.1 (across all storm sizes) by Wagena and Easton (2018) for mid and end of century,
respectively. Hawkins (2015), Lee et al. (2018), and Modi et al. (2021) all report increased
intensity as well, although do not provide numeric values.

Consensus on Precipitation Intensity: Substantially greater precipitation intensity, particularly
for the most intense storms.  Supported by high agreement and robust evidence among studies.

Air Temperature

The CBP climate change program (Shenk et al. 2021) projects mean annual temperature
increases of +1.1C by 2025, and +1.9C by 2050, although there is significant variability in the
location of those changes, with northern regions experiencing significantly higher temperatures
(up to +1.2C by 2025, and +2.2C by 2050, for the Susquehanna river basin, Figure 14). Indeed,
several other studies, particularly those employing CMIP5 projections, show similar
temperature increases; for RCP4.5, over the Susquehanna river basin, (Wagena and Easton
2018) estimate mean annual temperature increases of +1.8C (2041-2065) and +2.7C
(2075-2099), while Wagena et al. (2018) report a +2.5C (2045-2068) increase in mean annual
temperature using the NARCCAP A2 data. Seong and Sridhar (2017) report consistent increase
in mean annual temperature; for RCP4.5 +1.7C (2020-2029), +2.5C (2040-2069) , and +3.0C
(2070-2099), for RCP8.5 +1.8C (2020-2029), +2.7C (2040-2069) , and +3.2C (2070-2099).
Muhling et al. (2018) using RCP8.5 report the potential of a +4.1C increase for 2050-2099
(Table 3). Most other studies (Hawkins 2015; Lee et al. 2018; Modi et al. 2021) report similar,
and substantial increases in mean annual temperature, with RCP8.5 showing increases of of +4C
to +5C by the end of the century, and RCP4.5 in the +1.7C to +2.5C for the end of century time
period (Table 3). Studies employing CMIP3 data (Alam et al. 2017; Giuffria et al. 2017; Lee et al.
2017) project temperature changes not terribly dissimilar to CMIP5 projections, in the +2.0C to
+4.0C range, depending on time period and concentration pathay.

Also of interest is how the minimum and maximum temperatures change. Several studies
reported that maximum temperatures are expected to increase proportionally more than
minimum temperatures, although both minimum and maximum temperatures change
substantially. Wagena and Easton (2018) also show minimum temperatures to increase +1.3C to
+2.0C, and +2.1 to +3.0C for the mid-century and end-century, respectively while maximum
temperatures increase +1.7C to +2.3C and +2.4 to +3.1C for the mid-century and end-century,
respectively (Table 3).

Temporally, several studies report proportionally greater increases in minimum and maximum
temperatures during the summer fall period, although there was greater variability in
temperature changes during the winter and spring period. (Shenk et al. 2021) project the
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greatest increases in both minimum and maximum temperatures during the May-October
period, with maximum temperatures increasing by +2.1C to +2.2C. Wagena and Easton (2018)
report largest increase in maximum and minimum temperature occurring in April (+2.3C and
+2.0C) for the 2041–2065 period, while during the 2075–2099 period both August and
September (+3.1C and +3.0C) show the largest increases. Wagena et al. (2018) similarly report
minimum temperature increases of +2.0C to +2.7C, and maximum temperature increases of
+2.0C to+2.8C. Hawkins (2015), Lee et al. (2017, 2018) (Figure 15), and Modi et al. (2021) also
report the largest increases in temperature during the summer fall period.

Consensus on Air Temperature: Large increases in mean annual temperature, with the greatest
increases in the summer and fall. Almost all studies show a consistently increasing trend in
temperatures towards the end of the century. Temperature increases are greater for more
northern watershed regions. Supported by high agreement and robust evidence among studies.

Figure 14: Estimated annual degrees Celsius difference in temperature for counties within the
Chesapeake Bay Watershed for climate projections of 2025 (left) and 2050 (right) for RCP4.5.
From Shenk et al. (2021)
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Figure 15: Monthly average mean temperature 2001-2014 (baseline) and 2085-2098 (future)
CMIP5 GCMs under RCP8.5. From Lee et al. (2018)

Evapotranspiration (ET)

Estimates of changes to ET vary widely, depending upon radiative forcing scenario, time period,
and most critically whether CO2 fertilization was considered. Whether the studies report ET as
potential ET (PET) or actual ET (AET) is also important, as several studies focus primarily on
changes to PET, while others report changes to AET. This is significant because AET is limited by
the availability of water (soil moisture), while PET is not. With respect to ET, the CO2 fertilization
effect describes the change in leaf level transpiration due to elevated atmospheric carbon
concentrations. Occurring primarily in C3 plant species, elevated CO2 levels increase plant
photosynthetic efficiency, ultimately suppress stomatal conductance, thereby decreasing the
water loss and the evaporative flux (Modi et al. 2021).

The CBP (Shenk et al. 2021) estimates that PET over the basin will increase by +3.4% for 2025,
and +6.4% for 2050 Table 3, Figure 16. However, when the CO2 effect is considered (numbers are
unreported), their results indicate a reduction in AET, resulting in an increase in streamflow,
although the increase in precipitation is noted as the dominant factor influencing streamflow.
(Seong and Sridhar 2017), using RCP4.5 and RCP8.5 scenarios and (Hawkins 2015) using the
RCP2.6 & RCP8.5 scenarios report much greater changes to PET, with (Seong and Sridhar 2017)
estimating increases of +8.0% (RCP4.5 for 2020-2029) to +16.5% (RCP4.5 for 2070-2099) and
+8.8% (RCP8.5 2020-2029) to +27.9% (RCP8.5 2070-2099), while (Hawkins 2015) report PET
increases +11.9% for RCP2.6 and + 42.6% for RCP8.5, for the 2080-2099 period. (Hawkins 2015)
report changes to AET that are slightly smaller, +11.3% for RCP2.6 and +32.2% for RCP8.5, with
the difference between PET and AET due primarily to reduced soil moisture during the summer
months constraining AET. Wagena et al., (2018) and Wagena & Easton, (2018) estimate much
smaller increases to PET, +7.5% for Wagena et al., (2018) for the 2045-2068 period, and +4.6%
from Wagena & Easton, (2018), for the 2041-2065 period and +7.4% for the 2075-2099 period.

Studies that incorporate the CO2 effect all report reductions in AET. Lee et al. (2017) studied
climate sensitivity scenarios and reported that the RCP8.5 CO2 concentration towards the end of
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century resulted in a -27% (CMIP3 B1 scenario) to -34% (A2 scenario) reduction in AET due to
lowered plant stomatal conductance. Reduced AET increased soil moisture as well as cover crop
yields. Notably, the authors state that the standard version of the SWAT model they employed
uses some questionable simplifying assumptions, such as constant maximum leaf area index
(LA) and constant response to CO2 for all plant species (C3 vs C4), which are known to
exaggerate the reduction in AET. Lee et al. (2018), using the same model (SWAT) but updated
CMIP5 RCP8.5 scenarios, report similar AET reductions of -26 % to -32% for the 2083-2099
period resulting in both increased soil moisture and streamflow. Modi et al. (2021) also report
decreases in AET due to increased CO2 concentrations, although the decreases were more
modest; both corn and soy crops experience AET reductions in the -2% to -6% range (Table 3).
Further, Modi et al. (2021) note that increased CO2 concentrations increase crop water use
efficiency, resulting in reduced water consumption for both corn and soy crops in the
Chesapeake Bay watershed.

Consensus on ET: Potential ET is very likely to increase due to greater temperatures. While the
CO2 effect is real, and possibly significant, it is unclear if it will ultimately result in reduced AET
at a quantifiable level. How AET changes depends on many other factors including temperature,
plant type (C3 vs C4), soil type, soil nutrient content, and soil moisture. Supported by low
agreement but robust evidence among studies.

Figure 16. Estimated average
annual change in potential ET
(as percent change) for the land
segments (counties) in the
Chesapeake Bay watershed are
shown for 2025 (top-left), 2035
(top-right), 2045 (bottom-left)
and 2055 (bottom-right). The
change in potential ET with
respect to 1995 are based on a
Hargreaves-Samani Method and
31-member ensemble median
temperature change of
downscaled Global Climate
Models for RCPs4.5 scenario.
From Shenk et al. (2021).
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Other Climate Factors

Atmospheric CO2 Concentrations

As discussed above, inclusion of atmospheric CO2 concentrations can have (profound) impacts
on plant growth, ET, and as a result soil moisture, streamflow, and ultimately nutrient and
sediment export. Projections for global mean atmospheric CO2 concentration over the next 80
years vary widely, depending on which RCP is assumed (Figure 7). However, it is virtually certain
that CO2 levels will continue to increase throughout the 21st century. Increases in CO2 have
many consequences for watershed and estuarine function, irrespective of precipitation and
temperature changes, including estuary/ocean acidification and in plant growth/water use via
ET (Kimball and Idso 1983). Increased atmospheric CO2 levels can enhance plant
productivity/growth by increasing photosynthetic efficiency, which suppresses leaf-level
transpiration, ultimately reducing plant water use (Kimball and Idso 1983; Vanuytrecht et al.

2012). This CO2 fertilization effect could have varying effects on water quality and BMP
performance; for instance enhanced plant growth/yield results in greater plant biomass, and as
a result enhanced nutrient uptake, yet improved water use efficiency of the plants results in less
water uptake, and therefore the potential for increased nutrient uptake is diminished
(Vanuytrecht et al. 2012) and increased soil moisture, both of which may ultimately result in
reduced performance of BMPs that rely on plant growth/assimilation as a mode of action. With
increasing precipitation and rising temperatures, plant productivity and water availability are
likely to be uncertain as it is dependent on multiple factors, including soil properties, crop type,
the interaction between land surface processes, water management strategies, and
atmospheric CO2 levels (Bhatt and Hossain 2019). For instance, climate change projections show
risk of both too much and too little water (depending on season), as well as increasing heat
stress, which could offset the potential positive effect of CO2 fertilization on plants (Wolfe et al.

2018).

Sea Level Rise

There is observed acceleration in the rate of global average sea level rise in recent decades. The
Chesapeake Bay area is one of the areas where there is accelerated relative sea level rise,
Figure 17, accompanied with land subsidence (Parris et al. 2012). Projecting from a global mean
sea level rise prediction, (Boesch et al. 2013) estimated, Maryland’s relative sea level rise from
+0.3 m to +0.7m by 2050 and +0.7m to +1.7m by 2100 relative to global mean sea level by the
National Research Council. Wang et al. (2017) reported a mixed response to nutrient retention,
due to a +0.5m sea level rise by 2050. Increased temperatures resulted in increased summer
chlorophyll-a and as a result increased hypoxic volume. However, sea level rise in the lower bay
and increased freshwater inputs in the upper bay counteracted the increase in chlorophyll-a in
those regions, reducing the hypoxic volume However, Wang et al. (2017)caution that increasing
watershed nutrient load of 5% to 10% offsets the reduction in hypoxic volume gained due to sea
level rise.
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Figure 17. Relative Sea level rise scenarios for Annapolis MD. From (Sweet et al. 2017).

Watershed Response to Climate Change

Streamflow

Streamflow serves as a signal of climate change drivers on the watershed, integrating the effect
of precipitation and temperature, and their impact on ET and the overall water budget. All of
the studies meeting the inclusion criterion for the review are model based assessments of the
impact of climate change on streamflow, therefore not only is there uncertainty introduced by
the climate model (CMIP3 vs CMIP5, radiative forcing scenario), there is also considerable
uncertainty that results from the choice of biophysical (watershed) model. In the section that
follows one should keep in mind that the studies discussed here employ many different
biophysical model structures, from empirical (Hawkins 2015); Alam et al. 2017) to more process
based (Modi et al. 2021; Shenk et al. 2021), and therefore may produce results with varying
level of uncertainty.

Estimates from the CBP (Shenk et al. 2021) show that the RCP4.5 integrated scenarios resulted
in increased streamflow across the Chesapeake Bay watershed; for 2025 streamflow increased
+2.3% and by +6.0% for 2050 (Table 3). They note these changes are consistent with climate
change sensitivities where the rainfall change (rather than changes in temperature and CO2)
dominated the watershed response. Several other studies report changes to streamflow of
similar magnitude. In a small 7.3 km2 Mahantango Creek watershed Wagena et al. (2018) report
essentially no change to streamflow (-0.7%) for the 2045-2068 period, due to increases in
precipitation being countered by increases in ET. For the Susquehanna River basin, Wagena and
Easton (2018) project modest increases to streamflow, +4.7% for 2041-2065 and +6.7% for
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2075-2099. Modi et al. (2021), also working in the Susquehanna, report similar, modest,
increases in flow (reported as total runoff, surface runoff + vadose zone percolation ) of +2% to
+6% (for RCP4.5 in 2021-2050 and 2069-2090, respectively), increases were somewhat higher
under RCP8.5, +5% to +14% in 2021-2050 and 2069-2090, respectively. Several other studies
also employed RCP8.5, but predicted substantially greater changes to streamflow. Hawkins
(2015) showed a substantial decrease in late century (2080-2099) steamflow of -38%, although
RCP2.6 changes were more modest (+12.7%). Again, the balance between precipitation and ET
tended to control the streamflow response; here changes to ET appear to be the controlling
factor behind the change to streamflow (Table 3, Hawkins 2015). On the Chesapeake Bay coastal
plain, (Lee et al. 2018), using RCP8.5 for the 2080-2098 period, predict large streamflow
increases, +50 to +70% due to concomitant increases in precipitation (+11% to +21%) and
decreases in ET (-32% to -26%) from the impact of elevated CO2. Conversely, Seong and Sridhar
(2017) predict substantial reductions in streamflow for RCP8.5, -11.1% (2021-2029), -13.3%
(2040-2069), and -12.8% (2070-2099), RCP4.5 results suggest slightly smaller reductions (-12.4%
to -10.5%), with increases to ET significantly greater than increases to precipitation (+8% to
+27.9% for ET vs +1.6% to +8.4% for precipitation).

Studies using CMIP3 climate scenarios all reported substantial increases in streamflow (+33% to
+86%). For instance, Lee et al. (2017), on the coastal plain, reported significant streamflow
increases; +40% (A1B), +43% (A2), and +33% (B1) for the 2085-2091 period. They attributed the
increase in streamflow to the suppression of ET from increased atmospheric CO2. While
Renkenberger et al. (2016), in the Choptank watershed, show increases of +60% (A1B), +53%
(A2), and +51% (B1) for the 2024-2064 period, to as high as +86% (A2 scenario for the
2081-2100 period (Table 3).

Seasonally, results from Shenk et al. (2021) suggest modest increases in winter streamflow (+4%
to +6%) for the near term (2025) scenario, but substantial increases in 2050 scenario winter
streamflow (+11% to +16%). Spring through fall showed smaller increases to slight decreases in
streamflow. Wagena et al. (2018) state that through an increase in precipitation and
temperature, there will be substantial increases in winter/spring flow (10.6 ± 12.3%), and
conversely, decreases in summer flow (−29.1 ± 24.6%). However, the mean annual change in
streamflow was very small (Wagena et al. 2018). Similarly, Hayhoe et al. (2007), reported higher
high flows and lower low flows suggesting that climate change is likely to redistribute
streamflow in the Eastern US. Further, Hayhoe et al. (2007) discuss a shift in the timing of spring
high flows, occurring up to 2 weeks earlier in the spring, as well as earlier occurrence of low
flows. Finally, Hawkins (2015) also predicted greater runoff during the winter months coupled
with lower summer flows.

Consensus on Streamflow: Projections of streamflows response to climate change vary widely
from -38% to +86%. Studies that simulated the impact of CO2 fertilization on plant growth and
ET tended to show modest to potentially large increases in streamflow, while studies not
simulating the CO2 effect varied tremendously in their projections of streamflow. However, the
central tendency of streamflow estimates for the studies reviewed indicates moderate increases
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in streamflow, on the order of +5% to +15%, at least in the near term.  Supported by medium
agreement and robust evidence among studies.

Soil Moisture

Estimates of the effects of climate change on soil moisture are, similar to streamflow, a good
integrator of climate impacts, particularly on ET. From the hydrologic water balance point of
view the reported changes in streamflow and ET can be indicative of changes to soil moisture
levels in the CBW. At monthly time scales variabilities are to be expected between the winter
and summer roughly correlating with the variability of seasonal temperature and precipitation.
Spatial variability in soil properties, infiltration capacity, drainage condition, topography and
land use also results in varying degree of soil moisture changes in response to changes in
climate. Similar to streamflow, most of the estimates of the impact of climate change on soil
moisture in the Chesapeake Bay watershed are model based. Therefore, one needs to again
consider the added uncertainty that comes with model on model applications. Unfortunately
few studies reported quantitative estimates of climate change impacts on soil moisture,
although most do report qualitative changes. Only two studies (Hawkins 2015; Modi et al. 2021)
provide numeric estimates of the changes in soil moisture under climate change.

Modi et al. (2021), investigating changes in corn and soy crop water use predicted increased soil
moisture due to increased precipitation and reduced ET in the Susquehanna river basin, using
six CMIP5 GCMs under RCPs 4.5 and 8.5 Table 3. They reported, increased Pe (effective
precipitation stored as soil moisture in crop root zone) levels and reduced ET (due to efficient
photosynthesis with CO2 fertilization), resulting in increased soil moisture, +14% for corn and
+13% for soy (2021-2050) and +7% for both crops (2069- 2090) under RCP4.5 Figure 18. Under
RCP8.5, both crops are predicted to still have higher soil moisture, although less than under
RCP4.5, +4% for corn and +2% for soy (2021-2050) and +3% for both crops (2069- 2090). The
increases in soil moisture were roughly inversely proportional to the decreases in ET Table 3.
Conversely, Hawkins (2015), using RCP2.6 and RCP8.5 for the 2080-2099 period project
decreases in soil moisture, -2.6% for RCP2.6, and -11.2% for RCP8.5. However, discrepancies in
the components of Hawkins (2015) water balance, for instance increases in surface runoff
concomitant with decreases in soil moisture, make reconciling the changes difficult.

Of the other studies, four reported increases in average annual soil moisture (Lee et al. 2017,
2018; Wagena et al. 2018; Wagena and Easton 2018). Several studies (Lee et al. 2017; Wagena
and Easton 2018) note substantial (although not quantitatively reported) increases in the winter
and spring soil moisture, and decreases during the summer months.

Consensus on Soil Moisture: Given the often substantial increases in precipitation and the
potential decreases in ET due to increased CO2, it seems likely that soil moisture will increase,
particularly during the winter and spring, although several studies indicated increases during
the summer months as well.  Supported by medium agreement and medium evidence among
studies.
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These results corroborate findings by earlier studies in the region, some of which are discussed
in Najjar et al. (2010). For instance, Hayhoe et al. (2007) , Rob et al. (2000), and Lu et al. (2015)
all predicted increases in seasonal streamflow variability with decreased flow during the
summer due to increased ET (driven by higher temperatures) and increased flow in the winter
and spring due to increased winter precipitation and reduced snowpack.
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Figure 18. Water balance comparison of historical and two future periods, for RCP4.5 and RCP8.5 (from Modi et al. 2021). CWu =crop
water use, PE = effective precipitation, TR=total runoff, ETC = ET with CO2 effect, ETC w/o CD = ET with no CO2 effect. The top and
bottom plots represent corn and soybeans, respectively.
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Table 4. Studies reporting on climatic drivers on impacts on nutrient and sediment cycling and export, and the primary climate
factors influencing the response..

Source Nitrogen Phosphorus Sediment Primary Climate Factors Other

Shenk et al.
2021
CMIP5

2025
+2.4%
2050 RCP4.5
+8.3%

2025
+3.1%
2050 RCP4.5
+15.3%

2025
+3.3%
2050 RCP4.5
+16.2%

Increased water balance
from greater precipitation
volume (N) and intensity (P
& Sediment)

Alam et al.
2017
CMIP3

N Yield
A2
2030 −3.6%
2050 −4.4%
2090 −13.9%
B1
2030 −3.4%
2050 −4.8%
2090 −9.0%

Not reported Not reported N decrease from greater
denitrification driven by
increased temperatures

Lee et al.
2017
CMIP3

NO3
A1B +28% to +43%
A2 +27% to +42%
B1 +23% to +35%

Not reported Not reported N increase from greater
precipitation volumen

Biomass of cover crops
A1B +7% to +24%
A2 +37% to +58%
B1 +37% to +43%

Lee et al.
2018
CMIP5

NO3
+56% to +66%
Summer export −27% to
−20.2%

Not reported Not reported N increase from greater
precipitation volume and
increased N mineralization
from increased temperatures

Increases in yield with
CO2 effects.

Increased N
mineralization +23% to
+27%

Renkenberger
et al. 2016
CMIP3

TN
2046-2064
A1B +61%
A2 +57%
B1 +56%

TP
2046-2064
A1B +49%
A2 +47%
B1 +43%

2046-2064
A1B +86%
A2 +74%
B1 +63%
2081-2100

Increased water balance
from greater precipitation
volume (N) and intensity (P
& Sediment)

CSAs occupying 11% to
21% of the watershed
area contribute
31% to 45% of
constituents
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2081-2100
A1B +89%
A2 +72%
B1 +52%

2081-2100
A1B +62%
A2 +74%
B1 +49%

A1B +132%
A2 +121%
B1 +81%

Wagena et al.
2018
NARCCAP

NO3
0% to +18.9%
Mean +6.5%
Winter export +24% to
+29.5%
Summer export −26.1% to
+14.2%

DP −1.7 to +55.9%
Mean +16.6%
winter and spring +20 to
+30%
TP −0.2% to +43.2%,
Mean +10.8%
Sed P −4.5% to +35.8%,
Mean +6.7%
winter and spring +25.7%
to +78.2%

−4.5 to +35.8%,
Mean 6.7%
winter and spring
+8.7% to +56.2%

N increase from greater
precipitation volume and
increased N mineralization
from increased
temperatures.
DP mineralization decreases
from increased soil moisture
(precipitation).
TP & Sediment increase from
higher precipitation intensity.

Increases in nitrification
of 0% to +14%,
Mean +6% , winter and
spring +16.4%.

Reduction in GHG
emissions
P mineralization decline
−4.6% to −23.1%
Mean −11.8%

Wagena and
Easton 2018
CMIP5

NO3
2041-2065
−31.2% to +12.3%%
Mean −9.2%
2075-2099
−29.4% to −6.5%
Mean −14.7%
TN
2041-2065
+4.7% to +13.3%%
Mean +8.9%
2075-2099
+5.2% to +17.3%
Mean +11.6%

DP
2041-2065
−27.2% to +4.3%
Mean −16.4%
2075-2099
−27.1% to −1.9%
Mean −11.8%
TP
2041-2065
−14.7% to +5.6%
Mean −4.5%
2075-2099
−10.9% to +6.4%
Mean −2.1%

2041-2065
+6.8% to +59.6%
Mean +25.9%
2075-2099
+17.6% to +71.2%
Mean +28.7%

NO3 decline from increased
denitrification.
TN increases from greater
precipitation volume.
P & Sediment increases from
greater precipitation volume
& intensity.

