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Abstract

Excess nitrogen (N) is a primary driver of freshwater and coastal eutrophication globally, and urban stormwater
is a rapidly growing source of N pollution. Stormwater best management practices (BMPs) are used widely to
remove excess N from runoff in urban and suburban areas, and are expected to perform under a wide variety
of environmental conditions. Yet the capacity of BMPs to retain excess N varies; and both the variation and
the drivers thereof are largely unknown, hindering the ability of water resource managers to meet water qual-
ity targets in a cost-effective way. Here, we use structured expert judgment (SEJ), a performance-weighted
method of expert elicitation, to quantify the uncertainty in BMP performance under a range of site-specific
environmental conditions and to estimate the extent to which key environmental factors influence variation
in BMP performance. We hypothesized that rain event frequency and magnitude, BMP type and size, and
physiographic province would significantly influence the experts’ estimates of N retention by BMPs common
to suburban Piedmont and Coastal Plain watersheds of the Chesapeake Bay region.

Expert knowledge indicated wide uncertainty in BMP performance, with N removal efficiencies ranging
from <0% (BMP acting as a source of N during a rain event) to >40%. Experts believed that the amount of
rain was the primary identifiable source of variability in BMP efficiency, which is relevant given climate pro-
jections of more frequent heavy rain events in the mid-Atlantic. To assess the extent to which those projected
changes might alter N export from suburban BMPs and watersheds, we combined downscaled estimates of
rainfall with distributions of N loads for different-sized rain events derived from our elicitation. The model
predicted higher and more variable N loads under a projected future climate regime, suggesting that current
BMP regulations for reducing nutrients may be inadequate in the future.
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Suburban watershed nitrogen retention by stormwater management structures

Introduction

Excess nitrogen from human activities is one of the leading contributors to freshwater and coastal eutrophi-
cation worldwide (Conley et al., 2009). Managing nitrogen-rich runoff from the landscape is a top priority
for water quality regulators in many regions, although the costs can be substantial especially under projected
future climate change (Rabotyagov et al., 2014). Despite this prioritization, the science underlying where
and why some nitrogen retention practices are maximally effective is still an active area of research with many
knowledge gaps (Giri et al., 2014; Koch et al., 2014). For example, best management practices (BMPs) such
as regenerative stormwater conveyance structures and detention ponds intended to control nutrient runoff
in urban areas are widely implemented, despite a lack of quantitative data demonstrating they can remove a
significant amount of nitrogen (Filoso and Palmer, 2011; Palmer et al., 2014).

BMPs are constructed in heterogeneous landscapes defined by regionally and temporally varying
hydrologies, climates, and geomorphologies. While environmental context is thought to strongly influence
the performance of stormwater best management practices (SW BMPs; Hunt et al., 2012; Loperfido et al.,
2014), there is insufficient data to test that hypothesis, much less make management decisions (Koch et al.,
2014). As a result, BMPs are often assumed to function with the same efficiency in all settings (CBP, 2013)
and this assumption is built into water quality models that establish the basis for setting nutrient reduction
targets and water pollution regulations (e.g., PLRM Development Team, 2009; USEPA, 2010a). Lacking
data to validate this assumption, there is the potential for substantial mismatch between how much nitrogen
regulators believe is being removed and the amount actually retained by a BMP. Likewise, determining the
optimal biophysical environment and placement for individual BMP designs can improve nutrient mitigation
practices without added costs (Chiang et al., 2014) by enabling water quality managers to implement BMPs
where they are most likely to achieve the highest performance.

Clearly, long-term empirical studies of BMP performance are needed to better define the relationships
between nutrient retention and site-specific environmental variables for different types of BMPs. However,
until those data are available, managers must continue making decisions about which types, how many, and
where to build SW BMPs that will achieve mandated nutrient reduction goals. One potential solution to
this dilemma is to use a risk-management approach to quantify the degree of uncertainty in the performance
of different BMPs. Defining the bounds of uncertainty in BMP performance would give managers a clear
picture of the variability in nutrient retention, thereby enabling them to make more informed decisions that
minimize the risk of not meeting a particular water quality target or over-investing in a particular BMP
(Walker and Selman, 2014).