Xu et al. 2019
TN −2.9% Not reported Not reported NARCCAP A2

Baseline 1989–2007
Future 2045–2068
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Nutrient and Sediment Cycling/Export

Fewer studies in the Bay watershed report on alterations to nutrient and sediment cycling and
export resulting from climate change. Eight model based studies were included in the synthesis
(refer to Table 3). As with the hydrologic response of the watershed, results from the literature
suggest a wide range of potential changes, both to processes influencing nutrient and sediment
cycling, such as denitrification or phosphorus mineralization (Wagena et al. 2018), and to
waterhead yield/export. In many cases the alterations to nutrient and sediment cycling and
yield is proportional to the changes in precipitation occurring over the watershed. As discussed
previously, increases in precipitation are particularly pronounced during the winter/spring
periods, with slight declines during the summer, which may increase nitrogen (N), phosphorus
(P) and sediment export from watersheds (Chang et al. 2001; Cousino et al. 2015). Drier
conditions in the summer and fall also have been shown to increase the buildup of soil nutrients
that can subsequently be flushed from the system when wet conditions return (Kaushal et al.
2008; Wetz and Yoskowitz 2013). Temperature (and ET) can also affect changes to nutrient and
sediment yield/export, by altering how nutrients in particular, are cycled in the biomass, soil,
and groundwater. Understanding these changes is critical to planning and implementing
resilient BMPs.

Nitrogen

All eight studies included in the review reported on changes to nitrogen cycling and or export as
summarized in Table 4. Estimates from the Bay program (Shenk et al. 2021) suggest modest
increases in nitrogen (Total N) yield from the watershed; +2.4% for 2025, and +8.3% for 2050 for
RCP4.5 (Table 4). Results from the sensitivity analysis (Shenk et al. 2021) suggest that changes to
precipitation were the most significant factors resulting in increased delivery of nitrogen, while
changes to temperature and its impact on ET were less significant, but resulted in decreased
delivery of N. Integrated scenarios (combined temperature, precipitation, and CO2 effect) show
changes in N export to largely follow changes in streamflow; for 2025 flow increased +3.1% with
an associated increase in N export of +2.4%,for 2050, flow increased +6.0% an, with an
associated increase in N export of + 8.3%. Also similar to flow, the largest changes in N export
tended to be seen during the November to May period, with increases as high as ~+17% (2050),
summer N yield increases tended to be smaller (~+2% to +4% for 2050). Notably, Shenk et al.
(2021) results suggest substantially greater N yields for more southern basins, including the
James, Rappahannok, and Potomac, which all display N yield increases well above the
watershed average (on the order of +12% to +15% increases for 2050).

Several other studies report changes to N export of similar magnitude Table 4. For instance
Wagena et al. (2018) report an +6.5% increase in annual NO3 export (2045-2068), with
substantial winter and spring increases (+24% to +29.5%); summer changes N yields were
variable, ranging from +14.2% increases, to -26.1% decreases, depending on the individual
climate model. (Wagena et al. 2018) also show substantial increases in large event (Q90) nitrate
(NO3) export and a decrease in smaller event (Q10) NO3 export, indicating substantially more
variability than the historic record displayed. Peak NO3 export timing does not change
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considerably, historically occurring in March, during snowmelt, late May, following fertilizer
application and again in December following crop harvest, but winter export increases
significantly, from 60 to 80 kg d−1 to 85–105 kg d−1. The historic summer/fall (June–November)
NO3 export is substantially reduced under future conditions, primarily a result of decreased
streamflow from reduced runoff that result from drier summer soils, while the increase in
winter/spring is due to greater runoff and increased nitrification from warmer wetter soils
(Wagena et al. 2018). Xu et al. (2019), using data from Wagena et al. (2018), report a slight
decrease in annual total N (TN) export, -2.9%, due warmer future temperatures decreasing
streamflow and increasing denitrification, although they did not report on the seasonal timing
of those changes.

Wagena and Easton (2018) report a decrease in NO3 export, but an increase in TN export for the
Susquehanna River basin using CMIP5 projections. Nitrate is expected to decrease by -9.2% for
2041-2065 and -14.7% for 2075-2099, while TN increases by +8.9% for 2041-2065 and +11.6%
for 2075-2099 (Table 4). They report that the decrease in NO3 is due to increased denitrification
from warmer temperatures and higher soil moisture, while the increase in TN is driven primarily
by a decrease in both mineralization and nitrification, particularly during the drier summer
periods (Groffman et al. 2009b) allowing more soil TN build up.

(Alam et al. 2017), using SPARROW and CMIP3 climate data suggest slight decreases in annual
TN yield for the Chesapeake Bay watershed. Decreases range from -3.4% for the 2030 periods
B1 scenario to-13.9% for the 2090 periods A2 scenario Table 4. They suggest these changes are
due to higher temperatures in the watershed lowering N yields because of greater
denitrification (Schaefer and Alber 2007).

Results from the other studies in Table 4 (Lee et al. 2017, 2018; Renkenberger et al. 2016) show
much greater changes to N yields. Lee et al. (2017) predict substantial increases in annual NO3

yield using CMIP3 data for the 2085-2099 period; A1B scenario +28% to +43%, A1 scenario
+27% to +42%, and B1 scenario +23% to +35%, depending on crop type (rye vs wheat vs barley)
These responses are due to the much greater predicted streamflow under the future climate
Table 4, and less so on any alterations to N cycling in the watershed. Lee et al. (2018) using
CMIP5 data for the 2083-2098 period show similarly large NO3 yield increases, +56% to +66% for
two adjacent coastal plain watersheds. They note substantial intra annual changes to NO3 yields,
with substantial summer increases (+35,6% to +62.5%), changes during the winter and spring
were more variable, with one watershed exhibiting a -9.5% decrease and the other showing a
+1.6% increase. Both Lee et al. (2017 and 2018) considered the CO2 effect in their analyses,
concluding that increased water yield, caused by elevated CO2 concentrations reducing ET
anduced considerable increase in summertime nitrate yield. Further, Lee et al. (2018) suggest
that the increase in NO3 yield is also due to increased N mineralization of +23% to +27%, similar
to Wagena et al. (2018). Renkenberger et al. (2016) also using CMIP3 data for the 2046-2064
and 2081-2100 periods also report very large changes to TN yields. They suggest that near term
(2046-2064) TN yields my increase by +56% (B1 scenario) to +61% (A1B scenario), while late
century TN yields are even more variable and potentially even larger (+52% for the B1 scenario
to +89% for the A1B scenario).
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Consensus on Nitrogen: Large changes to nitrogen cycling and export can be expected, although
there is a great deal of uncertainty encompassing these predictions. The direction and
magnitude of these changes depends on many factors (climate models and radiative forcing
used, timing of precipitation and temperature changes, effect of elevated CO2, biophysical
model used, landscape management, etc), and how they interact. The consensus CMIP5 (model
based) estimates suggest slight increases in N yield (NO3 or TN) of approximately +3% to +10%,
although there is variability around these estimates as well. Studies employing CMIP3 data
contain considerably greater ranges of N yield, from increases of +89% to decreases of -13.9%.
Most estimates tended to be driven primarily by changes in streamflow, as induced by
precipitation and temperature effects, and not changes in internal (watershed) N cycling.
Supported by medium agreement and medium evidence among studies.

Phosphorus

Only four systematic review studies in the Bay watershed report climate change impacts on
phosphorus (P) cycling or yield (Table 4). Estimates from the Bay Program (Shenk et al. 2021)
show moderate to substantial increases in phosphorus loading, with a +3.1% increase in 2025
and a +15.3% increase in 2050 for RCP4.5. Similar to N, P yield predictions tended to increase
most substantially for the Potomac, James, and Rappahannok basins (~+22% to +30% for 2050).
Also similar to flow and N, seasonal changes in P yield tended to follow changes in precipitation,
with proportionally greater increases in P yield occuring in the winter period, on the order of
+4% to +7% for 2025, and +15% to +19% for 2050, summer changes were minimal (<2%).

In the Susquehanna River basin, Wagena and Easton (2018) showed most climate models
predicting a decrease in both TP and DP during both scenario periods (Table 4). The mean
annual DP export decreased by +16.4% for the 2041–2065 period and +11.8% for the
2075–2099 period. Mean annual TP decreased by -4.5% for the 2041–2065 period and -2.1% for
the 2041–2065 period. The decrease in DP was driven by decreased mineralization of fresh
organic P in the soil, by +11.8% and +18.2% during 2041–2065 and 2075–2099 periods,
respectively. This resulted in decreased DP (and as a result TP) export of +10.3% and +8.6%
during 2041–2065 and 2075–2099, respectively. This was despite an increase in surface runoff
and sediment export (Table 4).

In the small WE38 experimental watershed Wagena et al. (2018) predicted mean annual
increases in both dissolved and total P, with DP increasing +16.6% and TP increasing +10.8%
Table 4. Similar to Shenk et al. (2021), increases tended to be greatest in winter and spring,
although Wagena et al. (2018) predictions are more variable (+20% to +30%). Similar to
streamflow, there is considerable variability among the mean annual change predicted by the
models for DP export (−1.7% to +55.9%) although they note substantial increases in high flow
yields and decreases in lower flow yields. Further they note that the increased DP yields occur
despite a decrease in soil P mineralization (the conversion of insoluble organic P to soluble
inorganic P, dissolved P), due to a significant increase in surface runoff and sediment-bound P
from increased storm intensity. In fact the P mineralization decline was quite significant ( −4.6%
to −23.1% with a mean of −11.8%), but was countered by increases in runoff + (+3% to+6%)
Table 4. Wagena et al. (2018) also found that at the watershed scale sediment P increased a
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modest amount, +6.7% Table 4 but at the agricultural field scale that sediment bound P yield
increased substantially, driven by large winter/spring increases. Mean annual increases ranged
from +2.1% to +47.4%, with a model mean increase of +20.9%. Increases in the winter and
spring range from +25.7% to +78.2%, while decreases are predicted during the summer fall
(−6.0%). The increased peak winter and spring export was due to the combined effect of
increased surface runoff, greater rainfall intensity, reduced snow cover, and spring tillage
occurring simultaneously.

Using CMIP3 data Renkenberger et al. (2016) for the 2046-2064 and 2081-2100 periods report
very large changes to TP yields. They suggest that near term (2046-2064) TP yields my increase
by +43% (B1 scenario) to +49% (A1B scenario), while late century TP yields are even more
variable and potentially even larger (+49% for the B1 scenario to +72% for the A2 scenario).
These increases are due to similar increases in streamflow/runoff in the watershed (Choptank),
which ranged from +51% to 86% (Table 4), and not a result of any identified changes to P cycling
in the watershed.

Consensus on Phosphorus: Similar to nitrogen, phosphorus processing and export/yield
predictions for a changing climate exhibit substantial variability, both in magnitude (-16.1% to
+74%) and in timing. While there is variability in the annual P export predictions the central
tendency of the studies included in Table 4 indicate modest annual changes (likely increases on
the order of +3% to 15%) depending on time period and radiative forcing. Of the studies that
reported intra annual changes to P export, all report substantial increases in winter and spring
export, with most also predicting a decline in the summer. The most important factors
controlling P export are precipitation intensity and precipitation volume (as expressed via
streamflow), with temperature influencing P yields to a lesser extent. Supported by high
agreement and medium evidence among studies.

Sediment

The Bay Program estimates of sediment export changes from climate change (Shenk et al. 2021)
(Shenk et al. (2021), Table 4) are similar to changes predicted for sediment; a +3.3% increase for
2025, and a +16.2% increase for 2050 for RCP4.5. Based on climate sensitivity, these changes
are driven primarily by increased precipitation intensity, followed by precipitation volume, with
temperature having less of an impact on sediment production and transport. Shenk et al. (2021)
note that although the differences in simulated flow are almost similar between their
methodologies (distributing rainfall across equal intensity deciles vs using the observed intensity
changes where there has been a 64.3% increase in the rainfall intensity in the highest decile
>Q90%), the resulting changes in sediment delivery is quite significant. That is, there is much
greater sediment delivery using the observed rainfall intensity changes, due to higher delivery
of particulate matter with higher intensity events. Temporally, Shenk et al. (2021) indicate much
greater increases in winter and spring period sediment delivery (~+5% to +20%) than in
summer, but with substantial variability among the 31 climate models, with winter and spring
delivery ranging from approximately -20% to +82% (Figure 19).
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Figure 19. Chesapeake Bay Program estimates of changes in flow, nutrients, and sediment for
the 2050 period, using CMIP5 RCP4.5 radiative forcing. Box and whiskers show interannual
variability, whereas the solid lines show average annual change. From Shenk et al. (2021).

Only three review studies reported on changes to sediment delivery, Renkenberger et al. (2016),
using CMIP3, Wagena et al. (2018), using NARCCAP, and Wagena and Easton (2018) using
CMIP5. Wagena et al. (2018), in a small agricultural watershed, predicted watershed level
sediment export increases of +6.7% (2045-2068), with considerable variability among the seven
climate models used (-4.5% to +35.8%). They noted increases in Q90 (+17.1%) sediment export,
with reductions in the Q10 metric. and that much of the annual increase is due to increased
sediment export in the winter and spring period coinciding with tillage of the agricultural fields
and reduced ground cover. Wagena et al. (2018) also looked at the potential climate change
impacts at the agricultural field level (Figure 20). Sediment yield from the agricultural field in
the watershed increased +8.0%. All seven climate models predicted substantial increases in
sediment yield during the winter and spring (+6.6% to +43.5%). These increases were consistent
with and of similar magnitude as the changes in surface runoff. They note that the increase in
sediment-bound P is proportional to the increase in sediment yield.
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Figure 20. Annual and seasonal changes (%) for surface runoff (a), snowmelt (b), actual
evapotranspiration (c), sediment yield (d), sediment-bound P export (e), dissolved P export (f),
nitrification rate (g), phosphorus mineralization rate (h), N2O emission rate (i), and N2 (j)
emission rate averaged across agricultural HRUs for seven NARCCAP climate models relative to a
historical scenario (1975–1998) for the future time period (2045–2068). From Wagena et al.
(2018).
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Figure 21. Percent change from the historical baseline for flow(a), runoff (b), sediment (c),
nitrate (d), total nitrogen (e), dissolved phosphorus (f), and total phosphorus (g) for the six
individual CMIP5 climate models, and two future climate periods. From Wagena and Easton
(2018)

Wagena and Easton (2018), in the Susquehanna River basin, report increases of +25.9%
(2041-2065) and +28.7% (2075-2099). The reported changes are substantially larger than the
values reported by Shenk et al. (2021), or Wagena et al. (2018) in Table 3. However, in the
Wagena et al. (2018) analysis all six climate models predicted, often substantial, increases in
sediment delivery; +6.8% to +59.6% for 2014-2065 and +17.6% to +71.2% for 2075-2099, while
individual climate forced model prediction from Shenk et al. (2021) and Wagena et al. (2018)
were in less directional agreement (e.g. individual models produced both increases and
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decreases in sediment delivery (Figures 19, 20 & 21). Wagena and Easton (2018) determined
that three primary factors are largely responsible for the substantial sediment increases; one is
the timing of precipitation with increases occurring in the winter and spring period, when there
is less ground cover, the second is greater precipitation intensity (+6.5% to +10.1%), and the
third is an increase in surface runoff, which they report as +3.2% (2041-2065) and +5.6%
(2075-2099).

Using CMIP3 climate data, Renkenberger et al. (2016), in the Choptank watershed, predict
sediment delivery to increase by +63 % to +132%. The greatest increases are for the 2081-2100
period; +132% for A1B, +121% for A2, and +81% for B1 scenarios. Mid-century (2046-2064)
increases in sediment delivery are more modest, but still substantially higher than other studies
in the basin; +86% for A1B, +74% for A2, and +63% for B1 (Table 4). They suggest that increases
in both the precipitation volume and precipitation intensity, primarily occurring in the winter
and spring period, are responsible for the majority of the annual increase. Further they note
that critical source areas (CSAs) of the watershed (areas characterized by disproportionately
high sediment losses) are likely to expand in extent given climate change, stating that CSAs
currently occupying 18% of the watershed area, generating 46% of sediment, will increases to
between 37% to 45% of the area, generating 75% to 81% of the sediment.

Consensus on Sediment: All studies reporting sediment changes under a changing climate
indicate increases in sediment yield. Although there was considerable variability among studies,
those employing CMIP5 projections tended to suggest sediment increases on the order of +5%
to +20%, with greater sediment yields towards the end of the century, and losses concentrated
in the more intense storms. Precipitation intensity, followed by precipitation volume, and
increased surface runoff were the most critical factors influencing increased sediment yield.
Wagena et al. (2018), in a small agricultural watershed, predicted watershed level sediment
export increases of +6.7% (2045-2068), with considerable variability among the seven climate
models used (-4.5% to +35.8%). They noted increases in Q90 (+17.1%) sediment export, with
reductions in the Q10 metric. and that much of the annual increase is due to increased
sediment export in the winter and spring period coinciding with tillage of the agricultural fields
and reduced ground cover. Wagena et al. (2018) also looked at the potential climate change
impacts at the agricultural field level (Figure 20). Sediment yield from the agricultural field in
the watershed increased +8.0%. All seven climate models predicted substantial increases in
sediment yield during the winter and spring (+6.6% to +43.5%). These increases were consistent
with and of similar magnitude as the changes in surface runoff. They note that the increase in
sediment-bound P is proportional to the increase in sediment yield. Supported by medium
agreement and limited evidence among studies.
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Synthesis Question 2:  How do climate change and variability affect
BMP performance?

Evaluating how climate change may impact efforts to restore and protect the Chesapeake Bay
poses challenges from the accumulation of uncertainty through future climate impacts on
pollution generation, transport, BMP pollutant processing, and the ultimate response of the Bay
ecosystem. Building on our previous discussion of climate impacts on hydrology nonpoint
source pollution, here we examine the effects of climate change and variability on BMP
performance. A simplified material balance for nutrient and sediment control BMPs (Figure 1)
provides a conceptual framework for approaching this question and demonstrates the
complexity of climate drivers affecting each component of the model.

Our goals are identifying which BMPs are likely to result in the best water quality outcomes
under climate change and the uncertainties that will dominate the CBP’s ability to predict
nutrient delivery to the Bay.  To this end, we begin with describing some key terms or concepts
that were not covered in the previous section. We then describe our systematic search
methodology to identify the pollution removal mechanisms and factors influencing BMP
performance to answer the question: by what mechanisms can climate change and variability
affect BMP nutrient and sediment removal efficiency? The complexities of addressing this
question are illustrated with an application of the above conceptual model (Figure 1 ) to several
BMPs, cover crops, stormwater infiltration practices, and tidal wetland restoration. We provide
a summary of the published literature identified by our systematic search for each BMP, which
provides a useful overview of the relative supporting research for each practice and some of the
knowledge gaps. Expanding to a broader range of BMPs, we categorize practices according to
their pollution reduction mechanisms and summarize the dominant factors controlling pollution
reduction. By comparing the factors influencing BMP performance to the major climate impacts
and uncertainties identified in question one, we address the mechanisms and unknowns of
climate impacts. We discuss the current understanding of BMP performance uncertainty and
risk of failure compared to the expected risks associated with future climates to answer the
question: how does climate change uncertainty affect BMP performance variability? The
susceptibility of BMPs to climate impacts is also evaluated in terms of a risk spectrum, ranging
from diminished performance to complete failure of a BMP. Knowledge gaps and additional
research needed to support robust landscape management are identified. We conclude with a
discussion of opportunities for improved decision-making given future climate uncertainties,
including recommendations for the Chesapeake Bay Program to feasibly fill some of the most
glaring and urgent knowledge gaps.

Synthesis Question 2a. By what mechanisms can climate change and variability
affect BMP nutrient and  sediment removal efficiency?

To define BMP pollution reduction mechanisms and identify the dominant factors controlling
BMP performance, we evaluated published literature reviews, syntheses, and meta-analyses of
nutrient and sediment pollution reduction by urban and agricultural BMPs. As the most
comprehensive database of scientific journal articles, selected the Web of Science and used
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searched for articles by topic using the following terms: “TS=((review OR meta-analysis OR meta
analysis OR synthesis) AND (best management practices OR conservation practices) AND
(removal OR efficiency OR performance) AND (nitrogen OR phosphorus OR sediment))”. Results
were updated weekly with an automated search for new publications.. Each article was
screened for the following inclusion criteria according to the abstract and full text if needed: 1.
reports agricultural or urban bmp performance in efficiency (% removal) or removal rate
(mass/time), 2. combines data from multiple studies or multiple study sites, 3. pollution
removal may be empirical and modeled (but the evidence of performance from empirical
studies will be weighted more heavily), 4. addresses a widely used practice (as previously
defined). The search yielded 412 results, 46 of which were determined to meet inclusion criteria
and 302 of which were excluded. Extracted data included: locational context (geographical
location, land use, watershed size), study characteristics (number of sites/studies, duration),
BMP characteristics (pollutants addressed, measure of central tendency (mean and/or median,
as available) and range of pollutant removal efficiencies (concentration or load reduction) or
removal rates,  performance variability, factors identified by the original authors as influencing
BMP performance, and other ecosystem services provided), and major conclusions by the
original authors. Data quality were evaluated by assessing methodological rigor; nearly all
studies were determined to be of sufficient quality, but a few initially included studies were
ultimately lower priority because they overly relied on modeling results (e.g., a review of
(semi)mechanistic models of vegetated filter strips by Yu et al. 2019), or they were broader
review papers that arbitrarily cited several articles for a given BMP rather than summarized
findings from a systematic search (e.g. a review of new and major technologies for N and P
reduction in agricultural runoff (Xia et al. 2020)).

Subsequent to the initial search, several BMPs based on habitat value and other ecosystem
services were  prioritized: living shorelines, tidal wetland restoration, oyster restoration, oyster
aquaculture, and forest buffers. An additional search of was conducted in the Web of Science
databases for articles published in 2000 or later producing 206 hits: TS=((climate change OR
climate variability OR climate extremes OR climate uncertainty OR global warming OR future
climate OR saltwater intrusion OR saltwater inundation OR acidification OR sea level rise OR
resilience OR adaptation) AND (living shoreline OR veg* shoreline OR wetland restoration OR
marsh restoration OR oyster restoration OR oyster aquaculture OR forest buffer OR
nature-based OR green engineering OR green infrastructure OR natural infrastructure OR
engineering with nature OR reef balls OR reef maker OR rock sill OR coir logs OR oyster castles
OR wave abatement) AND (removal OR efficiency OR performance OR effect*) AND (nitrogen
OR phosphorus OR sediment OR water quality OR nonpoint source pollution OR diffuse
pollution) AND (tidal OR Chesapeake Bay OR estuar*) NOT (mangrove)) AND AD=(United States
OR USA). Inclusion criteria were relaxed from the initial search given the lower availability of
publications for some of these practices and their tendency to be assessed more broadly in
terms of ecological function rather than by quantitative effects on N, P, and sediment. Therefore
criterion one to derive data from multiple studies or sites was eliminated, and criterion two was
expanded to include qualitative evaluation on pollutants, including addressing water quality
impacts indirectly (e.g., change in denitrification potential rather than N load reduction or .
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Forty-seven articles were determined to meet inclusion criteria, of which two duplicated the
initial search, yielding 45 additional articles.

Table 5 -Table 8 summarize the study design and findings for the literature collected by these
systematic searches. Studies are grouped by BMPs in separate tables by sector, Agriculture
(Table 5), Natural or Cross-Sector (Table 6), and Urban (Table 7). We present large, cross-cutting
reviews of a range of BMPs separately in Table 8 to emphasize their broadly applicable
conclusions, which are discussed in more detail below.

We acknowledge several important limitations to our literature search methodology. Applying
principles of a systematic review to address our broad research questions about climate impacts
on BMP performance, we aimed to avoid bias in literature selection and drawing on a wide
range of literature to build a mechanistic understanding of BMP function from published
evidence rather than a priori knowledge. To balance the needs for comprehensive and efficient
data collection and synthesis, we selected a ‘review of reviews’ approach, which focused on
previous literature review, meta-analyses, and scientific syntheses on the topic of BMP
performance. For some practices, more relevant and complete information would be obtained
by focusing on field studies conducted within the Chesapeake Bay watershed rather than
limiting investigation to higher-level synthesis studies. For example, the extensive meta-analysis
of phosphorus fertilizer agronomic and environmental impacts by Chien et al. (2010) combines
data from a wide variety of crops, fertilizer formulations and application methods, and
geographic locations that drawing any quantitative conclusions is difficult. Relatedly,
management practices that are more complex (as nutrient management involves many different
components and decisions) or diverse (as cover crops involve hundreds of combinations of
cover and crop species), appeared less likely to be represented in previous science syntheses
captured by our search; we captured no reviews or meta-analyses of cover crops. Some BMPs,
particularly nature-based approaches and ecological restoration produce such site-specific
outcomes that systematic review methodologies are difficult to apply and first-order, individual
studies would likely provide better evidence for addressing our research questions. Ultimately,
the methodological decisions intended to produce a comprehensive overview of the literature
may have limited our ability to synthesize published data for particular BMPs, introducing bias
and limiting our conclusions. However, we provide a useful resource and starting point for
future research focused on individual BMPs or elements of our research questions. Additionally,
the abundance of literature on a particular BMP provides some insight into where research gaps
exist, though the caveats of the ‘review of reviews’ approach and limitations of our particular
search terms is acknowledged.
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Table 5. Agriculture BMPs

BMP/Study Description

Nutrient management

Abalos et al. 2014 Meta-analysis of urease inhibitor and nitrification inhibitors

Chien et al. 2010 Review of agronomic and environmental effects of various forms of P fertilizer reinforcing the “4R’s”
clearly lower the risk of P loss, but quantitative effects difficult to summarize given variety of crops,
methods, and locations of studies.

Quemada et al. 2013 Review of 44 studies to assess four strategies to reduce nitrate leaching from irrigated cropland, including
water and fertilizer management, cover crops and “fertilizer technology,” which included a total of 279
observations of nitrate leaching and 166 for crop yield. The authors found that adjusting water application
reduced nitrate leaching by 80% on average without a loss in crop yield; improving fertilizer management
reduced nitrate leaching by 40% on average.

Xia et al. 2017 Meta-analysis of 376 studies (with 1166 observations) to assess effects of seven N management practices
on crop productivity, nitrous oxide emissions, and major reactive N losses with respect to major grain
production in China (rice, wheat, corn). The seven specific practices (# observations) include:
controlled-release N fertilizer (332); nitrification inhibitor (NI) (151); urease inhibitor (UI) (80); higher
splitting frequency of fertilizer N application (241); lower basal N fertilizer (BF) proportion (92); deep
placement of N fertilizer (38); and optimal N rate based on soil N test (232). The authors refer to the
practices collectively as “knowledge-based N management,”  which they found could increase grain yield
while reducing various N losses.

Conservation tillage or no-till

Blanco-Canqui and Lal
2009

A key paper for understanding the role of crop residue along with Ranaivoson et al. (2017). Review that
focuses on soil and environmental benefits of crop residue, includes a thorough review of soil physical and
chemical properties with respect to effects of residue removal. The authors synthesize information with a
focus on the crop residue independent of tillage considerations. They offer a lot of generally useful
insights. Among their conclusions, they find that based on the rapid response of soil organic matter and
nutrient pools, that residue removal can be detrimental to future soil productivity and environmental
concerns such as pollution from soil erosions and greenhouse gas emissions. They argue that unless
threshold levels of residue are maintained alongside implementation of other BMPs such as cover crops,
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removal of residues will increase soil erosion, reduce soil organic carbon sequestration and nutrient pools,
and eventually contribute to reduced crop production.

Blanco-Canqui and
Wortmann 2020

Review of studies to assess the role and impact of occasional tillage within continuous no-till systems.
They discuss some potential benefits or or other effects: as a general increase in sediment and
sediment-bound nutrient losses, but a reduction of both pesticides and dissolved nutrients in runoff.
Though the authors note there is limited data from the 30 reviewed studies regarding the length of useful
time for occasional tillage and they suggest that the benefits are short-lived (<2 years) and occasional
tillage is not a regular option for continuous no-till systems. They conclude there is little to no effect on
greenhouse gas fluxes or long term carbon sequestration from occasional tillage.

Smith and Chalk 2020 Review of over 116 studies that used 15N isotopic techniques to evaluate the effect of tillage and no-till
cropping systems. The authors conclude that the reviewed studies were “surprisingly consistent” in
showing relatively little impact of tillage on N mineralization, immobilization and N use efficiency. They
found that N2 fixation was greater under no-till under two conditions: when mineral N was lower and
plant available water was improved due to weed suppression.

Ranaivoson et al. 2017 Key paper for understanding role of crop residue for a range of agro-ecological functions, notably soil
water infiltration or evaporation, water runoff, soil erosion, soil N or P, and others. The authors analyze
data reported in the literature, compared to a bare soil no-till baseline, and present findings mostly based
on residue amount (tons per hectare) but they also chart data when reported as residue coverage (CBP
tillage practices include residue coverage percentages in their definitions). The data includes a wide range
of crops, with an international scope that includes a wide range of climate conditions.

Cover crops

Quemada et al. 2013 See under nutrient management above.

Bergtold et al. 2017 An “economic review” of cover crops but no specific discussion of nutrient or sediment reductions or
processes

Bosch et al. 2014a;
Schmidt et al. 2019;
Wallace et al. 2017; Xu

Studies identified through 2(b) search and review, which include cover crops in their modeling studies.
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et al. 2019

Riparian forest buffers1

Sweeney and Newbold
2014

Key paper. Reviews upland and in-stream benefits of buffers and considers significance of buffer width,
suggesting that buffers of 30m or more offer the best protection of their assessed range of environmental
benefits to the stream ecosystem.

Vegetated buffers or filter strips

Zhang et al. 2010 Develops theoretical models of vegetated buffers’ ability to remove N, P, sediment or pesticides;
vegetation types discussed include trees, grass and mixed.

Liu et al. 2008 Review of 80 buffer experiments identifying dominant factors and optimization for sediment trapping.

AWMS

BMP Expert Review
Panel

Collection, storage, and transfer--recovery of animal waste so those nutrients can be applied as part of a
NMP (or potentially subject to manure treatment technologies) rather than lost from landscape were at
potentially high rates often from critical source areas (e.g., near streams). I see little opportunity for CC to
impact AW collection/storage/transfer other than uncovered lagoon storage, which can be covered or
enlarged to accommodate larger storm inputs.

Climate change impacts come in at the NMP level (and presumably elevate nutrient export baseline in
absence of AWMS + NMP): how does CC affect NUE? Fertilizer requirements and availability? Aside:
manure analysis recommended but rarely used as part of NMP

Other

Koelsch 2005 Case-study of CAFO BMPs finding voluntary BMPs including modified feeding programs could have a
larger impact than mandatory BMPs like NMP or buffers.

Cristan et al. 2016 Review of forestry BMPs by  geographic region of the US. Does not provide a numerical summary of
pollution reduction efficiency.

Mondelaers et al. 2009 Meta-analysis of organic vs. conventional farming effects on N and P leaching.

Kubota et al. 2018 Effect of organic vs. conventional farming on nitrogen use efficiency.

Mack et al. 2019 BMPs for nurseries/greenhouses

Ross et al. 2016 Drainage water management
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Lammerts van Bueren
and Struik 2017

Review of crop breeding effects on nitrogen use efficiency.

Xia et al. 2020 Non-systematic review of N removal technologies, including “ecological ditches” and use of biochar.
1 Riparian forest buffers listed here in the agriculture BMPs table due to extreme length of “natural” BMPs table; the CBP has multiple
versions of forest buffer practices; the studies listed may relate to any of them, including urban forest buffers.

Table 6. Natural or cross-sector BMPs

Study Description

Constructed wetlands or treatment wetlands

Jahangir et al. 2016
A review that demonstrates even engineered systems like constructed wetlands exhibit inconsistent
pollutant removal, varying based on the type of constructed wetland, climate, season, location and
operations/maintenance. The authors note potential improvements to nutrient removal from mixed
vegetation and greater retention times, but with the caveat that empirical evidence was limited at that
time.

Brisson et al. 2020 Meta-analysis of treatment wetlands (28 studies) found significant but low effect of plant diversity on TN
removal, marginal effect on TP and no effect on TSS; overall mixtures not more efficient than best
monoculture for WQ, but since no difference better to use mixture for co-benefits.

O’Geen et al. 2010 Review of “constructed and restored wetlands” with a good overview of contributing processes for various
pollutants’ removal (including N, P, sediment, pesticides, dissolved organic matter, metals, pathogens).
Conceptually they mostly discuss “constructed wetlands” as defined for CBP purposes. They generally
highlight the importance of the same factors and processes as outlined by the 2016 and 2020 wetland BMP
panels (landscape position and inflow, hydrology and retention time, previous site characteristics and
history, among others).

Wetland restoration (nontidal)

Ballantine and
Schneider 2009

Not from initial search; cited by reviewed lit
Looked at 30 restored palustrine depressional wetlands in NY state of varying age classes, concluding that
some soil properties crucial for water quality take decades or longer to reach levels of natural reference
wetlands.

Moreno-Mateos et al. Key paper for overview of wetland functions, wetland restoration (both non-tidal and tidal). Meta analysis
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2012 of 621 restored wetland (including 220 newly constructed) sites compared to 556 reference site function,
globally.  They conclude that even a century after restoration the biological/vegetative and biogeochemical
functions are lower than reference sites. They suggest that large wetlands (>100 ha) or wetlands in warm
climates recover more rapidly. Also, they conclude that riverine and tidal wetlands recover functions faster
than depressional sites (greater hydrologic exchange).

Mason et al. 2016;
Law et al.  2020

Wetland expert panels (2016 and 2020) were informed by both the above studies, among others.

Wetland restoration (tidal)

Liu et al. 2021 Key paper. Meta-analysis to evaluate differences in accretion, elevation, and sediment deposition between
natural and restored coastal wetlands globally. The authors conclude that restored coastal wetlands can
trap more sediment and that the effectiveness of these restoration projects is primarily driven by sediment
availability, not by wetland elevation, tidal range, local rates of sea level rise, and wave height. They
suggest that these nature-based approaches can mitigate coastal wetland vulnerability to sea level rise, but
are effective only in locations with abundant sediment supply.

Note: they define “nature-based solutions” in the paper, which they explicitly state to include: “the
creation of living shorelines through vegetation planting, hydrological reconnection of reclaimed wetlands
to the sea, managed retreat from the shore through removal of flood defenses, and thin-layer sediment
placement that increases wetland elevation...”

Leonardi et al. 2018 Key paper for review of relationship between storms and salt marshes, including discussion of storm
impacts on marsh sediment budgets and resilience to sea level rise; great summary of impacts including
diagram with citations

Doroski et al. 2019 Study of 15 unrestored and 17 restored tidal wetlands along Long Island Sound in CT, with a range of
salinity, land development, and age of restoration (1 to 23 years prior to sampling). In this case restoration
includes any combination of practices that restore tidal hydrology to tidally restricted wetlands (e.g.,
culvert replacement, tidal gate removal, installation of self-regulating gates). The authors don’t estimate
TN or other pollutant removal rates, but they do provide denitrification rates, which increased significantly
with time from restoration, i.e., a >5-fold increase across the sites from 1 to 20+ years. Carbon
mineralization rates did not correlate strongly to time. The authors note differences in C and N process
rates between freshwater and brackish sites: freshwater sites the C and N rates strongly relate to metal
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content while for brackish sites they relate to organic matter and salinity gradients. Useful discussion by
the authors of denitrification citing other studies, noting that decreased denitrification potential may be
driven by multiple mechanisms related to salinity (Zhou et al. 2017) such as direct microbial or enzymatic
effects, formation of toxic compounds like sulfide, and mobilization of nutrients (e.g., export of soil
ammonium seen in (Ardon et al. 2013))

Huang et al. 2017 Study of saltwater intrusion and restoration of freshwater hydrology to wetlands in Yellow River Estuary.
Includes results of soil org-carbon, anammox and denitrification rates, as well as details of microbial
communities. Key points include: (1) their incubation study suggests that denitrification is highly sensitive
to salinization even in the very short term (denitrification rate dropped by 80%); (2) denitrification was the
major pathway for nitrate reduction with a much higher nitrate turnover rate (15-20 times) observed after
freshwater restoration; (3) while the restoration of freshwater did significantly alleviate saltwater stress
and change the microbial communities, it was not efficient in recovery of storage of soil carbon and total
nitrogen, which would take longer to recover if at all.

Ardon et al. 2013 Study of a project in NC, part of Great Dismal Swamp wetland mitigation bank, which includes forested
wetlands and former agriculture fields.
Authors suggest that the spatial extent of increased salt cations (and thus the impact of cation
displacement for NH4) is greater than the extent and effect of biological/microbial changes from increased
SO4. Much of literature has focused on SO4 they say, but the impact of salt ions like Cl- reaches farther
inland than SO4. That said, microbial changes are harder to understand so the relative importance of
abiotic cation exchange and biotically driven changes will be important for coastal WQ. Furthermore, they
point to the role that prior land use and fertilizer application history can play. Their results also suggest that
a site that continually receives low levels of salinity (<5ppt) can potentially release ammonium for long
periods of time, suggesting that hydrologic reconnection should be considered carefully in case it may
increase frequency or intensity of saltwater intrusion and thereby constrain N retention.

Living shoreline

O’Donnell 2017 Review of literature on design and function of living shorelines including nonstructural (marsh
restoration/creation, slope/bank grading, beach nourishment, dune creation/restoration) and hybrid
approaches (incorporating fiber logs, marsh toe revetment, oyster reefs, breakwaters, wave attenuation
devices) with focus on applicability to New England. Though the review does not address nutrients, it
summarizes literature on the effectiveness of living shoreline approaches to counter or withstand wave
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attenuation, storm surge, sea level rise, or stabilize shorelines. Excellent overview, but limited specific
information to summarize here. Some key points include:
Tidal marsh restoration guards against coastal erosion in low wave-energy conditions. Marsh vegetation’s
ability to attenuate small and medium wave heights (< 0.5m) is well documented in field and lab studies.
Even a narrow fringe marsh may be effective to attenuate wave energy.
Living shorelines are likely better for coastal protection when considering gradual, long-term changes than
they are against shorter-term extreme events like storms.

Landry and Golden
2018

Study of 24 sub-estuaries in the Chesapeake Bay and others in the Mid-Atlantic demonstrating the negative
impacts of hardened shorelines on SAVs; shoreline condition more predictive of SAV condition than
landuse. Living shorelines provide more resilience to climate impacts because adjacent SAVs recover faster
after large storm events than those adjacent to hardened shorelines and can migrate where coastal retreat
is allowed.

Liu et al. 2021 See above for discussion of study that also applies for living shoreline given authors’ consideration of
“nature-based coastal protection”

Stream restoration

Williams et al. 2017 Field study of restored wetland-stream complex for 7 years pre- plus post-construction on MD Coastal Plain
demonstrating runoff reduction ~5% and pollutant reductions of ~25-28% TN, ~16-20% TP, and ~28-33%
TSS.  Modeling study of 23 ha developed watershed in MD, with NLDAS-II forcing of several GCMs used CBP
watershed model to predict increase of 12% for precipitation, 22% for streamflow, and 66% for sediment
export. Found 2-3x current BMP implementation needed to achieve pollutant reduction goals given the
additional ~15-30% loading predicted with climate change, even assuming an increase in BMP efficiency of
30%. Also includes a modeling component to assess climate change impacts on stream restoration, how
they can be offset, and how restoration projects can be more resilient.

Oysters (restoration or aquaculture)

Caffrey et al. 2016 Gives some experimental results for denitrification rates by oysters (in their experiment the denitrification
represented 20% of total nitrate uptake). However we expect the forthcoming oyster restoration BMP
panel report will contain far more detailed and relevant data for oyster restoration in this region.

Miller et al. 2017 Study focuses on how to improve modeling for site selection in Gulf of Mexico along Louisiana coast. They
discuss needs to better account for factors beyond temp and salinity, such as predation, recruitment and
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disease/infection. Among their conclusions: low salinity for extended periods especially at higher temps
can kill oysters, larger oysters more resilient;  frequency, duration, and timing of low salinity events
important for oysters; high salinity = increased predation, high salinity + high temp = increased infection

Ridge et al. 2017 Study of marsh and oyster reef sites in Back Sound, NC
Oyster reefs can help slow marsh retreat and preserve buried carbonaceous sediments from erosion.
Consideration of tidal and hydrodynamic conditions of the site may enable coupled restoration and
preservation efforts of oyster reefs and marsh environments to extend ecosystem functions.

Table 7. Urban BMPs

BMP/Study Description

General/varied BMPs

Hager et al. 2019 Thorough review of 9 stormwater BMPs from 102 articles published 2008 and later identifying knowledge
gaps:
• “Lack of consensus on which parameters to measure for effective BMP and LID adoption”
• “High variability in reported BMP performance”
• “Many BMPs are known exporters of nutrient pollutants”
• “Lack of cold weather performance-specific studies for individual BMPs”
• “Lack of human pathogen-related stormwater quality studies for individual BMPs”
Noted potential for nutrient export by permeable pavement, infiltration trenches, bioswales (due to
fertilization),  bioretention, and constructed stormwater wetlands

Koch et al. 2014 Evaluates stormwater BMP N removal performance and variability based on empirical studies (ponds,
wetlands, swales) as well as data from international stormwater BMP database. Very large uncertainty
because studies generally only last for hours to week. They found that some instances of the BMPs act as a
source for forms of N.

Yang and Lusk 2018 Review of stormwater studies; useful overview of nutrients and sources within stormwater runoff but only a
general discussion of BMPs as available options to reduce loads.

Valenca et al. 2021 Not identified in original searches
Authors assess four common types of stormwater practices (bioretention, grass swales, media filters, and
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retention ponds), focusing on nitrate removal. They used data from the international BMP database to
compare the BMPs nitrate removal across Koppen-Geiger climate classification, and also used the data
along with a review of 29 studies to understand  the link between nitrate removal and system design. They
found that nitrate removal by grass swales and bioretention is more sensitive to the local climate than
design specifications, whereas retention ponds are more sensitive to design than to local climate. They
discuss the impact of design factors for each BMP’s nitrate removal, not summarized here. They also
suggest that amendments can improve nitrate removal for these practices, but that selection of the
amendments should be carefully made.

Giese et al. 2019 Not identified in searches
Authors compare two watersheds in Montgomery Co. MD (within Clarksburg and Germantown) in close
proximity, with one developed more recently using green infrastructure and infiltration type practices, while
the other one was developed pre-1990s with traditional practices (dry and wet ponds, etc.). They use SWAT
to evaluate the differences in runoff under future climate conditions.

Bioretention

Kratky et al. 2017 Review of bioretention performance, including discussion of key factors affecting BMP performance, with
an emphasis on research applicable to cold climates. The focus on colder climates includes greater attention
to related management concerns such as road de-icing salts.

Goh et al. 2019 Review of bioretention design (in tropics), including hydrologic factors, temperate climate

Osman et al. 2019 Review that considers design of bioretention to improve N removal. The authors note that some studies
have reported nitrogen leaching from bioretention sites, especially when there are large amounts of
nutrients in the filter media’s organic matter or from a buildup of external organic matter. The authors point
to studies that show promise when combining a saturated zone for anaerobic denitrification along with
aerobic conditions in the soil media when combined with a carbon source - provided that the carbon source
does not introduce an excess of nutrients that can become a source of leaching.

Qiu and Wang 2013 Short review with emphasis on phosphorus leaching and matrix materials.

Roy-Poirier et al. 2010 Good review of existing literature at the time, but less recent than other studies and reviews for our
purposes.

Other

Boger et al. 2018 Review of roadside vegetated filter strips and swales, based on pollutant concentrations and not loads.
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They found that the practices were generally efficient at removing TSS, but less efficient at removing
dissolved forms of nutrients or other pollutants. They identify studies reporting negative removal for
various pollutants, likely due to the build-up and subsequent purge of those pollutants and other materials.

Gavric et al. 2019 Identifies knowledge gaps for urban vegetated filter strips.

Penn et al. 2017 Review of 40 studies of P removal structures. A key reference in recent ag drainage BMP panel’s review
(Bryant et al. 2020) which included P-removal structures.

Tyner et al. 2011 Review of BMPs for construction site erosion and sediment control.

Table 8. Notable meta-analysis, reviews or other cross-cutting or multi-BMP articles

Study Description Key insights

Liu et al. 2017 Review of previous reviews of urban (8)
and agricultural BMP (16) studies
(including the 2009 CBP report by
Simpson and Weammert). Encountered a
wide range of N/P/sediment removal
efficiencies, finding mixed evidence of
BMP function declining over time, but
hypothesized variability could obscure
trends.

Most studies are short-term (<4 years with many <1 yr) with lack of
reporting of import factors affecting performance; currently
insufficient data to determine long-term BMP function.

Attributed variability within BMP type: to“local design standards,
installation quality and local conditions (soils, climate and vegetation
type) differences”

They attribute variability in BMP function over time to: “storm events
(size, intensity, and duration), time of year (seasonal
changes),watershed conditions, maintenance activities, and BMP
conditions at that particular time.”  They also conclude that the
efficiencies of BMPs change over time regardless of maintenance.

Need to analyze existing data and conduct long-term monitoring of
BMPs with a comprehensive record of ancillary variables to support
simulation of changes in BMP efficiency over time in watershed
models. They provide a list of key data needed for characterizing
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BMP efficiency, which they call for future studies to include for
greater consistency.