While better defining the bounds of scientific uncertainty in performance would not provide an unam-
biguous recipe for SW BMP implementation, estimating the expected variability of BMP performance under
different environmental conditions would provide two distinct avenues for facilitating wiser management
of limited pollution-reduction funds. First, if it is possible to identify site-specific factors that result in high
uncertainty in BMP performance, then managers may be able to avoid implementing BMPs when those
conditions exist (Figure 1). Similarly, if it is possible to identify factors or situations that yield relatively low
uncertainty in BMP performance, then managers may choose to take advantage of those factors when imple-
menting BMPs. Second, if it is possible to estimate the uncertainty in BMP performance, then researchers
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Implement BMPs
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Mass of nitrogen retained

Environmental factor
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Figure 1

Conceptual figure illustrating how
knowledge of uncertainty (gray)
around BMP performance (black
line) due to different environ-
mental factors can improve
management decisions.

Water resource managers can
capitalize on environmental condi-
tions that confer a narrow range
in expected N retention (blue)
by implementing BMPs when
those conditions exist. Conversely,
managers may choose to avoid
implementing  BMPs  when
environmental factors confer a
high degree of uncertainty in their
performance (red).

doi: 10.12952/journal.elementa.000063.f001
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Suburban watershed nitrogen retention by stormwater management structures

can account for that uncertainty by building it into model-based estimates of nutrient loading. Doing so
would enable managers to ask: “Given the estimated level of variability in performance, what degree of BMP
implementation would it take to achieve a particular water quality target with a specified level of certainty?”
Managers can then evaluate whether such actions are feasible or cost-prohibitive, or whether alternative
nutrient reduction strategies may be more cost-effective. For example, it is possible that high uncertainty in
the real-world performance of SW BMPs may suggest that managers invest more heavily in other, proven
practices for achieving water quality goals like agricultural BMPs, disconnecting impervious surfaces from
stream channels, or reducing atmospheric inputs of N.

Here, we employ the technique of structured expert judgment (SEJ) to robustly estimate the expected
variability of BMP performance under a range of site-specific environmental conditions. SEJ has been used
widely in the field of decision science to inform management decisions where empirical data are lacking or
are impossible to collect (e.g., Bamber and Aspinall, 2013; Cooke and Goossens, 2004; Rothlisberger et al.,
2012; Wittmann et al., 2014, 2015).

In earlier work, we quantified the variability in nitrogen removal efficiency by different types of BMPs
using data from empirical studies and found we could only explain a small fraction of that variability because
few studies provided information on the environmental context in which their measurements were made
(Koch et al., 2014). For this reason, in this study, we turned to performance-weighted SEJ to determine how
experts who study, implement, or prioritize BMP placement believe environmental factors drive performance
variability. Our elicitation tool was based on the hypotheses that rain event frequency and size, BMP type and
size (relative to watershed drainage area), and physiographic province would significantly influence the experts’
judgments on the N-retention efficiencies of BMPs common to the Chesapeake Bay watershed. Although
additional environmental factors such as soil permeability and vegetation type may also drive variability in
BMP performance, these were not explicitly examined in the elicitation. Specifically we focused on dry ponds,
wet ponds, wetlands, bioretention cells, and in-channel regenerative stormwater conveyance structures in
suburban headwater catchments. Our findings provide relevant information for local water resource managers
seeking to understand the uncertainties in meeting nutrient reduction targets for impaired waters, including
the Chesapeake Bay. Furthermore, our analysis reveals the extent to which nutrient retention by stormwater
BMPs is likely to be altered under projected climate change scenarios.

Methods

The structured expert judgment approach

Structured expert judgment (SEJ) is a method for quantifying uncertainty. Here we use SEJ to estimate the
uncertainty in stormwater BMP performance under a range of environmental conditions. To date, SE] has
not been applied widely in ecological studies (but see Bamber and Aspinall, 2013; Rothlisberger et al., 2010,
2012; Teck et al., 2010; Wittmann et al., 2014, 2015). Nonetheless, over the last 20 years, the approach has
been used to successfully estimate uncertainty in many disciplines including nuclear safety, volcanic forecasting,
and human health (Cooke and Goossens, 2008); and it is well established within the discipline of risk assess-
ment. While SEJ cannot supplant the critical need for more empirical research on, e.g., BMP performance,
it can be a very helpful tool for quantifying uncertainty in the absence of empirical data. A comprehensive
justification of SE]J theory and methodology is beyond the scope of this study; however, we give a concise
overview of the approach below. We provide a more thorough treatment of the technique’s theoretical basis,
methods, and common misconceptions in Appendix S1. Comprehensive explanations of the method can
also be found in Cooke (1991), Aspinall (2010), and Aspinall and Cooke (2013).