Nummer et al.
2018

Meta-analysis of BMP nutrient removal of
Measured Annual Nutrient loads from
AGricultural Environments (MANAGE)
database with multilevel models (MLM)
and propensity score matching to account
for confounding factors:
Pooled 330 records from 62  fields with
contour farming (22), filter strips (2),
terraces (7), grassed waterways (31); two
also had riparian buffers

BMPs effective for removing sediment-bound nutrients, but effect on
dissolved nutrients unclear: BMPs significantly reduced total P  (MLM
mean 58%, propensity score mean 67%), and particulate P (76%,
83%),  and particulate N (64%, 67%), but not total N or dissolved N or
P. Potential for large % export of dissolved N and P in 95% confidence
interval.

BMPs not randomly applied, in database fields with them also had
significantly higher fertilizer application. Increase in nutrient loss
associated with given increase fertilizer less when BMP present.

Limited data to evaluate effects of fertilizer application method and
crop type on BMP performance, but greater nutrient removal
associated with crops receiving higher fertilizer and generating
greater runoff.

Need for comprehensive reporting of site environmental and
management factors to better isolate effects of BMPs.

Passeport et al.
2013

Review of “ecological engineering
practices” (EEP) and their N-removal
effectiveness. They define EEP to include
a range of practices that are designed to
the benefit of both humans and nature.
They review lit for 7 types of practices: (1)
advanced septic systems; (2) LID
structures such as bioretention; (3)
permeable reactive barriers (PRBs); (4)
treatment wetlands (constructed
wetlands); (5) “managed riparian buffers”;

The authors note available N removal estimates as well as cost
estimates for each type of practice. They also suggest that some of
the practices are more appropriate when the source of N is known,
and they comment on placement issues to consider for each BMP.
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(6) artificial lakes and reservoirs; (7)
stream restoration

Lintern et al.
2020

Critical review of 94 studies of BMP
effectiveness at the watershed scale (ag,
urban, and mixed use) to identify
knowledge gaps and needed research for
realizing water quality improvements as
nutrient concentration or load reductions.

Water quality improvement demonstrated in 43% of field studies but
predicted by 60% of modeling studies, which do not adequately
capture uncertainty in BMP function, particularly potential for
decreased performance or nutrient export.

Absence of water quality improvement attributed by reviewed
studies to “known unknowns”:

● “Optimization of the location and distribution of BMPs in
specific environments” (~42%)

● “Lack of knowledge about BMP function” (~25%)
● “Lag times between BMP implementation and water quality

improvement” (~18%)
● “Social, economic, and political issues” (10%)
● “Post-implementation BMP failure” (~4%)

Climate change anticipated to increase nutrient loads and decrease
BMP function.

Long-term BMP monitoring critical to understanding BMP function
generally and impacts of climate change, particularly extreme
precipitation events, specifically.
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Table 9. Climate impacts and their possible effects on nutrient and sediment pollution reduction mechanisms.

Climate Impact: CO2: increased
atmospheric concentration

Temperature: increased
atmospheric temperature

Precipitation: changes in volume,
intensity, and seasonality

Pollutant Removal
Mechanism

Sediment

Settling
· A physical, hydraulic
process via reducing
runoff velocity
· And/or increasing
infiltration
·Can involve vegetation

Potential to increase plant
growth, increasing settling
efficiency

Can affect vegetation positively or
negatively depending on season
(e.g., early spring vs. summer
heat wave)
Potential to increase ET and
reduce soil moisture

Removal efficiency reduced by
increased hydraulic loading. Can
increase clogging. Potential to
mobilize and export sediment.

Trapping
· Physical filtering and
burial
·  Can involve vegetation
·  Important for
colloidal/fine particles
difficult to settle

Potential to increase plant
growth and trapping
capacity

Can affect vegetation positively or
negatively depending on season
(e.g., early spring vs. summer
heat wave)
Potential to increase ET and
reduce soil moisture

Can affect vegetation positively or
negatively depending on timing.
Removal reduced by increased
hydraulic loading. Can increase
clogging. Potential to mobilize
and export sediment.

Erosion protection or
prevention
· Stabilization or erosion
prevention via plants or
hard structures

Potential to increase
growth of vegetation
providing stabilization

Can affect vegetation positively or
negatively depending on season
(e.g., early spring vs. summer
heat wave).
Potential to increase ET and
reduce soil moisture

Increased precipitation intensity
and volume can reduce efficiency
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Direct collection or
removal

NA NA Increased precipitation intensity
and volume can reduce efficiency

Nutrients

Biological
· Assimilation
· Transformation
· Uptake

Potential to increase
growth of vegetation and
uptake; alterations of
stoichiometric ratios
changes nutrient cycling

Increased temperatures increase
biological rates and
transformations. Potential to
increase ET and reduce soil
moisture changes nutrient cycling

Increased precipitation volume
and variability alters rates

Physiochemical
· Sorption
· Precipitation
· Fixation

NA Increased temperatures increase
physicochemical cycling rates and
transformation products.
Potential to increase ET and
reduce soil moisture alters
physicochemical processes

Increased precipitation volume
can result in alterations to pH,
increased soil moisture

Input reduction or control
· Management of
rate/amount of fertilizer,
manure, feed or other
inputs to reduce nutrients
that enter the system

Potential to increase
growth of vegetation and
uptake requiring additional
nutrient applications

Increased nutrient cycling rates
can increased the need for
additional nutrient applications

Precipitation variability and
timing can impact nutrient
retention

Direct collection or
removal

NA NA Increased precipitation intensity
and volume makes timing of
collection and removal critical
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Question 2b How does climate change affect BMP performance variability?

To identify studies evaluating the effects of climate change on BMP performance we queries all
databases in the Web of science by topic with the following terms: “(("climate change" OR
"climate uncertainty" OR "climate extremes" OR "climate variability") AND ("best management
practice" OR "conservation practice" OR "stormwater management") AND ("nitr*"
OR"phosphorus" OR "sediment" OR "water quality" OR "nonpoint source pollution" OR "diffuse
pollution"))”. Results were updated weekly with an automated search for new publications. The
only criterion for inclusion was that the study predicted how BMP removal of nitrogen,
phosphorus, or sediment would be expected to change under future climate. The search yielded
75 results, 11 of which were determined to meet inclusion criteria and 63 of which were
excluded. All of the studies obtained with this search simulated climate impacts using hydrologic
models. We were unable to find any studies employing the conceptual approach we apply
above in the peer-reviewed literature, although undoubtedly others have undertaken similar
research, perhaps better represented in the “gray” literature. Table 10 summarizes the findings
of eight of these modeling studies (four are discussed below but are not included in the table
because their findings are not well captured in that format (Chichakly et al. 2013; Wallace et al.
2017; Woznicki and Nejadhashemi 2014; Xu et al. 2019). Three additional articles cited by those
identified in the systematic search are also summarized in Table 10; it is unclear why they did
not appear in initial search results. All of these studies used a variation of SWAT. Three of the
watershed simulation studies evaluate the role of BMPs under climate change specifically within
the Chesapeake Bay watershed (Renkenberger et al. 2016; Wagena and Easton 2018; Xu et al.
2019). However, all of the studies provide relevant insights and are discussed.
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Table 10. Summary of watershed simulation studies evaluating the effect of climate change on nitrogen, phosphorus, and sediment
removal with best management practices.

Source and
Watershed
Characteristics

Climate
Predictions

Watershed Responses BMPs BMP Responses at
Watershed Scale

Climate models/
scenario/ time
span/ watershed
model

(Bosch et al.
2014a)

4 Lake Eerie
sub-basins in
MN/IN/OH

1896 to 17,030
km2

majority
agriculture (3)
or forest (1)

27-80% row
crop , 3-19%,
9-11% urban
8-52% forest

A1F1
precip +6%
snow -35%

B1
precip +3%
snow -14%

A1F1
streamflow +12%
sediment +23%
TP +6%
SRP +3%
NO3

- +18%
TN +16%

B1
flow +6
sediment +9%
TP +4%
SRP -2%
NO3

- +8%
TN +6%

- no-till,
- cover crops,
- filter strips

BMP baseline = current
levels

Calculated from tables and
averaged over 4 watersheds:
% change in efficiency (%
removal)/% change in mass
removal

A1F1
sediment -6%/+12%
TP -<1%/+31%
SRP -16%/+5%
TN -3%/+12%
NO3

- +<1%/+13%

B1
sediment +7%/+12%
TP +9%/+26%
SRP -18%/-5%
TN +4%/+11%
NO3

- +7%/+13%

GFLD21, HadCM3,
PCM

B1, A1F1

2010-2099

SWAT

Chiang et al.
2012

AK, 32 km2

Lincoln Lake
Watershed,
CEAP

2010-2069:
Precip -10% to
+6%

Min temp +1.1C to
+3.1C

Change in loads
assuming current
BMP levels (34%
watershed)
Historical
climate/future

Pasture BMPS:
- nutrient management
- filter strips,
- grazing management

Optimal BMP combination

future without climate
change % reduction:
TSS 17.6%
TN 28.6%
TP 74.7%

CCSM, CGCM2,
GFLD21

Historical:
1992-2007

Future:
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48.7% forest,
35.8% pasture,
11.8% urban,
1.5%
urban-commerc
ial, 2.2% other

rapid
urbanization
(pasture
reduced 47.6%
to 35.8% in 8
years)

Max temp +1.2C
to +3.4C

without climate
change:
TSS 0.16/0.16 t ha-1

TN 4.00/3.85 kg ha-1

TP 1.05/1.19 kg ha-1

Future climate range
for 3 GCMs:
TSS 1.08-1.78  t ha-1

TN 3.56-4.57 kg ha-1

TP 1.00-1.29 kg ha-1

future with climate change %
reduction (GCM range):
TSS 1.3-4.4%
TN 22.2-25.5%
TP 70.1-72.6%

2010-2069

SWAT 2009

Jayakody et al.
2014

MS, 7588 km2

72% forest, 20%
pasture, 6%
residential, 2%
crop

2046-2065:
Temp
A1B +2.1C
A2 +2.2C
B1 +1.6C
Precip (all)
+6.3% to +11.8%

2080-2099:
Temp
A1B +2.8C
A2 +2.4C
B1 +1.6C
Precip (all)
+8.3% to +13.1%

1992-2011
baseline:
temp 24C

2046-2065:
flow +4.2 to +16.2%
Sediment +8.4% to
+22.2%
TN -0.5% to +7.3%
TP -3.9% to +9.2%

2080-2099:
flow +19.0% to
+19.5%
Sediment +24.9% to
+26.3%
TN +2.1% to +5.5%
TP +11.3% to 14.3%

1992-2011 baseline:
Streamflow 90 m3s-1

Sediment 0.49 mg ha-1

yr-1

- stream fencing
- riparian forest
- buffer
- filter strip
- nutrient management

Watershed-scale, practices
combined load removal

1992-2011 baseline:
Flow 51%
Sediment 55.5%
TN 44.4%
TP 88.6%

2046-2065:
Flow 40.6%
Sediment 46.2%
TN 50.8%
TP 89.5%

2080-2099:
Flow 38.5%
Sediment 43.5%
TN 45.3%

CCSM3

SWAT

A1B, A2 and B1

Mid-century
(2046-2065)

late-century
(2080-2099)
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precip 1340-1527
mm (across 10
weather stations)

TN 6.3 mg ha-1 yr-1

TP 10.7 mg ha-1 yr-1

TP 87.7%

Park et al. 2014

South Korea,
6642 km2

82.3% forest,
12.2%
agriculture
(~90% paddy,
10% upland
crops), 2.6%
grassland, 2.9%
other

37% average
slope

2031-2060:
A1B
Precip +16.4%
Temp +1.6C
B1
Precip +6.0%
Temp +1.4C

2071-2100:
A1B
Precip +19.5%
Temp +3.7
B1
Precip +19.4%
Temp +2.6C

(1981-2010
baseline)

Changes in flow and
loads of sediment, TN,
and TP only presented
graphically; appears
all may decrease in
future climates.

- streambank
stabilization
- porous gully plugs
- recharge structures
- terraces
- contour farming

Streambank stabilization:
greatest and most consistent
removal in all scenarios to
baseline for sediment
(94.3-97.2%) and TN
(69.1-75.4%)

Porous gully plugs captured
more sediment but released
more nutrients in future
climate.

Recharge structures
ineffective for nutrient
removal in current climate,
but significant TP removal in
future climate.

MIROC3.2

A1B, B1

Mid-century:
2031-2060

Late-century:
2071-2100,

SWAT

Qiu et al. 2020

Miyun
Reservoir
Watershed,
China, 14,924
km2

warm
temperate

Reported
graphically

Increased
temperature
increased ET and
reduced soil
moisture and
runoff, especially
in summer and for
RCP8.5

Reported graphically

Increases in sediment,
N, and P loads over
baseline
corresponded to
increases in
precipitation intensity
and volume during
flood season

- conservation tillage
- residue management
- contour farming
- alley cropping
- conversion of
farmland to forestland
- fertilizer reduction,
- filter strips
- constructed wetlands
-grassed waterways
- detention basins

Average change in reduction
efficiency for all BMPs:

All RCP:
Runoff -0.8% to -0.6%
Sediment -1.2% to -1.9%
TN -1.1% to -1.3%
TP -1.9% to -2.1%

GFDL-ESM2M,
HadGEM2-ES,
IPSLCM5A- LR,
MIROC-ESM-CHE
M, NorESM1-M

RCPs 2.6, 4.5, 8.5

Historical:
1980-2004
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continental
monsoon

49% forest, 22%
agriculture,
27% rangeland,
2% other

Increased high
intensity
precipitation
during flood
season

For each 1C increase
for RCP8.5, TN loads
increased 3.77% and
TP loads increased
4.51%

Future:
2020-2099

SWAT

Renkenberger
et al. 2017

Choptank
sub-basin  MD,
DE
298km2

49%
agriculture,
34% natural, 6%
urban

(Climate
modeling from
(Renkenberger
et al. 2016); see
also Tables 3
and 4)

2081-2100
B1
precip +25%
flow +57%

A1B
precip +30%
flow +82%

A2
precip +29%
flow +90%

2081-2100
B1
TSS +70%
TN +56%
TP +52%

A1B
TSS +117%
TN +88%
TP +64%

B2
TSS +132%
TN +69%
TP +78%

evaluated “generic
BMP” to determine
what BMP efficiency
would be needed to
mitigate increased
pollutant loads of
future climate, not how
performance of a
specific BMP would be
altered

Needed reductions for TMDL
(% watershed targeted):

baseline
TSS 33%
TN 45%
TP 23%

2081-2100
B1
TSS 63%
TN 64%
TP 49%

A1B
TSS 69%
TN 70%
TP 53%

A2
TSS 71%
TN 67%
TP 57%

GFDL CM2.1
AOGCM

B1,A1B, A2

mid-century
2046-2064

end-century
2081-2100

SWAT
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Schmidt et al.
2019

GA Coastal
Plain, 1624 km2,
cropland (% not
specified)

MN, 338 km2,
86% cropland

historic to
late-century, range
for 5 GCMs

GA:
precip -9.1% to
+10%
temp +3.8C to
+5.6C
crop biomass -10%
to 25% by
late-century

MN:
temp +5.9C by late
century

Without BMPs, GCM
average

GA:
2030-2059
sediment +33%
TP +45%
NOx no difference
TN no difference

2070-2099
sediment +75%
TP +165%
NOx -2.7%
TN -2.2%

MN:
2030-2059
sediment +8%
TP +19%
NOx +46%
TN +43%

2070-2099
sediment +38%
TP +54%
NOx +85%
TN +82%

- conservation tillage
- no-till (GA only)
- grassed waterways
(GA only)
- filter strips
- nutrient management
- drainage water
management (MN only)

Average change in % removal
(range over 5 GCMs)

GA:
sediment -4.8% (-3.2% to
-6.1%)
TN -13%
(-8.4 to -17)
TP -2.5%
(-5.3% to +0.3%)

MN:
sediment -3.1% (-1.4% to
-5.0%)
TN -0.7%
(-0.2% to -2.0%)
TP -0.70% (-1.5% to +0.3%)

CMIP5

RCP8.5

Baseline
(1951-2005)

mid-century
(2030-2059)

late century
(2070-2099)

SWAT

Van Liew et al.
2012

B1
Tmax +1.8C
Tmin +1.7C
snowfall SC -22%,
LC -6%

Shell Creek:

B1
flow +20%
sediment +23%

- crop conversion to
switchgrass
- crop conversion to
pasture
- terraces

Not provided numerically;
authors state BMP efficiency
in current and future climate
similar at the

CMIP3

B1, A1B, A2
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NE, 1214 km2
74% row crops,
19% range, 3%
alfalfa, 2%
other

Shell Creek:
1990 km2
84% row crops,
14% range, 2%
alfalfa

Logan Creek:
output
variables
evaluated at
reaches
drawing 781
and 785 km2 to
aid comparison

precip SC +3.1%,
LC 6.4%

A1B1
Tmax +2.3C
Tmin +2.4C
snowfall
SC -22%, LC -22%
precip SC +2.3%,
LC 6.9%

A2
Tmax +2.0C
Tmin +2.2C
snowfall SC -27%,
LC -22%
precip SC +2.2%,
LC 5.8%

TN +22%
TP -3%

A1B
flow +29%
sediment +43%
TN +26%
TP +14%

A2
flow +41%
sediment +49%
TN +42%
TP +6%

Logan Creek:
B1
flow +45%
sediment +98%
TN +75%
TP +50%

A1B
flow +52%
sediment +146%
TN +88%
TP +74%

A2
flow 52%
sediment +92%
TN +87%
TP +74%

- buffer strip
- no-till

watershed-scale but varied at
the field-scale

baseline
1980-2000
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Wagena and
Easton 2018

Susquehanna
River Basin

71,200 km2
(42% of
Chesapeake Bay
watershed)

70% forest, 22%
agriculture, 7%
developed, 1%
water

(See also Tables
3 and 4)

mean
precip
mid-century +3.8%
late-century +6.5%

temp
2041-2065
min +2.8C
max +1.9C

2075-2099
min +2.7C
max +1.7C

ET
2041-2065 +4.7%
2075-2099 +7.4%

flow +4.5+/-7.3%
runoff +3.5+/- 6.1%
sediment
+28.5+/-18.2%
TN +9.5+/-5.1%
NO3- -12+/-12.8%
TP -2.5+/-7.4%
DP -14+/-11.5%

-buffer strips
-strip-cropping -no-till
-tile drainage

watershed-scale reductions
BMPs vs. no practices:

mid- and late-century:
sediment BMPs combined:
20.4-20.8%
NO3:
buffers 9.3-11.5%
no-till 2.1-3.8%
strip crop 2.3-4.1%
tile drainage increased
export 14.8-15.2%
TN:
buffer 11.4-17.1%
tile drainage 6.1%-10.2%
no-till 1.3-2.3%
strip crops 2.9-5.8%
TP
tile drainage 12.6-14.5%
buffer 14.2-16.4%
no-till 3.4-5.1%
strip crop little effect
DP
tile drainage 37.4-39.0%
buffers 29.4-36.9%
no-till 7.8-13.4%
strip crop 4.3-11.1%

CMIP5, 6 GCMs
and ensemble
mean

RCP2.6,,
RCP8.5

historic
(1990-2014)

mid-century
(2041-2065)

late-century
(2075-2099)

SWAT-VSA

Woznicki et al.
2011

KS/NE 6158
km2

A1B
precip +14.6%
ET +11.3% ET
runoff +42.9%
baseflow +61.5%

A1B
sediment +54%
N +37%
P +30%

A2

-no-till
- conservation till
- contour farming
- terraces
- filter strips
- porous gully plugs

Tables 12-13 provide change
in BMP efficiencies at the
HRU and watershed scale
Discussion suggests median
removal efficiencies similar
across climate scenarios, but

CCSM-3

B1, A1B, A2

SWAT
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40% row crops,
42% rangeland,
9% forested, 4%
urban, 5%
other

A2
Precip +11.1%
ET  +8.9%
runoff +29.8%
baseflow +46.1%

B1
precip +8.5%
ET +7.2% ET,
runoff +18.3%
baseflow +26.9%

sediment +36%
N +27%
P+22%

B1
sediment +20%
N +11%
P +12%

- grazing management
- native grass/alternate
crops

variability increases for
contour farming, native
grass, and terraces
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Modeling BMPs in Future Climates

Bosch et al. (2014a): The effect of climate change on agricultural BMPs (no-till, cover crops, and
filter strips) for A1 and B1 climate scenarios was evaluated in four sub-basins within the Lake
Erie watershed. Climate factor changes over the mid- to late-century included warming
(disproportionately in the winter months), reduced snowfall, and increased precipitation
volume and intensity (particularly in the winter and spring). Sediment yields exhibited the
largest and most consistent response across the four sub-basins, averaging +23% by 2100, and
the intensity of spring rainfall events during tillage was highlighted as a driver. Nutrient loads
also increased under future climates, but this response was more variable across the four
watersheds. BMP pollutant removal efficiency tended to increase slightly under the B1 scenario
(+4% to +7% depending on the constituent, except soluble phosphorus, which decreased by
18%) and decrease under the more extreme A1F1 scenario, though relatively little for TP (<-1%)
and TN (-3%). One mechanism for decreased BMP effectiveness was the increased infiltration
during warmer winters (without frozen soil or snow cover) transferring more of the nutrient
load from the surface to subsurface, by passing the filtering and plant uptake nutrient removal
mechanism of the BMPs. (Bosch et al. 2014a) note that cover crops and no-till are most
effective for reducing the loss of sediment and nutrients in winter and early spring, so this
seasonal effect was particularly significant. Although this scenario may have limited relevance
for the Chesapeake Bay watershed, it emphasizes the importance of nutrient transport
pathways. More broadly, the ability of large storm events to overwhelm nutrient and sediment
removal processes in BMPs was also cited. However, the decrease in efficiency masked
increases in pollutant mass removal; load reductions increased 11% to 13% for TN, 26% to 31%
for TN, and 12% for sediment. Nonetheless, (Bosch et al. 2014a) concluded that climate-induced
increases in pollutant loads exceeded reductions achievable BMP implementation at an
intensity considered acceptable to stakeholders (to ~30% of agricultural land) and near full
implementation of BMPs on all agricultural land was required to offset increased loads. Another
notable conclusion from this study was the suggestion that “threshold climate change” may
dramatically increase pollutant export, evidenced by the larger pollutant yields under the more
pronounced climate scenario.

Chiang et al. (2012): The performance of pasture management BMPs (nutrient management,
vegetated filter strips, and various grazing management strategies) was evaluated, and optimal
combinations were identified through mid-century with and without climate change applied in
a 32 km2 watershed in Arkansas. With the climate models predicting a range of precipitation
changes (-10% to +6%, generally a decrease in the short-term followed by an increase toward
mid-century ) and temperature increases approximately 1-3C for both annual minima and
maxima, with existing levels of BMPs in place TN and TP export remained constant but sediment
export increased an order of magnitude and was correlated with precipitation. Consequently,
under future climate BMP sediment removal efficiency dramatically decreased from 17.6% to
1.3-4.4%. Under the optimal BMP scenario, TN reductions achieved under future climate
(22.2-28.6%) were not as high as under the current climate (34.6%), while TP reductions slightly
increased in future climates (from 68.6% to 70.1-74.7%). Interestingly, (Chiang et al. 2012)
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concluded that nutrient reductions with pasture BMPs were more stable in future rather than
historical climate.