Elicitation process

We conducted a SEJ elicitation using the ‘Classical Model’ (Cooke, 1991). We interviewed 10 experts in
stormwater management (Appendix S2) and elicited quantitative estimates of uncertainty for nitrogen loads
under various watershed conditions. This type of SEJ aggregates the estimates for all experts according to
their performance on a subset of calibration variables, for which true nitrogen loads are known to the elici-
tors, but unknown to the experts. For each question posed in the interview (Appendix S3), the resulting
performance-weighted uncertainty estimate reflects the optimal balance of accuracy and information for the
entire group of experts (Cooke, 1991; Wittmann et al., 2015).

‘We sought to represent the widest possible skill set among the experts selected to participate in the elici-
tation. We therefore compiled a list of candidates with stormwater BMP-related experience and assigned to
each a primary area of expertise: practitioner, modeler, engineer, or research scientist. We maintained a roughly
even distribution among those categories in confirming the final group of experts for the SEJ.

Several weeks prior to the interviews, we provided experts with a written protocol document (Appendix
S3) containing 60 questions on total nitrogen (TN) loading rates within two small (1.5-3.5 km?*) suburban
watersheds in the Chesapeake Bay region (Figure 2, Appendix S3). Experts were asked to provide estimates
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of the 5®,50%, and 95™ percentiles of the probability distribution envisioned to best describe the TN load for
each question. In addition to the questions, the protocol contained detailed background data and information
about the watersheds and the BMPs within them. We also provided additional documents with relevant data
on nitrogen fluxes and stormwater control in the Chesapeake Bay as well as information on the theory and
methodologies of SE]J (all materials available upon request). Experts were encouraged to use any additional
resources they judged to be helpful in arriving at their best estimates for each question.

We designed the protocol document to minimize the cognitive burden required of the experts to easily
distinguish the 60 questions. Accordingly, the protocol was divided into two sections, each corresponding to
one of the physiographic provinces. Questions were further grouped by precipitation events (Appendix S3).
Such organizational choices have the potential to influence the variables deemed important by the experts;
however, the wide range of rationales provided by the experts indicated that such potential biases were minimal.

Eleven of the 60 questions in the protocol document were calibration variables, where the true TN load
was known to the elicitors, but unknown to the experts at the time of the interview. In all cases those values
came from unpublished data shared with us by researchers working in the focal watersheds. Experts were not
aware of which questions in the protocol document represented calibration variables.

Elicitors (2-4) conducted an in-person interview individually with each expert to record the rationale,
assumptions, and data sources used in deriving each answer within the protocol document. All experts com-
pleted the elicitation prior to the in-person interview; we used the 1-3 hour interview to review with each
expert his reasoning, calculations, spreadsheets, and/or computer code.

Expert calibration and information scoring

To calculate a performance-based combination of expert estimates, each expert received a calibration score
and an information score, which were used to assign weights to each expert’s assessment. Calibration measures
the statistical likelihood that the set of known values for the calibration variables correspond with an expert’s
assessment of those variables. Thus, the calibration score is calculated as the probability (p-value) of falsely
rejecting the hypothesis that the expert’s uncertainty estimates were accurate (Cooke, 1991; Wittmann et al.,
2015). Calibration scores take values between 0 and 1 and signify the degree to which an expert’s uncertainty
estimates (5%, 50™, 95™ percentiles) are accurate relative to the calibration variables. A low calibration score,
near 0, indicates that the expert’s estimates are unlikely to be correct. A high score, near 1, indicates good
support for the expert’s estimates. Further details of the properties of calibration scores and how they are
calculated are provided in Appendix S1.

Information scores are analogous to measures of precision for each expert’s estimates. Experts provided
estimates of uncertainty (e.g., 5, 50®, 95® percentiles), and the distributions defined by those percentiles
may be very narrow (signifying a high degree of certainty) or very wide (signifying a low degree of certainty).
Information scores provide a way of assessing the width of those distributions by comparing them to a com-
mon reference range (Cooke, 1991; Wittmann et al., 2015). In the present study, the reference range was set
separately for each question to be the maximum 90% interval (i.e., 5* to 95" percentile) given by any expert,
plus an additional 10% of that maximum interval. Unlike calibration scores, which are absolute, information
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Figure 2

Map of the two suburban
watersheds that were the focus of
the elicitation.