Jayakody et al. (2014): Stream fencing, riparian forest buffers, vegetated filter strips, and
nutrient management were assessed in a 7588 km2 watershed in Mississippi under climate
scenarios B1, A1B, and B2 for mid- and late-century. By 2080-2099, temperature increases were
1.6-2.8C, precipitation increases were 8.3-13.1%, and streamflow increased 19.0-19.5%,
depending on the climate scenario. Pollutant loads also increased, 24.9% to 26.3% for sediment,
2.1 to 5.5% for TN, and 11.3 to 14.3% for TP. Pollutant load removal for BMPs combined at the
watershed scale decreased significantly for sediment (from 55.5% to 38.5%) but remained
relatively constant under future climate for TN (44.4% vs. 45.3%) and TP (88.6% vs.
87.7%)--though these impacts mainly reflect the performance of vegetative filter strips given
the composition of the watershed. The reduction in BMP sediment removal efficiency was
attributed to the effect of increased precipitation intensity on filter strip performance.

Park et al. (2014): Although focused on a South Korean watershed with very different climate
(humid continental) and cropping systems (90% rice paddy)  than the Chesapeake Bay, this
study provides a useful perspective on the differing responses to future climate across BMPs
and the potential tradeoffs of these responses with respect to particular pollutants. In a 6642
km2 watershed dominated by forest (82.3%) but with significant agricultural land use (12.2%),
Park et al. (2014) examined under the AIB and B1 climate scenarios the performance of
streambank stabilization (larger streams>3rd order), gully plugs (in ephemeral channels),
recharge structures (small dams in tributary streams to promote infiltration), terrace and
contour farming. Streambank stabilization had the highest sediment (97.2%) and N (75.4%)
removal efficiency, and performance was predicted to only slightly decline under future climate
(to about 94% and 70%, respectively). Slope terracing had the highest TP removal efficiency
(69.8%), which was largely maintained under future climate (~60-80% removal) along with high
sediment reduction (86% for the B1 scenario and 70% for the A1B scenario). However, TN
export with slope terracing increased from 5% to 20-23% with climate change. Porous gully
plugs also exhibited a tradeoff between nutrient and sediment removal; while they had little
effect on pollutants under historical climate conditions (having no effect on sediment and
removing 4-6% of TN and TP), under future climate conditions they could remove ~50% of the
sediment load but increased TN loads by 20% and TP loads by 35%. In contrast, recharge
structures, which had little effect on nutrients in the current climate, were able to remove
significant TP under future climate conditions (~10-50% depending on the climate scenario and
time period), though they also exported TN (~16-22%). Though changes in annual sediment and
nutrient loads were not reported numerically and appeared not to change significantly, there
were notable changes in the seasonality; a notable increase in streamflow along with sediment,
TN, and TP loads in March was attributed to earlier snowmelt with warming temperatures.
Seasonal differences in hydrologic and watershed conditions affected BMP performance even
when annual loads were not significantly changed, the authors noted the importance of
developing BMP strategies that account for these temporal changes in pollutant loads.

Qiu et al. (2020): The response of a range of agricultural BMPs was evaluated in the 14,924 km2
Miyun Reservoir watershed in China (characterized by 49% forest, 22% agriculture, 27%

89



rangeland, 2% other landuse) where the effects of climate change are already decreasing
streamflow, increasing erosion rates, and resulting in more frequent droughts. Simulation of
RCPs 2.6, 4.5, and 8.5 through the end of the century resulted in further increases in
temperature, winter precipitation, and extreme precipitation while decreasing summer
precipitation. RCP4.5 produced the largest increases in precipitation volume and intensity. In
this warm temperate continental monsoon climate, nutrient and sediment loads were
significantly increased during flood season for all climate scenarios. Qiu et al. (2020) report that
increases in precipitation volume and intensity were the main drivers of increased pollutant
export, with high correlation between monthly precipitation and sediment, N, and P loads. They
also found that nutrient loads were correlated with temperature; for each 1C increase, TN loads

increased 3.77% and TP loads increased 4.51% under climate scenario RCP8.5. Redundancy analysis
was used to evaluate the relationships between BMP efficiency for a given pollutant with the
climate factors precipitation, temperature, solar radiation, relative humidity, and wind speed.
This analysis demonstrated some intuitive relationships (such as an inverse correlation between
precipitation and removal efficiency for all pollutants and nearly all BMPs) and some differences
in response with respect to different  pollutants (solar radiation was positively correlated with
TP removal but not the other constituents); the spread between BMP types was not very large,
however, suggesting that they responded relatively similarly to the climate factors. However, the
discussion and interpretation of this RDA analysis by (Qiu et al. 2020) seemed limited to
applying apriori understanding to explain their results. Though the analytical approach was
interesting in its incorporation of BMP response to climate factors not typically evaluated
directly in these climate change simulation studies, the utility of its application here was limited.

They concluded that BMPs remained effective under future climate conditions, with efficiencies
predicted to decrease only slightly, on the order of 1 to 2% at the watershed scale averaged over
all the practices evaluated; there were much larger differences in pollutant removal between
BMP types than within BMP type across different climate scenarios. However, it is notable that
the performance of what they termed “structural BMPs”--including filter strips, constructed
wetlands, and grassed waterways, which function by intercepting, slowing, and treating surface
runoff and are dependent on adequate residence time for treatment – was reduced more under
future climate than non-structural BMPs, including conservation tillage and residue
management. Notably, filter strips, constructed wetlands, grassed waterways, and detention
basins had some of the highest median pollutant removal efficiencies, but also the largest
performance variability across the watershed subbasins. Even with relatively small changes in
BMP performance, the increase in pollutant loads predicted under future climate required more
widespread BMP application to achieve the same water quality goals. Qiu et al. (2020)
conducted a redundancy analysis (RDA), displayed as Figure 22 here, to evaluate the
relationships between BMP efficiency for a given pollutant with the climate factors
precipitation, temperature, solar radiation, relative humidity, and wind speed. The analysis
demonstrated some intuitive relationships (such as an inverse correlation between precipitation
and removal efficiency for all pollutants and nearly all BMPs) and some differences between
pollutants (solar radiation was positively correlated with TP removal but not the other
constituents). However, the discussion and interpretation of this RDA analysis by Qiu et al.
(2020) seemed limited to applying apriori understanding to explain the results, though the
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analytical approach was interesting in its incorporation of BMP response to climate factors not
typically evaluated directly in these climate change simulation studies.

Figure 22. Relationships
between annual runoff (a),
sediment (b), TN (c), and TP
(d) removal efficiencies of
14 BMPs with climate
factors, including
precipitation (PREC),
temperature (TEMP), solar
radiation (Solar), relative
humidity (RH), and wind
speed (WND) during
2020-2099. From Qiu et al.
(2020), Figure 5.

Renkenberger et al. (2017): This study was conducted in the Greensboro Choptank sub-basin of
the Chesapeake Bay watershed, and thus is of high relevance to this review. Renkenberger et al.
(2017) took a unique approach to evaluating climate impacts on BMPs among the studies
summarized in Table 10. Rather than evaluate the change in BMP efficiency as a result of the
change in pollutant loading and direct climate impacts to practices modeled dynamically in
SWAT, they determined the efficiency required of a “generic” BMP applied to a targeted
proportion of the watershed to achieve TMDL water quality goals under future climate
conditions. Applying the critical source area concept, the 20% of hydrologic response units
(combination of land use and management defining, among other qualities, ability to generate
pollution in SWAT) responsible for the most nitrogen, phosphorus, and sediment under current
and future climate under the A1B and A2 climate scenarios. Due to predicted increases in
precipitation volume and intensity, the watershed area accounting for pollutant export rates
above the threshold defined by the top 20% of HRUs increased for the A2 scenario relative to
historical conditions from 18% to 45% for TSS, 11% to 29% for TN, and 13% to 32% for TP.
Combining the top source areas for each pollutant, under current climate conditions, 31% of the
watershed would need to be treated with BMPs achieving removal efficiencies of 61% for TSS,
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79% for TN and 43% for TP. Strikingly, under the A2 climate scenario, the watershed area
requiring treatment would increase to 58% and required pollutant reduction efficiencies would
increase to 82% for TSS, 74% for TN, and 72% for TP to meet the TMDL. Given that land use in
the 298 km2 Choptank sub-basin is 49% agriculture, 34% natural, and 6% urban, some of the
pollutant export from natural land would require mitigation. Renkenberger et al. 2017 starkly
state that “A false sense of security may result from implementing BMPs on all agricultural and
urban lands in the watershed (an over-design relative to a CSA targeting approach), and
stakeholder frustrations may emerge as water quality remains unimproved, or worsens, with
the changing climate.” Indeed, they found that applying BMPs to all agricultural and urban land
would not achieve TN reduction targets under future climate even with 100% removal, and the
75-95% BMP efficiencies required for other constituents (except soluble P, where only 55-60%
removal would be required). BMP application of achieving TMDL goal under current climate
conditions would result in TMDL exceedence greater than 100% for TSS and TN and on the
order of 60% to 80% for TP.

Schmidt et al. (2019): The change in BMP efficiency was evaluated in two agricultural
watersheds, a 1634km2 watershed in the Georgia Coastal Plain and in a 338km2 watershed in
Minnesota; given its greater relevance to the Chesapeake Bay, results from the Georgia
watershed are discussed. Over the range of CMIP5 GCMs for the RCP8.5 scenario, while
temperature consistently increased from +3.8C to 5.6C, changes in precipitation varied
significantly from -9.1% to +10. Schmidt et al. (2019) were the only study from Table 10 also
reporting the change in crop biomass (largely cotton and peanuts in the study area), which
ranged from -10% to +25%. By the end of the century, generated pollutant loads increased by
75% for sediment and 165% for TP, but actually declined somewhat for TN, -2.2%. Additionally,
variability and uncertainty in pollutant export increased toward the end of the century.

The effects of temperature and soil moisture changes on biologically mediated processes
affected BMP performance differently in various climate change scenarios. The combined
effects of temperature and precipitation changes were important for practices dependent on
plant growth, including vegetated filter strips and grassed waterways. Efficiencies of these
practices increased slightly for climate realizations with relatively lower precipitation and higher
temperatures, reducing the flow and providing more opportunity for sedimentation and
infiltration. In contrast, practices for managing crop residue, conservation tillage and no-till,
were sensitive to temperature–high temperature enabling more rapid degradation of crop
residue and reducing performance–but insensitive to whether precipitation increased or
decreased. Perhaps the BMP most significantly affected by future climate conditions was cover
crops, since they were the most efficient practice for reducing sediment, maintaining greater
than 70% reduction in current and future climates. Warmer winter temperatures improved
winter cover crop growth and sediment removal but also increased mineralization rates of cover
crop residue and thus N and P export. Overall, average BMP efficiency was decreased under
future climate for all constituents, -4.8% for sediment, -13% for TN, and -2.5% for TP, trending
downward to the end of the century. Schmidt et al. (2019) cite the causes of decreased
efficiency not only as increased loading (though TN loading was not predicted to increase due to
increases in ET and reduced subsurface transport), but also increases in precipitation intensity
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yielding increased runoff and changes to biologically-mediated processes under higher
temperatures and altered soil moisture. One notable conclusion was that BMP performance in
the southeast may be more negatively impacted than in the midwest. However, the evidence
for this statement is limited, given that Schmidt et al. (2019) offer support for this conclusion in
more moderate temperature increases but more reduced BMP performance in the GA
watershed compared to the MN watershed (findings not discussed here) though suggest
changes in performance are more driven by precipitation; enhanced cover crop performance in
warmer winters in the midwest under future climate may also support this conclusion. In terms
of overall climate impacts on water quality, in contrast to Renkenberger et al. (2017), Schmidt et
al. (2019) concluded that increased agricultural BMP implementation could offset increased
pollutant loading under future climate conditions.

Van Liew et al. (2012): Two similar watersheds in Nebraska (approximately 1200 km2 and 2000
km2, both dominated by row crops and rangeland) were evaluated under future climate
conditions to the end of the century for the B1, A1B, and A2 scenarios. Moderate increases in
minimum and maximum annual temperatures from +1.7C to +2.4C and in precipitation from
+2.2% to +6.9% resulted in significant increases in streamflow (+20% to +52%) pollutant loads
(up to +146% for sediment, +88% for TN, and +74% for TP under the A2 scenario), but little
impact on the BMP efficiency. These findings in Midwestern agricultural watersheds differ from
Bosch et al. (2014a), who found reduced BMP effectiveness. Though studies from the Great
Plains region may have limited transferability to the Chesapeake Bay watershed, as pointed out
by Renkenberger et al. (2017), a cautionary conclusion of Van Liew et al. (2012) worth noting is
the sensitivity of flow and pollutant loads to both calibration (the soil evaporation
compensation factor in particular), suggesting considerable model uncertainty in the results.

Wagena and Easton (2018): With the Susquehanna River Basin as the study area (71,000 km2
and 42% of the Chesapeake Bay watershed), this watershed simulation study most directly
addresses the effect of BMPs on the Chesapeake Bay under future climate conditions, though

they do not compare future BMP performance to a historical baseline. Wagena and Easton
(2018) used SWAT-VSA to model the impact of buffer strips, strip-cropping, no-till, and tile
drainage on water quality with an ensemble of six CMIP5 GCMs. The ensemble mean increase in
precipitation was +3.8% and +6.5% for mid-century and late-century, respectively. Annual
minimum temperature increases (+2.7C and +2.8C) were greater than annual maximum
temperature increases (+1.9C and +1.7C). Along with increased temperature, ET was predicted
to increase substantially by +4.7% mid-century and +7.4% late-century. While streamflow and
runoff were predicted to increase (+4.5+/-7.3% and +3.5+/- 6.1%, respectively), the variability in
these predictions encompassed slight decreases, reflecting greater uncertainty in these
hydrologic variables.  Unlike some of the previously described studies, nonpoint source
pollutant loads exhibited a mixed response to future climate; while sediment loads increased
(+28.5+/-18.2%) as did TN loads (+9.5+/-5.1%), inorganic nutrients decreased (nitrate -12+/-12.8%

and dissolved P -14+/-11.5%). Dissolved P load reductions yielded TP load reductions, though the
variability suggested the possibility of a slight load increase (-2.5+/-7.4%). Despite the range in
predicted precipitation driving variability in nonpoint source pollution generation, sediment
losses increased, even for climate models that predicted reduced runoff, due to increased
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precipitation intensity and a shift in precipitation timing, a greater proportion occurring in the
winter when the soil is less protected by vegetation. The reduction in dissolved P loads was
caused by decrease in mineralization of soil organic matter (11.8% mid-century and 18.2%
late-century), while the reduction in nitrate loads due to increases in denitrification with
warmer temperatures.  They evaluated the ability of agricultural BMPs to mitigate the effects of
climate change on water quality and demonstrated that the existing levels of implementation
are insufficient to meet the TMDL. As a strategy for increased BMP implementation, targeting
agricultural critical source areas, here the 30% of agricultural land producing the most pollution,
resulted in nearly the same pollution reductions as widespread implementation across the
watershed was able to achieve.

Woznicki et al. (2011): This study evaluated agricultural BMPs in a ~6200 km watershed
spanning Kansas and Nebraska dominated by row crops (40%) and rangeland (42%). Though the
authors found median BMP efficiency in current and future climate were similar at the
watershed scale, despite large increases in runoff and baseflow (up to +42.9% and +61.5% in
A1B) along with nonpoint source pollutant loads (+54% for sediment, +37% for N, and +30% for
P). However, removal efficiencies of the eight BMPs evaluated tended to vary at the field-scale
across the climate scenarios (B1, A1B, and A2), except for porous gully plugs and filter strips,
whose effects were unchanged. Sediment removal efficiency increased at HRU-scale except for
grazing management, native grass, and porous gully plugs, though this increased field-scale
efficiency was masked at the watershed-scale. TN and TP removal efficiency decreased in at
least one climate scenario at the watershed-scale for all BMPs except conservation tillage. Gully
plugs, conservation tillage, and filter strips had lowest efficiencies but also lowest variability.

Woznicki and Nejadhashemi (2014): Assessed BMP performance uncertainty under climate
change with Latin Hypercube Sampling for range of agricultural BMPs in the same KS/NE
watershed studied by Woznicki et al. (2011). Cumulative distribution functions were developed
for each BMP under each climate scenario for removal efficiency of each pollutant (Fig. A1),
demonstrating that performance uncertainty increases under climate change. Unsurprisingly,
with increasingly extreme climate change scenarios, BMP uncertainty further increases. Like
Park et al. (2014), Woznicki and Nejadhashemi (2014) also found the relative effectiveness of
BMPs can change under different climate scenarios. In addition, BMP uncertainty was found to
vary both temporally (Fig. A2) and spatially (Fig. A3), and these patterns were in turn affected by
the climate scenario. Of the BMPs evaluated, grazing management exhibited some of the
highest pollutant removal efficiencies, but also the greatest uncertainty, demonstrating both the
increased complexity in responses to climate change in BMPs integrating more biological
processes to achieve pollution reduction and the tradeoff between the relative performance
and relative risk of practices.

Though the modeled distribution of pollutant load reductions achieved by BMPs (Fig. A2) under
current and future climate appear to be symmetrical–or at least their symmetry is unchanged
by climate impacts–probability density functions with long left tails, derived from quantitative
field data developed by others in large meta-analyses Koch et al. (2014) for stormwater
practices and Liu et al. (2017) for a combination of agricultural and stormwater practices),
suggest a greater risk of underperformance, and even the possibility of pollutant export in some
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cases (see Figs. A4 and A5). Other studies assessed in question 2a, including the stormwater
BMP review by Hager et al. (2019), an agricultural BMP review by Nummer et al. (2018), and a
mixed review of ag and urban BMPs by Lintern et al. (2020), also noted the potential for BMP
nutrient export.

Other studies: Several other studies addressed the ability of BMPs to achieve water quality
goals under future climates without directly evaluating their change in performance.

● Chichakly et al. (2013): A conceptual framework for evaluating the robustness of
stormwater management practices to future climate conditions by testing sensitivity to
precipitation patterns, using multiobjective optimization to select cost-effective BMP
application  scenarios maximizing sediment reductions but not compromised by
increased precipitation intensity. They recommended optimization under the strongest
climate forcing to produce solutions robust to a range of climate change scenarios.

● Wallace et al. (2017) (from Q2a): Sediment and nutrient reductions for implementation
of several agricultural BMPs applied in isolation or combination across a 42 km2 row
crop-dominated watershed in Indiana were modeled in SWAT for future climate utilizing
an ensemble of 16 CMIP5 GCMs. Watershed reductions in pollutant loads were reported
as compared to current management levels or a no BMP control scenario, but the
difference in BMP performance under current and future climate was not reported
numerically. Graphical representation of these data indicate that BMP performance
changed little in the study watershed throughout the 21st century; the predicted
changes in climate factors that could affect pollution loads and BMP performance were
not reported.

● Williams et al. (2017): In a modeling study of 23 ha developed watershed in MD, with
NLDAS-II forcing of several GCMs, Williams et al. (2017) used the CBP watershed model
to predict increase of 12% for precipitation, 22% for streamflow, and 66% for sediment
export. They determined two to three times the current levels of BMP implementation
would be needed to achieve sediment TMDL given the additional ~15-30% loading under
current implementation levels predicted with climate change. Additionally, they
assumed climate change would increase BMP efficiency by 30%, which if not realized
would indicate additional treatment needs.

● Woznicki and Nejadhashemi (2011): This SWAT study demonstrated that the
performance of most agricultural BMPs is sensitive to climate change, and practices
whose function is dependent on vegetation (here native grass, grazing management, and
filter strips) were the most sensitive. Though no-tillage and conservation tillage are
affected by the biological processes decomposing crop residues and cycling nutrients
within the soil, they were much less sensitive to climate, as was the purely physical
practice of porous gully plugs. Conversion of cropland to native grass was by far the most
sensitive practice, and it’s sensitivity dramatically increased in future climate conditions.
BMP sensitivity was also found to vary seasonally; in the case of no-tillage in the same
pattern across historical and future climate, but in the case of conservation tillage,
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spring variability was increased relative to historic conditions. Conservation tillage was
highlighted as the most effective BMP evaluated for sediment and nutrient reductions
and was also found to be relatively insensitive to climate change.

● Xu et al. (2019): The cost of attaining TMDL water quality goals under historical and
future climate conditions was compared between targeting critical source areas of the
watershed by topographic index and uniform implementation of BMPs. In the 7.3 km2
WE-38 subwatershed of Mahantagno Watershed, PA within the Chesapeake Bay
watershed, using SWAT-VSA determined that targeting reduced BMP costs by 30% and
37% under historical and future climate, as projected from the mean output of the
CRCM and WRFG climate models.

Management recommendations of simulation studies:

● Bosch et al. (2014a): highlighted differing pollutant export responses to climate change
in the four sub-basins they studied as requiring different management approaches and
targeting different watersheds with different BMPs.

● Chiang et al. (2012): Different BMP combinations best addressed N, P, or sediment, so
treatment of the pollutant most exacerbated by climate change–sediment in this study
and several other of the other watershed simulation studies–must be prioritized.

● Park et al. (2014): Seasonal changes in pollutant loads under future climate should be
considered when selecting BMPs.

● Qiu et al. (2020): Since increased precipitation volume and intensity can decrease BMP
efficiency, optimizing BMP application with respect to type, quantity/application
intensity, and location becomes that much more important; optimal BMP selection in
this case study differed between current and future climate conditions.

● Renkenberger et al. (2017): In addition to increasing the extent of critical source areas,
future climate was predicted to expand hotspots for single pollutants to multiple
pollutants. Therefore, BMPs originally selected to prioritize and treat single pollutants
would need to be modified or supplemented with additional practices to better address
sediment, N, and P simultaneously. In some watersheds, due to the increase in nonpoint
source pollutant loads under future climate conditions, even natural areas may require
mitigation. Therefore a “stepped-approach” to implementation is recommended,
targeting hotspots for all three constituents, followed by hotspots for two constituents,
etc. Theoretical BMP reduction efficiencies required to mitigate increased pollutant
loads may be very high, upwards of 70-90%. The authors emphasize that while reliably
removing such a high proportion of nonpoint source pollutants is a technical problem,
treating such a large portion of the watershed is a social problem.

● Schmidt et al. (2019): Wider yet targeted implementation, resizing, and combining
practices will be necessary. Schmidt et al. (2019) emphasize the advantages of
nonstructural, annual BMPs such as no-till and cover crops, and provide the example
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that cover crop species can be changed in response to local climate. They state future
research on the combined effect of multiple BMPs is needed, citing the example of this
and other studies modeling increased N export with N-fixing cover crops without
accounting for the potential for subsequent reduction in N fertilizer application. Nutrient
management, particularly the core correct rate at the correct time will be essential
under any climate.

● Wagena and Easton (2018) Wagena and Easton 2018: Future strategies will need to
include retrofitting or designing new practices to treat larger rainfall/runoff events
effectively, developing new practices, and using multiple practices in concert.

● Woznicki and Nejadhashemi (2014): Recognize increased BMP uncertainty is expected
under climate change  in addition to changes in average removal efficiencies as well as
the potential tradeoffs presented by the correlation with performance and variability
(e.g., increased risk of underperformance with increased average effectiveness).

Application and Examples

Taking the example of cover crops, we step through a conceptual model of how climate change
can impact BMP performance. Site conditions mediated by land use and land management are
affected by climate change, especially more certain ‘shifts’, like increasing the length of the
growing season. Land managers may respond by cultivating different crops or selecting different
cover crops. The pollution reduction achieved by the cover crop is affected by both direct
climate impacts (increased temperature and CO2 concentration increases crop growth (Schmidt
et al. 2019)) and indirect impacts manifest as stochastic weather conditions (changes in
precipitation timing and magnitude also affect plant growth, especially at establishment). The
ability of the cover crop to hold soil in place and take up nutrients is affected by its overall
health (life stage, density, etc.) as well as the availability of nutrients in the root zone as
mediated by the microbial consortium, soil moisture, and partitioning of nutrients between
surface runoff and groundwater leaching. Increased precipitation can increase runoff
generation, causing cover crops to be less effective with respect to N, P, and sediment retention.
Climate change also affects soils nutrient cycling processes in several ways, and effects can differ
depending on the pollutant. Warmer, wetter winters and springs along with increased soil
moisture can increase organic P mineralization and export while simultaneously increasing
denitrification and reducing N export. Increased plant growth can increase soil carbon levels,
altering nutrient cycling by increasing the C:N ratio and the ratio of organic to inorganic
nutrients. Improved soil structure due to the increased soil carbon content can reduce nutrient
losses with surface runoff but increase losses via leaching, or reduce losses due to leaching for
smaller precipitation events due to increased water holding capacity. Another contradictory
effect of cover crops is potential increased nutrient uptake with faster growth and climate
change also supplying increased nutrient release from this temporary biomass storage pool. In
sum, cover crops appear to be highly sensitive to climate change, and given the uncertainty in
climate change projections combined with the uncertainty in cover crop response, predicting
how the BMP will perform is highly uncertain. However, as an annual practice it is also highly
adaptable.
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Predicting the changes in site condition as a result of human decision-making, even when
understood through an economic lens , adds another layer of complexity and uncertainty.

Stochastic weather conditions, such as storm duration and intensity, will affect sediment
transport as well as the nutrient load and its partitioning between surface runoff and
groundwater leaching.
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Figure 23. Application of the conceptual model of climate impacts on BMP performance for cover crops (A), stormwater infiltration
practices (B), and tidal wetland restoration (C).
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Categorizing practices according to pollutant-reducing mechanisms

BMPs use a variety of mechanisms and processes to reduce, capture, transform, or otherwise
remove nutrients or sediment. To look at a large cross-section of BMPs it is necessary to simplify
or group these mechanisms within a conceptual framework such as the one described in this
section and illustrated in Figure 23.

There are a number of caveats to this approach. First and foremost, the representation of BMPs
within this framework is not a characterization of their ultimate resilience under a future
climate, nor is it an attempt to represent the value of these practices in any terms, whether it is
their water quality, environmental, social or any other explicit or intrinsic value. Indeed, many
practices offer desirable habitat or other benefits that communities may find more desirable
than any corresponding changes to nutrient or sediment loads. This exercise is simply an
attempt to organize an understanding of complexity and potential uncertainties; this should not
be interpreted as a definitive statement of these practices’ expected resilience or performance
under a future climate. The literature review makes it quite clear that BMP-site-specific
conditions force a great deal of variability into most BMPs’ performance, even under historical
climate conditions. This variability will remain and likely be exacerbated by climate change, and
this conceptual model seeks to flatten a lot of this uncertainty for the sake of deriving a
framework that serves as a basis for continued discussion and improvement.

The mechanisms and processes by which BMPs reduce nutrient and sediment loads are divided
into three categories: Biological or chemical (A), hydrological (B), and mechanical (C). Biological
or chemical includes an array of processes, notably plant uptake and soil denitrification, but also
other processes that are usually associated with vegetation (e.g., physical trapping) or soils (e.g.,
physiochemical sorption and microbially-mediated nutrient cycling processes). The hydrological
category generally includes mechanisms that rely on diversion, capture or infiltration of water
and thereby reduce or redirect nutrients or sediment through those processes. Mechanical is a
very diverse group, with the basic connection that each of these practices generally involves the
intentional collection and removal of pollutants (manure transport), reduced inputs of those
pollutants (core nutrient management, precision dairy feeding), or the forced relocation or
prevention of those pollutants within the landscape (stream fencing). All of these categories
include both annual and structural multi-year practices. Additionally, there are many practices
that utilize a combination of these mechanisms and thus fall in between A, B, or C, into the
overlapping areas numbered 1-4.

102



Figure 24. Conceptual model of BMP categorization based on mechanisms and processes used
to reduce, remove or transform nutrients or sediment

The CBP has too many individual approved BMPs to assign each one to an area of the diagram.
For this exercise some BMPs are aggregated for practical purposes (Table 11). For example, in
CAST there are 100+ versions of cover crops, and several versions of forest buffers, but here we
simply consider both as single BMPs.

In some cases the different versions of a BMP are explicitly separated. For instance, the CBP
defines core agricultural nutrient management as the application of nutrients at rates
recommended by land grant universities. This version of the BMP is placed in zone C, as the
direct control of nutrient inputs is not expected to be as impacted by future climate factors. In
contrast, a comprehensive “Four R” approach - right source, right rate, right time and right place
- consistent with the CBP’s supplemental agricultural nutrient management BMPs, intersects
with the other zones (A and B) in more complex ways.
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Table 11. Initial classification of certain BMPs to areas of the venn diagram conceptual model

BMP or BMP group Best approx. assignment

Ag Nutrient Management 4 or C (rate/core only)

Tillage Management B

Cover Crops 1 or A

Urban Nutrient Management 4

Pasture Management 1

Forest Harvesting B

Manure Incorporation 1 or B

Land Retirement 1 or 4

Wetland Rehabilitation A or B

Tree Planting A

Grass Buffers 1

Forest Buffers 1

Animal Waste Management Systems
(AWMS)

C

Stream restoration 1

Wet ponds and wetlands 1

Tidal wetland restoration 1

Nontidal wetland restoration 1

Living shoreline 1

Oyster restoration or aquaculture 2

Bioretention 1

Erosion & Sediment Control (construction) B

Dry ponds B

Rooftop or imp. disconnection B

Barnyard runoff control B

Denitrifying bioreactors 3 or 4

Algal flow-ways 2

Stream fencing C

Street sweeping C

Manure treatment C

Manure transport C

Constructed wetland 4

Drainage water management B
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Certain BMPs are more difficult to assign in one area, even in this subjective diagram
(Figure 25), and may be listed in more than one place, such as cover crops and wetland
rehabilitation (Table 11). Wetland rehabilitation can address multiple factors within a degraded
wetland, and could also therefore fall into zone 1. For now, it is placed in both A and B, to reflect
rehabilitation projects that target vegetation or soils-based problems (A), or hydrology (B). In
contrast, we place wetland restoration in zone 1. Though wetland restoration can sometimes be
done by restoring the hydrology, the wetland still functions through a combination of
biochemical and hydrologic factors. , though it can sometimes be achieved through
“constructed wetlands” listed in zone 4.

Figure 25. Conceptual model with preliminary allocation of certain BMPs

The more complex, nature-based practices may be associated with relatively greater variability
and uncertainty, but this is largely due to a lack of current knowledge and does not reflect on
the benefits of those practices. Indeed, many of these same nature-based practices may have
greater resilience due to competing or overlapping processes that exist in complex natural
systems. This complexity greatly complicates attempts to understand potential changes in their
water quality effectiveness in a changing climate, but this complexity can create redundancies
and resilience.

While the practices in Zone C may, on average, be less likely to be heavily affected by climate
change impacts, it does not make them immune. For example, consider street sweeping. The
BMP expert panel for this practice pointed out that the sediment and nutrient benefits of the

105



practice are modest, even under the most frequent sweeping scenarios. The use of more
advanced sweepers (vacuum-assisted or regenerative air) increases the pollutant removal of
these practices, but the benefit is largely dependent on the sweeping frequency in order to
collect the street sediments prior to wash-off by a storm (Donner et al. 2016) (Donner et al.
2016). While we found no modeling or empirical studies of street sweeping effectiveness in a
future climate, the expectation of more frequent and larger storms suggests that street
sweeping could be heavily impacted by climate change.

While this exercise attempts to isolate individual practices in an abstract sense, BMPs are rarely
implemented in isolation in the real world. Any given catchment or watershed in the region is
likely to have an array of practices that already exist in the landscape, and there are likely to be
new practices installed in the future in addition to recurring annual practices or maintenance of
existing structural practices. Therefore, it is important to consider that BMPs have the potential
to reinforce other practices within the same immediate environment. The fact that there is
already such widespread implementation of BMPs emphasizes the need for BMP verification to
ensure practices continue to function, and reinforce one another, as intended.

Characterization of Factors Influencing BMP Performance Risk Under Future
Climate

The literature reviewed for this project allows a characterization of key factors that affect BMPs’
performance. When key factors overlap with expected climate impacts such as those described
in the Q1 section, it suggests that the BMP’s performance is at some level of risk under a future
climate.

How is risk and uncertainty of BMP performance under a future climate distinct from risk and
uncertainty of a BMP under current or past conditions

There is always a level of uncertainty as well as natural variability when considering the nutrient
and sediment effectiveness of an individual BMP project or a class of BMPs. The varying
performance can be due to knowable site factors or intentional design choices as well as due to
unknown or unforeseeable factors. It can result from a lack of maintenance or operational
knowledge, or it can be due to stochastic, outside events. In other words, some variability could
be controlled, but even in the best circumstances there will be variability in BMP performance.
Uncertainty can be reduced in specific circumstances as knowledge and awareness increase, but
it can never be eliminated, especially in complex open systems where most BMPs function.

As noted in the Q1 section, this project seeks to understand how changes in climate may affect
BMP performance. So, while each BMP and each mechanism that contributes to a BMP’s ability
to reduce nutrient or sediment loads has uncertainty and variability associated with it, the focus
here is identifying where and/or how that uncertainty overlaps with changing climate factors or
other expected climate change impacts. While it may be difficult to draw meaningful
conclusions about the extent to which BMP uncertainty might change, an improved
understanding of these intersections can serve as a basis for future researchers to elucidate
greater insights. In other words, even though we often do not know much about the probability
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function for a BMP’s performance, it is still possible to identify the factors that are likely to
influence the shape or other characteristics of that probability distribution (e.g., central
tendency) under a future climate.

For purposes here, risk is considered based on possible outcomes in spite of the BMP
performance uncertainty noted above. This may differ from accepted distinctions of risk and
uncertainty, where risk is defined by situations with an unknown outcome, but known
probabilities, and; where uncertainty is characterized by an unknown outcome and an unknown
probability distribution (Knight 1921; De Groot and Thurik 2018). For this report, it is accepted
that there will always be uncertainty of both the outcome (i.e., BMP performance) and the
underlying probability function that is based on a range of environmental and human factors.
However, it is useful to apply the term risk and distinguish it from uncertainty based on a
spectrum of possible outcomes of interest for a BMP or class of BMPs, including diminished
performance or outright failure. Figure 26 is a useful spectrum of risk that considers such
outcomes. It was adapted from a similar spectrum described in (Wood 2021) that was
generated by that author to consider risk for stormwater BMPs. For purposes here, some
additional options and changes to descriptions were incorporated.

One additional outcome to the risk spectrum for the current context, is the possibility of “no
predicted change based on current information.” This reflects a situation where a practice’s key
mechanisms may be associated with climate impacts, but there is not enough information to
indicate if the practice should be linked to one of the options in the risk spectrum. Similarly,
there is a need for an “unknown” option on the risk spectrum. This option applies in cases
where a BMP’s and its mechanisms are not well understood or studied, and the connections to
climate impacts are also unclear.

Some practices have relatively little risk, given the factors that influence their performance or
load reductions. For these instances, the outcome of “relatively little risk” is added to the
spectrum. Note that “relatively little risk” is not zero risk, and this is not intended to convey a
value judgment on the BMP compared to other BMPs. It merely suggests that based on what is
understood about how the BMP functions that expected climate impacts are relatively less likely
to influence the BMP’s ability to reduce nitrogen, phosphorus or sediment loads to the Bay.

Most or any individual BMPs can fail due to a variety of chronic or acute factors, and that failure
may not be preventable or predictable. Climate change may alter the probability of complete
failure due to overwhelming individual storm events, or perhaps due to slower processes such
as sea level rise. However, the focus for this cross-sector report is more about performance and
less about resource or infrastructure impacts associated with “catastrophic failure,” so the risk
spectrum for the current context will exclude that potential outcome. However, the structural
and anticipated failure options are still applicable for purposes here.

Finally, the focus for this project is for water quality. Therefore, the outcome of “water quantity
performance failure” is omitted from the spectrum for simplicity. However, we will indicate
when a practice is necessary for other Chesapeake Watershed Agreement goals or outcomes...
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In summary, the final set of possible options for BMPs based on climate-induced risk are as
follows (Figure 26):

● Structural failure
● Water Quality performance failure (WQ performance failure)
● Diminishing performance
● Anticipated failure
● No predicted change based on current information
● Unknown
● Relatively little risk

Figure 26. Spectrum of possible options for BMPs associated with climate factors

To recap, the BMP performance and mechanism conceptual model (Figure 25) and
characterization of climate-induced risk (Figure 26) build on one another, and in turn enable
early attempts to identify and describe logical interventions.
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Figure 27. Flow of concepts in this narrative: Relevant climate factors are detailed in the
Question 1 section; we seek to understand how those climate factors influence BMPs’
pollutant-reducing mechanisms. Both concepts combined influence how we interpret risk and
uncertainty regarding BMP nutrient and sediment performance and thereby inform possible
interventions or adaptive management strategies.

Putting all of the information together in one place is a challenge. To do this in a manageable
way, Tables 12 -  15 combine the following information for each BMP listed in Column 1:

Column 2: The preliminary categorization based on the venn diagram model in Figure 24
and Figure 25 and the BMP’s primary mechanisms/processes
Column 3: Key performance factors, i.e., “BMP performance primarily depends on…”

○ BMP performance can be highly variable and often varies based on site
conditions, operations and maintenance, or many other factors. For this table,

109



the factors listed are the ones judged here to be the most important or most
relevant to a BMP’s performance in either historical or future climate conditions.

■ For example, the street sweeping expert panel notes that the adoption of
parking controls can improve the effectiveness of street sweeping, but we
do not list that factor here given the larger effect from the sweeper
technology and frequency of sweeping. Granted, in areas where parked
cars block a sweeper’s access to the curb and gutter it can theoretically
reduce the sweeper’s effectiveness to almost zero for that area. However,
these kinds of contextual factors are generally assumed to be less
impactful than factors that would alter the overall implementation of that
practice. In other words, upgrades to frequency of sweeping or sweeper

○ It is acknowledged that BMP performance depends on a large number of factors.
For purposes here, it is not practical to exhaustively list all factors, so a judgment
is made about which factors are most relevant to the BMP’s performance when
considering past or future climate.

○ The performance of some BMPs is directly related to the management action or
structure itself, such as manure transport. There may be some negligible
differences in how the action is conducted or how the structure is installed, but
overall there is little expected influence from climate factors to the performance
of such practices.

Column 4: Relevant climate factors influencing BMP performance.
○ What aspects of climate change are most critical to understand to assess BMP

performance.
○ Relevant climate factors include precipitation volume, timing, variability, and

intensity; minimum, maximum, average temperature and variability; changes to
atmospheric CO2 concentrations; solar radiation; potential evapotranspiration.

Column 5: An initial characterization of climate-induced risk, i.e., “Expected risks under
future climate”

○ This column primarily builds on the spectrum described by (Wood 2021), which is
broadened for purposes here to conceptually accommodate other sectors
(Figure 26). The expected outcomes are based on performance factors in the
preceding column when combined with expected climate impacts.

■ For example, consider street sweeping. The frequency of precipitation
events is expected to increase, along with intensity, which will decrease
the window of time for street sweepers to collect street dirt or detritus
prior to washing off into the storm drain system. This represents the
potential for a “water quality performance failure” or “diminishing
performance” under the risk spectrum, as the practice will still perform
some intended functions, but may no longer perform pollutant removal,
or a diminished rate of pollutant removal.

Column 6: potential adaptive management actions, i.e., “Interventions” or “adaptations”
as in Figure 26 and Figure 27.

○ If the literature identifies promising actions, changes, or improvements that can
potentially improve or maintain performance of a BMP into the future, these
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actions are briefly noted here. Our focus is more general for a given practice or
set of practices, so while we try to synthesize actions that can apply to the
practice broadly - for example, upgrading the type of street sweeper used or the
frequency of sweeping - we otherwise omit specific criteria or guidance in favor
of generic interventions.

■ Inspect & maintain
■ Monitor
■ Research
■ Update designs
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Table 12. Summary of BMPs’ key performance, relevant climate factors, expected risks under future climate and initial identification
of possible interventions or adaptations; BMPs with primarily mechanical or forced pollutant removal/prevention (Area C from
Figures 24-25).

BMP or BMP
group

Best approx.
assignment

BMP performance
depends on

Relevant
Climate Factors

Expected risks under
future climate

Possible interventions/
adaptations

Ag Nutrient
Management
(core)

C For core:
Following

prescribed rate
from NM plan

Increased precipitation
volume and intensity

and temperatures

Diminishing performance
from increased runoff and

leaching

Research, update 4R’s
recommendations

Animal
Waste
Management
Systems
(AWMS)

C Storage structure;
animal type;
management

Increased precipitation
intensity; precipitation

variability

Structural failure from
increased precipitation

volume

Monitor, for failure; Research,
update systems for larger

return period storms, improve
separation technology

Stream
fencing

C The structure
itself

Increased precipitation
volume and intensity

Structural failure from
streambank erosion

Monitor for function;
Research, update and improve

designs

Street
sweeping

C The type of
sweeper,

frequency

Increased precipitation
volume and intensity

WQ performance failure;
diminishing performance

from increased
precipitation frequency

and intensity

Research, Upgrade sweeper
technology, increase

frequency of sweeping

Manure
treatment

C The type of
treatment
technology

NA1 Relatively little risk Monitor, for emissions;
Research, develop new
conversion technologies

Manure
transport

C The act itself NA Relatively little risk NA

1 Emissions regulations may change the expected climate risk for manure treatment technologies.
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Table 13. Summary of BMPs’ key performance, relevant climate factors, expected risks under future climate and initial identification
of possible interventions or adaptations; BMPs with primarily biological or geochemical pollutant removal/prevention (Area A from
Figures 24-25).

BMP or BMP
group

Best approx.
assignment

BMP performance
depends on

Relevant
Climate Factors

Expected risks under
future climate

Possible interventions/
adaptations

Cover Crops 1 or A Crop species or
mixture; planting
date and method,

establishment

Precipitation
variability/intensity;

altered growing
season; Increased

temps and CO2

Diminishing
performance from

increased variability, but
countered by increased
plant biomass from CO2

effect1

Research, improve species
selection, timing, planting

recommendations

Wetland
Rehabilitation

A or B (or 1) Landscape position,
design, complex

factors, time

Precipitation
variability/intensity;
Increased temps and

CO2

Diminishing
performance from

increased water balance
but countered by

increased plant biomass
from CO2 effect1

Monitor, inspect and
maintain; Research, update

designs and
recommendations, develop

more adapted species

Tree Planting A Planting density and
survival, upkeep or

maintenance

Precipitation
variability/intensity;

altered growing
season; Increased

temps and CO2

Diminishing
performance from

increased variability but
countered by increased
plant biomass from CO2

effect1

Monitor, for establishment;
Research, develop more
adapted species, update

recommendations

1 Although evidence exists that many of these natural type BMPs may function better under higher temperatures and CO2

concentrations as long as moisture is not limiting (this also depends on plant type, C3 or C4 species).
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Table 14. Summary of BMPs’ key performance, relevant climate factors, expected risks under future climate and initial identification
of possible interventions or adaptations; BMPs with primarily hydrological-based pollutant removal/capture/prevention (Area B in
Figures 24-25).

BMP or BMP
group

Best approx.
assignment

BMP performance
depends on

Relevant
Climate Factors

Expected risks under future
climate

Possible interventions/
adaptations

Tillage
Management

B Crop residue
coverage, level of

disturbance

Precipitation
variability/intensity

Diminishing performance
from increased precipitation

intensity

Research, new tillage
practices

Forest
Harvesting

B Level of
disturbance

Precipitation;
Increased temps

and CO2

Relatively little risk Research, update & improve
design

Manure
Incorporation

1 or B Injector type; level
of disturbance;

timing

Precipitation
variability/volume,I

ncreased temps

Diminishing performance
from greater runoff

Monitor, for WQ benefit;
Research, update design, new

manure incorporation
technology

Erosion &
Sediment
Control

B Stabilization of
site; maintenance

of practices

Precipitation
intensity

Diminishing performance
from increased precipitation

intensity

Monitor, for failure; Research,
update design, new IDF

curves

Dry ponds B Antecedent
conditions;

Precipitation
intensity

Diminishing performance
from increased precipitation

intensity

Monitor, for failure; Research,
update design,  new IDF

curves

Rooftop or
imp.
disconnection

B Physical
infrastructure

itself

Precipitation
volume/intensity

Relatively little risk, hydraulic
failure could occur

Research, update design, new
IDF curves

Barnyard
runoff control

B Physical
infrastructure

itself

Precipitation
volume/intensity

Relatively little risk, hydraulic
failure could occur

Monitor, for function;
Research, update design, new

IDF curves

Drainage B Antecedent Precipitation Relatively little risk, hydraulic Monitor, for function;
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water
management

conditions;
infrastructure

volume/
variability

failure could occur Research, update designs,
new drainage practices

Table 15. Summary of BMPs’ key performance, relevant climate factors, expected risks under future climate and initial identification
of possible interventions or adaptations; BMPs with blended or multiple types of pollutant removal mechanisms (Areas 1, 2, 3 or 4 in
Figures 24-25)

BMP or BMP
group

Best
assignment

BMP performance
depends on

Relevant
Climate Factors

Expected risks under
future climate

Possible interventions/
adaptations

Ag Nutrient
Management
(core +
supplemental)

4 Soil and crop factors Precipitation
variability/ intensity;

altered growing
season;

Diminishing
performance from

increased runoff and
leaching losses

Research, improve plant
nutrient use efficiency,

adjust timing/frequency of
nutrient applications, adjust

recommendations

Urban Nutrient
Management

4 Rate and timing Precipitation
variability/ intensity

Relatively little risk Research, adjust
recommendations

Pasture
Management

1 The act itself (allowing
regeneration between

grazing periods);
landscape factors

(slope), and vegetation

Precipitation
variability/ intensity;

altered growing
season; Increased

temps and CO2

Diminishing
performance from

increased runoff, but
perhaps countered by

increased plant biomass
from CO2 effect

Research, more adapted
pasture species, adjust
grazing management

strategies

Land
Retirement

1 or 4 The act itself; WQ
value of the land

Precipitation
variability/ intensity;

altered growing
season; Increased

temps and CO2

Relatively little risk Monitor, evaluate for
environmental benefit

Grass Buffers 1 Landscape position;
Soil and plant factors;

time

Precipitation
variability/

intensity;altered
growing season;

Diminishing
performance from

increased runoff, but
perhaps countered by

Monitor, for concentrated
flow path formation;

Research, update
establishment
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Increased temps and
CO2

increased plant biomass
from CO2 effect

recommendations, more
adapted buffer species

Forest Buffers 1 Landscape position;
Soil and plant factors;

time

Precipitation
variability/ intensity;

altered growing
season; Increased

temps and CO2

Diminishing
performance from

increased runoff, but
perhaps countered by

increased plant biomass
from CO2 effect

Monitor, concentrated flow
path formation; Research,

update establishment
recommendations, more
adapted buffer species

Stream
restoration

1 Complex site factors Precipitation
variability/ intensity

Diminishing
performance/structural

failure from higher
intensity storms

Monitor, for failure, for WQ
benefits; Research, update

recommendations

Wet ponds and
wetlands

1 Landscape position,
complex site factors,

time

Precipitation
variability/ intensity;
Increased temps and

CO2

Diminishing
performance/structural

failure from higher
intensity storms

Monitor, for failure, for WQ
benefits; Research, update
recommendations, employ

new IDF curves

Tidal wetland
restoration

1 Soil and plant factors;
time

Precipitation
variability/ intensity;
Increased temps and

CO2 /
Ocean acidification

Diminishing
performance/structural

failure from higher
intensity storms but

perhaps countered by
increased plant biomass

from CO2 effect

Monitor, for WQ benefits;
Research, update

recommendations, employ
new IDF curves, develop

more adapted species

Nontidal
wetland
restoration

1 Landscape position,
complex site factors,

time

Precipitation
variability/ intensity;

altered growing
season;  Increased

temps and CO2

Diminishing
performance from

higher intensity storms
but perhaps countered

by increased plant
biomass from CO2 effect

Monitor, for WQ benefits;
Research, update

recommendations, employ
new IDF curves, develop

more adapted species

Living shoreline 1 Soil and plant factors; Precipitation Relatively little risk Monitor, for performance;
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time variability/ intensity/
Ocean acidification

Research, update
recommendations

Oyster
restoration or
aquaculture

2 Site suitability Increased temps and
CO2 /

Ocean acidification

Relatively little risk Monitor, for performance ;
Research, update
recommendations

Bioretention 1 Landscape position,
complex site factors,

time

Precipitation
variability/intensity;
Increased temps and

CO2

Diminishing
performance from

higher intensity storms

Monitor, for failure, for WQ
benefits; Research, update
recommendations, employ

new IDF curves

Denitrifying
bioreactors

3 or 4 Complex substrate
factors

Increased temps Relatively little risk Monitor, for performance

Algal flow-ways 2 Site suitability Increased temps/
Ocean acidification

Relatively little risk Monitor, for performance

Constructed
wetland

4 Landscape position,
complex site factors,

time

Precipitation
variability/intensity;
Increased temps and

CO2

Diminishing
performance from

higher intensity storms
but perhaps countered

by increased plant
biomass from CO2 effect

Monitor, for WQ benefits;
Research, update

recommendations, employ
new IDF curves, develop

more adapted species
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Discussion

Discussion of Key BMPs: front-line BMPs

Some practices, including those identified for the additional review from NOAA, warrant
particular consideration and may be best understood as front-line BMPs or front-line practices.
Front-line BMPs can be defined by two criteria. First, they exist in physical spaces within the
watershed, shoreline or estuary where the impacts of climate change are virtually certain to
manifest, whether through high sensitivity to acute weather events (flash floods, droughts,
large storms) or chronic changes over time to historic baselines (sea level rise, acidification).
Second, these BMPs are often heavily relied upon to achieve environmental goals or outcomes -
not only water quality - or they themselves are the metric, or an explicit part of a measured
outcome. This is because they exist as a key environmental nexus and/or serve as critical habitat
hot-spots. Practices that meet both of these criteria can accurately be described as front-line
BMPs: they are not only keenly exposed to climate change, but also play a critical role in
mitigating or adapting to its impacts for water quality or other purposes. Practices that meet
both criteria and can be considered as such front-line practices: living shoreline, oyster
restoration or aquaculture, non-tidal and tidal wetland restoration, forest buffers, and stream
restoration.

Relatively few studies found in this systematic review discuss oyster practices and living
shorelines, though considerations of living shoreline overlaps with some of the tidal wetland
literature; for example, with respect to sediment dynamics in the nearshore estuarine
environment.

Regarding oysters and oyster BMPs, estuarine climate factors such as changes in water
chemistry (salinity, pH, temperature) and sea level rise are of the greatest concern. This
discussion draws mostly on two studies Miller et al. (2017) and Ridge et al. (2017) . The
forthcoming BMP expert panel report for oyster restoration is expected to have more relevant
information than was available in the third study by Caffrey et al. (2016). In the case of Miller et
al. (2017), the study was concerned with how managers might improve their modeling for site
selection within the Gulf of Mexico. While the purpose of site selection is not applicable for this
review, those authors did offer relevant insights into factors that impact the success of oyster
restoration efforts, including not only temperature and salinity, which are usually considered,
but also the role of timing, duration and frequency of low salinity events, particularly when
combined with higher temperatures. Increased annual or seasonal streamflow and frequency of
large precipitation events could potentially compound their impact under future climate
conditions to heighten stress of oyster reefs. Modelers could further investigate the range of
possible climate futures for oyster reefs in areas of interest; it is likely that the information,
Chesapeake Bay models and knowledge to perform this type of analysis already exist. The
question of interest, to be refined by interested subject matter experts such as those within the
Fisheries Goal Implementation Team, would be to what extent future climate conditions will
produce periods of increased stress (multiple stressors) such as those identified by Miller et al.
(2017), including low salinity for extended periods, especially at higher temperatures; the
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frequency, timing and duration of low salinity events; as well as increased infection risks
associated with high salinity and higher temperatures.

The other oyster-related study by Ridge et al. (2017) offered interesting insights based on tidal
marsh and oyster reef data from North Carolina, which suggest that strategically implementing
oyster reef planting to protect marsh environments may be able to extend ecosystem functions
and preserve buried carbonaceous sediments. Transferability to the Chesapeake Bay is unclear
and best left for consideration of oyster and estuarine management experts, but it is one
potential innovation to use natural elements to protect tidal shoreline marsh areas.

No studies were found in this review that addressed oyster aquaculture activities.

A relatively small number of studies were found in the initial systematic review for riparian
forest buffers, leaving this review to focus on Sweeney and Newbold (2014). Their high-quality
review of the literature through 2012 reports reductions in nitrogen, sediment and erosion;
water temperature; and stream habitat suitability for macroinvertebrates and fish communities
with respect to buffer width and water flux. They conclude that to protect water quality, habitat
and biota in small streams buffers of at least 30 meter width are needed. They offer predictive
equations for nitrate and sediment removal efficiency rates built from the literature. A targeted
expansion of this analysis of available data in the published literature would be prudent for
future efforts, with this article serving as a keystone.

Most of the tidal wetland literature reviewed through this study focused on sediment dynamics
or processes. While these dynamics with respect to sediment accretion are certainly vital for
longevity of wetlands, there was less information regarding nutrient or carbon processes.

Tidal wetland literature from the search was somewhat concentrated with studies in the Gulf of
Mexico (Louisiana (Brantley et al. 2008), Mississippi (Alizad et al. 2018), Florida Everglades
(Kominoski et al. 2020))  and San Francisco Bay regions (Buffington et al. 2020; Callaway et al.
2007; Cecchetti et al. 2020), though there was a wide range of locations including other eastern
U.S. areas (including Connecticut (Bernhard et al. 2015; Doroski et al. 2019), Chesapeake Bay
(Fleri et al. 2019) and North Carolina (Ardon et al. 2013), and estuaries in China (Huang et al.
2021). Reviews of national or global scope were also included (Leonardi et al. 2018; Liu et al.
2021).

Much of the reviewed literature revolves around changes in tidal regions, typically as a result of
sea level rise or from disturbance events such as hurricanes. The transition between land cover
classes - particularly from emergent wetland to open water -  is of particular interest in the
Chesapeake Bay region, where sediment accretion in tidal wetlands may struggle to keep pace
with other forces such as sea level rise. Marsh migration is a complex process that cannot be
described in depth here, but it should be noted that land cover change is occurring at
accelerated rates in the region, with forest retreat estimated at multiples of pre-industrial rates
in areas of Maryland and Virginia (Kirwan and Gedan 2019). One study of Somerset County land
cover change within 2 km of maximum tidal extent (total study area of 625.43 km2) over only 8
years (2009-2017) found that 16.1 km2 transitioned to new land cover (Gedan et al. 2020). The
authors found that out of the transition area, 38% started as agricultural land in 2009 and about
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26% started as forest in 2009, while another 15% and 16% started as emergent wetland and
scrub-shrub wetland, respectively, with the remainder starting as urban or open water. Most of
the lost agricultural land transitioned to emergent wetland and about half as much went to
forest, with a smaller portion of that changing to urban land (development).  Notably, there was
a significant extreme drought during the study period in the summer of 2011, as well as
Hurricane Sandy in 2012, suggesting these disturbance events played a role. Most of the lost
forest transitioned to scrub-shrub wetland or emergent wetland, while emergent wetland
transitioned primarily to open water. Gedan et al. (2020) estimated that this transition
represents a loss of over 2% of farmland in Somerset County in that short time period.

Given such rates of change, sediment dynamics that contribute to accretion and marsh
longevity, managed retreat of marsh, and possible methods to combat effects of saltwater
intrusion were common themes in the reviewed studies. The impacts and role of disturbance
events such as fire, drought and hurricanes were also explored (e.g., (Kominoski et al. 2020)) or
noted when they occurred during a study period. In two drainage systems within the
Everglades, Kominoski et al. (2020) found increases in TN from upstream freshwater marshes
following disturbance events (fire in 2008 and droughts in 2010 and 2015), while downstream
TP increased with coastal storm surge from hurricanes in 2005 and 2017. Regarding sediment,
Liu et al. (2021) is a key paper that encompasses living shorelines as part of the authors’
definition of “nature-based solutions.” They identify a site’s sediment availability as a greater
factor in their effectiveness than elevation, tidal range, or local sea level rise rates, among other
factors, and suggest that nature-based solutions can be most effective to mitigate coastal
wetland vulnerability when they have an abundant sediment supply.

As noted in Figure 23(C) the restoration of freshwater wetlands to combat saltwater incursion
can improve microbial functions, in terms of increased denitrification and anammox for
example, but these ecosystems appear to be sensitive and do not fully regain microbial
community structure and function to previous, desired levels (Huang et al. 2021). One study
found that restoring tidal hydrology may enable salt ions to infiltrate farther inland than
expected if focused on sulfate alone, as sulfate did not infiltrate as far inland (Ardon et al. 2013).
They also found that low levels of salinity may release ammonium for long periods of time from
lands that were previously used in crop production (Ardon et al. 2013). As previously
agricultural lands transition to wetland in the Chesapeake Bay, the findings from Ardon et al.
(2013) may warrant careful attention from researchers in this region as a potentially significant
source of nutrients.  Increased denitrification rates are achievable in restored wetlands, and can
increase along with time since restoration (Doroski et al. 2019), but even with decades of time
restored wetland systems (both tidal and non-tidal) will struggle to approach functional levels
associated with natural reference wetlands (Ballantine and Schneider 2009; Moreno-Mateos et
al. 2012).

The literature search only returned one study of stream restoration, Williams et al. (2017),
which also considered future climate conditions as part of their analysis. The authors conducted
a field study of a restored wetland-stream complex in the Maryland Coastal Plain, as described
in Table 6.
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Studies reinforce the importance of protecting natural systems, features and the functions they
provide (Pelletier et al. 2020). While the CBP does have methods to account for conservation
actions in future planning scenarios within CAST, preservation efforts are generally accounted
for programmatically such as through Watershed Agreement Outcomes. For example, allowing
for migration of tidal marsh is not a CBP-approved BMP while the installation of a living
shoreline is a BMP that can be simulated within CAST. However, studies such as Liu et al. (2021)
consider “managed retreat” as part of the suite of nature-based actions available to managers.

Unfortunately, this review did not identify or reveal any specific thresholds for practitioners to
guide management. Such thresholds would be valuable to identify when certain BMPs are no
longer viable in terms of water quality or provisioning of habitat. While specific numeric
thresholds were not identified, the literature may offer examples of potentially relevant
indicators or warning signs in the case of some nature-based practices or natural preservation
areas. Noe et al. (2021) found that shifts in the composition of the shrub and herbaceous layer
can be an early indicator of conversion of tidal freshwater forested wetlands to oligohaline
marsh and could be identifiable prior to the substantial decline and eventual loss of longer-lived
trees. It is unclear if interventions could prevent or slow this conversion and loss of valuable
longer-lived trees, but there is literature to suggest that restoring freshwater hydrology can
restore microbial activities and some of the functions in wetland soils (Huang et al. 2021), at
least in the short term. That is not the same thing as saving longer-lived trees, but it at least
offers a potential stalling tactic that could allow managers to implement additional actions that
could include managed retreat or other restoration activities.

Even though the literature search and review was carefully phrased to identify studies that
targeted these kinds of “front-line BMPs” the results were less insightful overall than desired
and heavily skewed in favor of tidal wetlands. Targeted literature reviews built from highly
relevant key papers would be more likely to yield a rich body of relevant literature in the case of
riparian buffers and oysters in the future.

Agricultural BMPs

Animal waste management systems (AWMS): AWMS are a significant contributor to simulated
WIP reductions, but were absent from the literature review. Experience with the AWMS Expert
panel (Hawkins et al. 2016) suggests that this is more a reflection of the state of the literature
on that subject, which is limited, than it is about the systematic review or search terms in this
case. Even so, enough is known about AWMS and manure storage in particular to conclude that
it is less exposed or at risk from expected climate change factors, though in cases where storage
or barnyards are directly impacted by precipitation, there is certainly still the opportunity for
reduced BMP performance. The AWMS BMP is defined by the CBP in terms of manure
“recoverability,” and different animal types and variations in farm operations are likely to be
more protected against expected climate factors like increased precipitation and runoff.
Without additional information from the literature, it is best to avoid speculation and allow
more careful consideration of this practice with respect to climate impacts in the future if
desired by the CBP partnership given the longevity of manure storage structures and large role
of AWMS within the states’ WIPs.
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Tillage management: Tillage practices, including conservation tillage and no-till, with varying
levels of residue coverage, were discussed in a small number of articles, including high quality
reviews and meta-analyses such as Blanco-Canqui and Lal (2009) and Ranaivoson et al. (2017).
The approach to tillage management may depend on the priority pollutant for a specific
location given that occasional tillage (as opposed to no tillage) reduces efficiency with respect
to sediment and bound nutrients, but improve efficiency with respect to dissolved nutrients and
pesticides (Blanco-Canqui and Wortmann 2020). Perhaps maintaining a minimum level residue
to ensure environmental benefits (as recommended by e.g. Blanco-Canqui and Lal (2009)) and
utilizing occasional tillage could be combined with vegetative filter strips or other edge-of-field
practices to compensate for increased sediment loss while minimizing nutrient leaching. The
watershed simulation study by Woznicki et al. (2011) suggests that while conservation tillage
may have a smaller effect on pollutant loads than some other agricultural BMPs, its variability in
performance is also lower and remains so under future climate conditions.

Cover crops: Though cover crops can be impacted by climate in complex ways (e.g., enhanced
by warmer winters or suppressed by fall droughts), they offer the advantage of agility in that
each year is an opportunity to plant a different species better adapted to the changing climate,
as pointed out by Schmidt et al. (2019). Indeed under some climate scenarios, cover crop
performance may be improved. (Bosch et al. 2014a) found that under the moderate B1 climate
scenario, cover crop efficiency increased for sediment, N, and P; though efficiency declined
slightly under the more extreme A1F1 climate scenario, cover crop mass removal increased for
all constituents aside from soluble phosphorus. Schmidt et al. (2019) likewise found that cover
crops improved with warming winter climate and were one of the most effective practices for
sediment reduction; Schmidt et al. (2019) also found that cover crops were sensitive to
temperature changes, but relatively insensitive to precipitation changes.

Nutrient management: Meta-analyses of field studies have emphasized the critical importance
of the “4Rs” of nutrient management and returned to the fundamental mass balance to
emphasize that the right rate must be in place before the benefits of additional management
can be realized (e.g., Chien et al. 2010; Quemada et al. 2013; Xia et al. 2017). Though this point
is self-evident, it emphasizes the need for nutrient management to become requisite for
agricultural production, regardless of climate impacts.

Urban BMPs

The meta-analysis of Koch et al. (2014) emphasized the importance of “treatment trains”,
combining multiple BMPs in sequence, since optimal BMP design differs for peak flow
attenuation, sediment removal, and nutrient removal. Taking ponds as an example, a larger
pond requiring a deeper volume may be warranted to mitigate flooding, but shallow ponds with
high surface area to volume ratios are more efficient for nutrient removal (Koch et al. 2014).
Extending this example to a future climate scenario (and/or land use change increasing
impervious surface area in urban areas), the approach of addressing flow and sediment with
one BMP approach in conjunction with another for nutrient removal is likely to become
increasingly necessary, though the “treatment train” strategy is not new. What might be
considered treatment redundancy under current climate conditions may be warranted under
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future climate conditions given anticipated reduced BMP efficiency and the conclusion that “it is
unrealistic to assume that performance of a specific SW BP will ever be known with a high level
of certainty given the large number of variables that could influence performance, knowledge of
relative differences in uncertainty should be used to manage risk” (Koch et al. 2014). In
considering BMP performance uncertainty and the risk of underperformance, the possibility not
only of underperformance but also of pollutant export should also be considered (Hager et al.
2019). In an extensive review of stormwater BMPs, Hager et al. (2019) documented the
potential for nutrient export from bioswales, bioretention cells, buffer strips, and green roofs,
but not in permeable pavement systems, infiltration trenches, or constructed stormwater
wetlands; the occurrence of sediment export from bioswales and bioretention cells was also
noted by several of the reviewed studies. Each of these extensive urban BMP reviews highlight
the large uncertainties about the variability in stormwater BMP performance and the
uncertainty in performance over time, even under stationary climate conditions.

BMP Resilience

Given current understanding of most BMPs’ functions and existing state of empirical literature,
it is prudent to address BMP resilience in conceptual terms. Conceptually it may help to emulate
or follow examples for resilience in other contexts. For instance, (Pelletier et al. 2020) identify
factors that decrease or increase resilience for aquatic ecosystems. Some factors such as
connectivity, functional redundancy or response diversity, and diversity in management and
institutions are likely applicable regarding BMPs as well. Indeed, translating some of the factors
discussed by Pelletier et al. (2020) into applicable concepts for BMPs will resemble the kind of
design and management principles identified in Wood (2021). Table 16 compares the factors
identified in Pelletier et al. (2020) with the principles and adaptations from Wood (2021). There
are similarities that can be extracted and applied for BMPs in any sector, not just stormwater,
and this can act as a basis for cross- or intra-sector discussions to refine research needs and
priorities and identify actions with greater specificity. For example, both articles highlight the
importance of redundancies as a way to bolster resilience. Furthermore, the concepts of
stressor loads, multiple stressors, connectivity, diversity and heterogeneity from Pelletier et al.
(2020) is mirrored by Wood (2021) by promoting the principles of comprehensive watershed
management and  flow-plains. Both authors are acknowledging how vital it is for a system to
have robust, diverse components that are not simply redundant, but evolved or strategically
selected in order to complement and enhance each other. In other words, resilience would
mean BMPs are designed and implemented in terms of systems or complexes of BMPs as
opposed to an a la carte choice that selects one BMP based narrowly on a single criterion such
as cost-effectiveness for a target pollutant.
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Table 16. Comparison of factors affecting aquatic systems resilience with principles and design
adaptations to improve stormwater BMP resilience

Summarized from Table 2 in Pelletier et al.
(2020). See original source for details and
references.

Resilient stormwater design principles,
from Wood (2021)

Factors affecting resilience of aquatic systems ● Comprehensive watershed
management

● Sizing
● “Flow-plains”
● Full-cycle implementation
● Redundancies
● Performance enhancers

Direction of Influence: Decreasing

● Increasing stressor loads (nutrients and
contaminants)

● Urbanization
● Overharvesting
● Climatic changes
● Multiple stressors
● Lack of equity (in socio-ecological

system)
Stormwater BMP design adaptations,
from Wood (2021)

● Sizing (e.g., projected IDF curves,
use “factor of safety,” over-sizing)

● Resilient design adaptations (e.g.,
“smart” BMPs, media/vegetation
amendments, treatment trains,
inlet/outlet protections, better
maintenance)

Direction of influence: increasing

● Connectivity
● Habitat heterogeneity
● Functional redundancy
● Diversity
● Strong linkages between social and

ecological systems

Direction of influence: Depends on context

● Disturbance
● Life history characteristics
● Scalar issues

Range and Variability of BMPs Under Historical Conditions

Some BMPs’ performance can already range from a nutrient or sediment sink to source (for
example, Hager et al. (2019); Valenca et al. (2021), among others), with the existing evidence
and data associated with historic climate and site conditions. The CBP’s performance estimates
for BMPs are based on averages or central tendencies and can misrepresent the possible impact
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of BMPs when individuals do not understand the context and uncertainties associated with
those performance estimates.

We are unable to estimate the relative shift in uncertainties of BMP performance from historic to
future climate conditions, largely because we do not fully understand the current range of
performance under historic conditions. Lintern et al. (2020) also concludes that not enough is
known about BMP functions and performance. Without a finer understanding of individual or
groups of BMPs, it is difficult to make educated inferences about the likely shift in BMPs’
performance uncertainty or variability. Given the variable status of empirical data to inform our
understanding across a wide range of BMPs, it may be possible or prudent to conduct a
structured expert elicitation or similar analysis that could generate usable estimates of BMPs’
performance probability functions under baseline and future conditions. Such an effort would
require a large-scale survey of national or possibly international experts to generate information
that could be used by CBP modelers. The process described by Hemming et al. (2018) is one
approach, but the CBP modeling team and stakeholders from various partnership groups would
need to articulate the desired outcomes and project in much greater detail, potentially as part
of a future GIT funding request or STAC workshop depending on the desired structure and
outcomes. Information from this report could be adapted for handout materials for prospective
respondents, as outlined in (Hemming et al. 2018).

Available evidence (modeling studies) suggest that BMPs will continue to reduce pollutant
loads, on average. However, the complete loss of BMP function would be a difficult conclusion
for modeling studies to reach. Indeed, complete failure or loss of BMP function is not a
conclusion reached by any modeling studies that assess BMP performance, though BMP failure
is acknowledged or documented in at least a small percentage of field studies (Lintern et al.
2020). Our review found studies confirming that BMPs can exhibit negative removal of nutrients
or sediment (i.e., they increase loads), and from a water quality perspective that could also be
considered a failure of the practice. Therefore, we conclude that while BMPs can be expected to
continue providing water quality benefits under a future climate, it will remain essential to
continually assess and improve our collective understanding of BMPs through multiple lines of
evidence (field studies, modeling studies, mixed studies, trends analyses, expert elicitations, and
larger syntheses or reviews).

Given the projected increases in nitrogen, phosphorus and sediment yields, the overall
performance of most BMPs is expected to decrease in terms of relative reductions (%
reductions from increased baseline loads). However, the BMPs may reduce greater loads in
absolute terms (pounds) given the greater opportunity represented by increases in runoff,
streamflow and load inputs. Nonetheless, overcoming pollutant load increases to meet water
quality targets in specific subwatersheds may be challenging at BMP implementation levels
acceptable to stakeholders (Bosch et al. 2014a) or require high efficiency treatment of all
agricultural and urban land (Renkenberger et al. 2017).

Generally, watershed simulation studies generally  indicated that sediment loads were likely to
experience largest relative increase under future climate conditions within the Chesapeake Bay
watershed (Renkenberger et al. 2017; Wagena and Easton, 2018) and elsewhere in North
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America (e.g., Jayakody et al. 2013; Van Liew et al. 2021; Woznicki et al. 2011). However, in the
Chesapeake Bay N appears to be the constituent with the greatest risk for nonattainment of
TMDL water quality goals (Fischbach et al. 2015; Renkenberger et al. 2017).

We did not find evidence that any specific BMP will cease to offer water quality benefits. This is
mostly a reflection of the current status of collective knowledge about BMPs’ functions and
processes. It is still possible (likelihood unclear), that some versions of particular BMPs are at
greater risk to lose or reverse their expected water quality benefits unless updates to their
design or management are made. Given existing knowledge gaps, we attempted to identify
mechanisms and processes to bridge the gap between climate factors or impacts, with the
performance of BMPs. We attempted to identify practices that may be associated with greater
risk, given what we can reasonably conclude about the future climate. Individuals or groups of
BMPs may be more directly influenced by particular mechanisms, or outside stressors. We tried
to focus on stressors that are associated with a changing climate, though it should be
emphasized that other stressors and factors can play outsized roles in BMP performance
(watershed/regional site characteristics, design, knowledge, skill of installation, maintenance,
etc.).

Knowledge Gaps and Future Research Needs

Question 1
1. Better and more accurate climate forecasting and scenarios at spatial and temporal

scales needed to inform decision making. Climate forecasting (short term) and scenarios
(long term) should be developed to assist decision makers in integrating the most
appropriate and relevant information into BMP design, selection, siting, and
maintenance.

a. Evaluate the ability of GCMs or regional climate models to simulate extreme
precipitation events.

b. More studies on the impact of soil moisture on local climates.
2. More research and modeling studies on how climate change impacts runoff processes.

Since many BMPs function by reducing runoff volume (e.g., many stormwater BMPs) or
by treating runoff (e.g., many agricultural BMPs), more knowledge of how climate
change alters runoff volumes, processes, and fractionation (baseflow vs runoff) will be
critical to understanding BMP performance.

3. A better understanding of how climate change influences landscape management
particularly for agricultural production is critical. Changes to agricultural production due
to climate are already occurring. The National Climate Assessments (Gowda et al. 2018)
found that increased frequency of droughts, extreme precipitation, and extreme
temperatures will continue to have negative effects on production systems. This
however, must be reconciled with studies that have found beneficial effects of increased
CO2 concentrations on plant growth (Deryng et al. 2016; Lee et al. 2017).

a. Evaluate the effects of higher temperatures and CO2 concentrations, and altered
precipitation patterns on agricultural productivity such as nutrient uptake,
changes in yield, and altered AET patterns.

b. Assess how shifts in climate alter agricultural inputs, or intensification.
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c. Understand the impacts of changing moisture and temperatures on nutrient
cycling.

d. Better understanding of how the CO2 fertilization effect impacts ET and
propagates to influence soil moisture , streamflow, and nutrient cycling.

Question 2

To discuss knowledge gaps and future research needs regarding the impact of climate change on
BMP performance, it helps to build from the concepts explained by Lintern et al. (2020),
particularly their definitions of known knowns (“well-studied aspects”), known unknowns
(“aspects we know exist but require new knowledge to fully understand”), and unknown
unknowns (“aspects which we are at this point unable to conceptualize or predict”).

Figure 28. Relationships between current knowledge and strategies, existing future research
needs, and future novel directions. Adapted from Lintern et al. (2020).

Much of this report has attempted to understand and describe the uncertainty surrounding
current strategies and BMPs (i.e., uncertainty that still remains for known knowns), while
acknowledging where current information falls short (i.e., the known unknowns). The needs for
future research described here complement and reinforce those made by (Lintern et al. 2020)
and other authors, but these are only one part of an overall adaptive management approach
that can strengthen the CBP partnership’s ability to identify and address unknown unknowns in
the future.
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Examples of known unknowns identified by this project.

1. Research is needed to help inform the selection, design and siting of cost-effective BMPs
that are resilient to anticipated long-term changes in hydroclimatic conditions (Bosch et
al. 2018; Williams et al. 2017; Xu et al. 2019). Specifically, there is a need for:

a. design guidance to increase BMP resilience (e.g., standards for considering the
impacts associated with extreme weather and climate into BMP siting and
design);

b. improved simulation modeling capabilities for BMPs;
c. targeted research to quantify the impacts of climate change on BMP

effectiveness, and;
d. improved methods to evaluate siting and design considerations within the

watershed context, in addition to site-level assessment needs (e.g., including
BMP cost-effectiveness and co-benefits, Johnson et al. 2018).

2. Need for additional studies that evaluate the influence of climate factors on BMP
performance such as Qiu et al. (2020).

3. Modeling studies that assess the performance of one or more BMPs under future
climate conditions do not consider alternative land use or growth scenarios beyond
changes directly due to the BMPs. This is an understandable knowledge gap given the
purpose of the reviewed modeling studies is to understand the effectiveness of one or
more BMPs in isolation of other changes. However, population growth and other
socioeconomic factors will drive significant changes to the landscape and it is well
established that that landscape will be a major factor in watershed loads. While the
uncertainty of future growth projections may be quite high towards the long term, it
may be worthwhile for researchers to consider how they might utilize short-or
medium-term growth projections in coordination with BMP modeling to assess impacts
to loads and BMP effectiveness.

4. It is almost certain that the systematic review approach did not identify all critically
relevant or significant studies, especially when the literature searches were done for
such a wide range of conservation practices. A similar systematic review approach may
be appropriate for specific practices or classes of practices in the future. However, if a
future effort is made across a similarly broad scope of sectors or practices, it may be
better to use a focused review approach that builds from references to, and works cited
by, key papers.

5. Social science linkages were not sought in our searches and review, but there are
significant potential contributions of social science fields particularly with respect to
improved implementation, installation or maintenance of BMPs. Our scope did not
include considerations of socioeconomic factors or research. In light of climate change’s
disparate impact on underserved populations, future efforts that include social science
research should also include social and environmental justice within the lens to
understand the benefits or potential impacts of large scale BMP implementation for
more than water quality benefits alone.
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As noted earlier, our ability to recognize existing knowledge gaps is limited to improvements of
understanding of existing uncertainties for known knowns, as well as acknowledged
shortcomings in current knowledge (known unknowns). However, as the climate continues to
change alongside land development and BMP implementation, it is expected that new unknown
unknowns will emerge, and that while these concepts are undefinable and unpredictable by
their very nature, it is still possible to prepare for their occurrence. (Lintern et al. 2020) suggest
three approaches: use of machine learning, applying methods from business and operations
management, and leveraging long term convergent research. The first two certainly have merits
but are outside the scope of our efforts here and should be considered by regional groups of
experts with the relevant knowledge. Here, it is worth elaborating on the convergent research
recommendation from Lintern and colleagues, who describe challenges to such convergent
research, which will ring true for those familiar with complex watershed management
partnerships such as the Chesapeake Bay Program:

● Inconsistent cross-disciplinary language and terminology
● Struggles to engage with key stakeholders
● Barriers to establish methods that are reproducible and understandable
● Time-lag between management decisions and environmental outcomes or milestones

They allude to some of the ways in which these challenges can be overcome, such as
networking of scholars and practitioners, development opportunities, increased engagement
with practitioners and decision makers throughout research activities, etc. They also point to
the lack of funding mechanisms, especially when it comes to larger and longer-term funding
that is often required for effective convergent research to tackle a transdisciplinary problem like
nutrient pollution.

These challenges are ripe for groups within the Chesapeake Bay Program structure to address,
and in many ways the CBP partnership already facilitates this type of longer-term thinking to
encourage convergent research. The roles of groups like the Scientific and Technical Advisory
Committee (STAC) and the Scientific, Technical Assessment and Reporting (STAR) team in
particular can be leveraged toward sustaining long-term convergent research that may identify
unknown unknowns, either for climate change, BMPs, or for entirely new but equally vital
environmental concerns. They may also be able to lay a foundation for convergent research by
guiding and encouraging the CBP to establish consistent cross-disciplinary terminology. Valuable
resources to inform this effort with respect to BMPs would come from BMP databases such as
the International Stormwater BMP Database and more recently developed companion
Agricultural BMP Database, newly released Stream Restoration Database, and also the
Measured Annual Nutrient loads from AGricultural Environments (MANAGE) database. Such
databases have been one approach toward consistent terminology and methodology and at a
minimum encourage reporting meta-data for the methodologies. However, the completeness of
reported application/environmental and research method variables (design, management, site,
etc. are a big limitation as pointed out by Koch et al. (2014) in their evaluation of the urban
stormwater BMP database. In their analysis of the MANAGE database, Nummer et al. (2018)
noted the non-random application of BMPs within land use for agricultural applications, raising
an important consideration for statistical assessment of such data.

129



Due to this review’s focus on BMPs for water quality we do not consider a number of closely
related systems or practices. For instance, stormwater BMPs discussed in this report work in
conjunction with combined or separate storm sewer systems in developed areas. This report
has attempted to draw conclusions from the literature about how climate may impact the
variability or uncertainty around BMPs, but future work across sectors or within the developed
sector may want to directly consider the interrelated effects between BMPs and established
infrastructure (gray infrastructure). Aging infrastructure may be a large focus of state and
federal partners, especially over the next decade in light of recent federal legislation. There will
be a need to consider expected shifts from climate change when designing and installing gray
infrastructure the same way that such updated information is needed to inform design and
implementation of nonpoint source BMPs. Effort should be made to ensure that knowledge and
assumptions that develop and are applied within gray infrastructure circles (water, wastewater,
stormwater, roads, etc.) are shared with planners and technical assistance providers in the
nonpoint source sector.

Recommendations for the CBP

Develop mechanisms for publication of aggregated BMP inspection failure data. The CBP should
consolidate and publish available inspection data collected and reported by the jurisdictions. As
noted in this synthesis and others such as Lintern et al. (2020), the BMP performance literature
rarely, if ever, includes instances of BMP failures. This has proven to be problematic for BMP
expert panels when published data about BMP failure rates is so scarce. Basic data about
inspection failure rates would be a first step, and long term the inspection data - at least for
priority BMPs - could perhaps include simple information regarding the cause or extent of the
failure. Currently this data is absent in the published literature, and the foundation offered by
CBP partnership’s BMP verification framework would enable the jurisdictions and the CBP to fill
a significant gap in the knowledge base about BMP longevity.

Encourage and incentivize partnerships between researchers and jurisdictions’ BMP verification
programs to collect and publish more long-term BMP performance data. When the CBP adopted
its BMP Verification Framework it included a note about a future desire to leverage data
collection opportunities through verification site-visits or inspections, or other methods, to also
gather BMP performance data (page 49-50 of framework document). This stemmed from
suggestions by the BMP Verification Review Panel and STAC, and STAC was tasked to develop
and implement such a data collection and analysis program with the CBP and jurisdictions. No
such effort materialized, likely due to a lack of resources and capacity, in addition to a large
number of competing science needs and priorities. The CBP or STAC may not have the capacity
themselves to operate such a program, but through its grants the CBP may have opportunities
to more directly encourage researchers and experts to partner with jurisdictional agencies to
confidentially collect and assess BMP performance data for subsequent publication. To the
extent that BMP performance data is already encouraged or collected through funding
mechanisms or partnerships, such as Chesapeake Bay Watershed grants by the National Fish
and Wildlife Foundation (NFWF), the CBP should ensure that any BMP performance data is
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periodically published in a searchable database or publicly accessible report that can be used by
interested researchers, and would include data fields as suggested by Liu et al. (2017).

More mechanistic BMP modeling studies. Develop more mechanistic modeling of individual (or
suites of BMPs) under baseline and altered climatic conditions. Current CBP modeling efforts
are better suited to represent how climate change might influence nonpoint source pollution
loads reaching BMPs by representing a change in generation, transport, and–to some
extent–storage within the landscape. The influence of predicted changes in land use and
management decisions in both agricultural and urban settings on N, P, and sediment loading is
an area of active research also captured in simulation models. The model evaluations of climate
impacts on BMP efficiency discussed in this report largely reflected changes in pollutant loads.
Some BMPs, like vegetative filter strips in SWAT, are represented more mechanistically, as the
governing relationships are developed and supported by extensive literature and, importantly,
relatively simple to conceptualize. Other BMPs are modeled mechanistically but with less
certainty that all of the relevant processes are adequately represented (e.g., cover crops). Yet
many BMPs are essentially modeled as static reduction efficiencies.

While the lack of sufficient information to model the effect of climate change on BMP
performance has been acknowledged in the CBP climate change analysis process, additional
data or analysis may not substantially decrease BMP performance uncertainty. With a multitude
of factors affecting BMP performance, disentangling the potential impact of climate change is
difficult. Refocusing on characterizing relative BMP uncertainty from empirical evidence is likely
more useful than reducing uncertainty in central tendency for supporting evaluation of climate
effects.

Leverage existing adaptive management efforts to establish a CBP agenda for research and
science needs related to BMPs and climate change, with priority on communication of “no-lose”
directions. There are long-standing and ongoing efforts within the CBP to better articulate and
understand the state of knowledge and research needs pertaining to BMPs in a changing
climate. This report grew from such discussions and the concepts, findings and
recommendations documented here will augment the CBP’s efforts moving forward. The details
and direction of the research agenda are the prerogative of the CBP partnership, not the
authors of this study, but it is recommended that the CBP utilize its network of experts and
communication professionals to identify and communicate strategies that have zero or minimal
chance of negative impacts. For example, the protection and conservation of existing
high-functioning natural areas will remain an effective strategy for water quality and numerous
other environmental outcomes regardless of future climate conditions.

Develop mechanisms of quantifying BMP efficiency uncertainty under climate change. The
evolution of the watershed model makes analysis of multiple potential outcomes relatively
straightforward. In this context, it becomes possible to consider the implications of BMP
performance uncertainty by simply assuming and simulating alternative efficiencies. At its most
basic, this could simply be changing the efficiencies, over some range of BMP performance,
especially if the shape of BMP performance distributions are unknown (but the range of BMP
efficiencies are known). More complex would be to probabilistically simulate  BMP
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performance, informed by information not only  about the range and central tendency of BMP
performance, but also about the shape of the BMP efficiency distribution.

Expert elicitation to determine alterations to BMP Efficiencies. The CBP partnership has an
urgent need to account for the impact that climate change may have on BMPs’ effectiveness,
but the uncertainty in performance extends to management and other complex non-climate
factors which are poorly understood in the literature for most BMPs. Without accounting for
climate impacts and performance uncertainty the CBP may not be setting realistic expectations
of BMP implementation necessary to achieve water quality goals. However, the information
needed to simulate these factors is not available in the literature, as seen through this synthesis.
The CBP can still gather the necessary information.

The most cost-effective, robust and timely option would be a comprehensive expert elicitation
project that would encompass all existing BMPs. The elicitation could build from this synthesis
report, drawing heavily from this document to serve as background materials that are needed in
two-step processes such as those described in Farr et al. (2021) and Hemming et al. (2018),
which are functionally similar in their approach. Both examples also provide samples and
templates in terms of background and explanatory materials to provide for participating
experts. As an additional example, the most recent wetland expert panel (Law et al. 2020) used
the elicitation framework from Hemming et al. (2018) to garner relative effectiveness estimates
and while accounting for experts’ relative confidence or certainty.

This expert elicitation project would likely fit within the budget and constraints of a GIT-funding
project, and possibly even a Scientific and Technical Advisory Committee (STAC) workshop if the
workshop is split into two stages. The former may be best suited to the task as it would ideally
draw proposals from parties with prior experience in such projects and who would conduct the
contracted tasks, while the latter would depend heavily on volunteer efforts of the workshop
steering committee. Perhaps other funding options would be available, if these standing annual
options do not work.

Regardless of the funding method, the elicitation could be carried out and completed well in
advance of 2026, when it is expected that the CBP modeling team would be ready to
incorporate estimated adjustments to BMP effectiveness due to climate change.
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Appendix

Chesapeake Bay Total Maximum Daily Load

Achieving water quality standards is foundational to federal, state, and local efforts to restore the
Chesapeake Bay living resources. While the 2014 Chesapeake Bay Agreement included 10 broad
restoration goals, the Clean Water Act (CWA) creates a legal obligation to meet water quality
standards (WQS) that include dissolved oxygen, chlorophyll-a, and water clarity criteria to
achieve the Bay’s designated uses for aquatic living resources. 

Since the 1980s, the CBP has identified nutrients (nitrogen, N and phosphorus, P) as the primary
stressors impacting Bay water quality (sediment, S, has since been added). The CBP uses a suite
of models to predict how load reduction practices will result in achievement of WQS. The suite of
models includes an air deposition model (predicting atmospheric N inputs to the watershed and
the Bay), a land use model, and a watershed model. The watershed model uses estimates of
nutrient inputs, land use, and weather conditions to estimate loads of nutrients and sediment
delivered to the Bay. The watershed model is the primary way the CBP predicts the effect of
point source and NPS load control efforts on the delivery of nutrients/sediment to the Bay. An
estuarine water quality model predicts how water quality conditions in the Bay (e.g., DO
concentrations) respond to nutrient/sediment loads. The CBP also uses the estuarine model to
predict how compliance with water quality criteria changes under different water quality
conditions.

The CBP jurisdictions develop watershed implementation plans (WIPs) that specify the control
measures they will implement to meet nutrient and sediment load targets in the TMDL. The Bay
watershed modeling framework is then used to predict whether the selected nutrient and
sediment control practices will meet the jurisdictions load limits. The same Bay watershed model
is also used as an accounting tool to record each jurisdictions’ progress in implementing its
chosen practices in reaching the nutrient and sediment targets established in the TMDL. In
general, the CBP accounting framework counts point source loads as measured changes at the
point source outfall while nonpoint source loads are estimated using the watershed model. For
example, if a jurisdiction implements 100 stormwater BMPs (e.g., bioretention areas) in the
lower Potomac, the Bay model generates estimates of the N, P, and S reductions produced by
those 100 BMPs. When the local or state jurisdiction reports and verifies BMP installation, the
CBP awards nutrient and sediment reduction credits. Only BMPs approved by the CBP and
integrated into the watershed model can count toward achievement of the TMDL targets.

Jurisdiction efforts to achieve the TMDL rely on a variety of regulatory and voluntary policies and
programs. Most jurisdictions impose numeric nutrient effluent limitations on point sources (e.g.,
municipal, and industrial wastewater treatment permits) above a certain size. With respect to
non-point source loads, many jurisdictions have established numeric nutrient and sediment
permits for municipal separate storm sewer systems (MS4s). MS4 permits in many states within
the Chesapeake Bay region are unique in that they place numeric limits on urban NPS loads.
Numeric MS4 permits represent a significant departure from traditional MS4 permits which were
based on narrative rather than numeric requirements. Agricultural NPS pollution is the single
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largest contributor of nutrient and sediment loads to the Bay. WIPs specify agricultural NPS load
reduction practices (i.e., best management practices, BMPs), that if implemented, are predicted
to produce nutrient/sediment reductions.

Few water quality improvement efforts match the scope, scale, and complexity of the
Chesapeake Bay. Federal, state, and local governments and citizens have spent billions of dollars
to reduce nutrient and sediment loads to the Bay. Monitoring data show improvements in
dissolved oxygen levels in the Bay, and submerged aquatic vegetation (SAV), an important Bay
living resource, has expanded substantially in recent years (Lefcheck et al. 2018) , although
anecdotal evidence collected in 2019 and 2020 (STAR, 2021) suggest SAV increases are not
consistent. Yet, the rate of progress in achieving the desired water quality goals has been slow.
The percent of the Bay estimated to be in attainment of water quality standards has increased
from 26.5% to 40% between 1985 and 2016 (Zhang et al. 2018), and monitoring data show that
observed in-stream nutrient load reductions do not reflect predicted reductions in some parts of
the Bay watershed, particularly in watersheds dominated by nonpoint source (NPS) pollution
(Ator et al. 2019, 2020; Keisman et al. 2018).

Table A1:
https://docs.google.com/spreadsheets/d/1qx6cT5FOyqgWpeNqAYePgkEItvPlo6me11DwsX2vCcs
/edit?usp=sharing
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Figure A1. More pronounced climate change creates greater BMP performance variability and
affects the relative effectiveness of different practices. Sediment cumulative distributions of A2
and B1 (one of every five simulation points displayed). Source: Woznicki et al. 2011.

Figure A2. Seasonal distribution of BMP variability changes under different future climate
conditions. TP cumulative distributions of A2 and B1 (one of every five simulation points
displayed). Source: Woznicki et al. 2011.
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Figure A3. Spatial distribution of BMP variability under historical and future climate. Subbasin
level TN coefficient of variation (CV) for (a) native grass A2, (b) native grass B1, (c) no tillage A2,
(d) no tillage B1. Source: Woznicki et al. 2011.
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Figure A4. Probability density function for stormwater BMPs. Source: Koch et al. (2014).
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Figure A5. Probability distributions of stormwater and agricultural BMPs derived from empirical
measurements. Source: Liu et al. (2017).
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