The study areas were located in
the Piedmont and Coastal Plain
physiographic provinces within
the Chesapeake Bay watershed
(A). The stormwater BMPs
analyzed in the expert elicitation
are shown for the Piedmont
watershed (B) and the Coastal
Plain watershed (C).

doi: 10.12952/journal.elementa.000063.f002
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scores depend on the reference range used, and are therefore not comparable among different studies. Higher
information scores indicate a narrower interval between the 5" and 95" percentiles (i.e., greater certainty),
but they say nothing about the accuracy of that interval (i.e., how likely it is to encompass the ‘true’ value).
Further details of how information scores are calculated are provided in Appendix S1. For each expert, we
calculated information scores for each question. Information scores were then averaged across all questions
for each expert.

For each expert, the product of the calibration and information scores represented that expert’s overall
score. The overall scores of the experts were then combined to produce a performance-based combination
according to the weighting scheme described in Appendix S1. Briefly, the weights in the performance-based
combination are proportional to the experts’ overall scores, and non-zero weights were only assigned to those
experts with calibration scores greater than a specified threshold (e.g., o0 = 0.05). The actual value of o was
set by optimization; we found the value of o that maximized the overall score of the resulting combination.
See Appendix S1 for additional details. In addition to the performance-based combination, we also derived
an equal-weights combination of expert estimates, in which all expert assessments were weighted equally
(Wittmann et al., 2015). Elicitation results were analyzed using the freely available Excalibur software (v1.5.7;
http://www.lighttwist.net/wp/excalibur).

To assess the robustness of the performance-weighted combination relative to the equal-weights combina-
tion of expert estimates, we conducted an out-of-sample cross validation of the calibration variables. For all
possible subsets of calibration variables, we calculated the performance-based combination and the equal-
weights combination as described above and compared how these two decision-making methods scored (in
units of calibration and in units of information) on the excluded set of calibration variables (Appendix S1).

Among SEJ studies, it is rather common that only a few experts are able to give informative and statistically
accurate uncertainty assessments. In roughly 30% of cases, the performance-weighted combination assigns
a single expert a weight of 1 (and all others a weight of 0; Cooke and Goossens, 2008). Those unfamiliar
with SEJ may find such ‘lack of consensus’ troubling; however, the primary objective of SEJ is not consensus.
Rather, it is to achieve the most informative and statistically accurate estimates of uncertainty that are pos-
sible given the set of experts participating in the elicitation.

To assess the sensitivity of the performance-based combination to the exclusion of certain experts and
calibration variables, we conducted a robustness analysis. We removed one expert at a time, and recalculated
both the performance-weighted and equal-weights combinations for the remaining experts (Appendix S4).
We performed the same calculations without the top two performing experts and also for the cases where
one calibration variable was removed at a time (Appendix S4).

Environmental factors and BMP efficiency

The design of the SEJ protocol included scenarios and questions to elicit information on variability in the
influent and effluent N loads for: different types of BMPs in the Piedmont and Coastal Plain physiographic
provinces, rain events that varied in intensity, duration and timing, and rain events that had been preceded
by prior rain (Appendix S3). We included variation in precipitation amounts because that is the primary
factor within current stormwater regulations that determine BMP designs (MDE, 2009). We calculated
removal efficiencies using the performance-based combination of influent and effluent TN loads for each
point in the watershed:

(influent N-effluent N)
influent N

removal efficiency = x 100 (1)

Because the drivers of influent and effluent TN loads are likely to be strongly correlated, we assumed
comonotonicity in combining 5%, 50®, 95* percentile estimates to calculate removal efficiencies (Dhaene
et al., 2002). Thus, the three elements of each vector of quantiles were treated as completely dependent and
were combined with corresponding vectors in an additive manner. For example, the 5* percentile for removal
efficiency was calculated from only the 5™ percentiles of influent and efluent TN loads using equation 1. We
then compared the elicited removal efficiencies among the scenarios.

Climate change and BMP efficiency

Any robust assessment of the ability of stormwater BMPs to remove N must account for hydrological
conditions anticipated with climate change (Liu et al., 2014). To illustrate how managers could use expert-
derived estimates of uncertainty in N removal by stormwater BMPs, we evaluated the relationship between
storm size and uncertainty in N retention in the context of climate change. Most climate projections for the
mid-Atlantic region encompassing the two watersheds in the elicitation predict increases in the amount and
intensity of heavy rain events (Min et al.,2011; Moglen and Rios Vidal, 2014; Najjar et al.,2010; Walsh et al.,
2014). To evaluate the effect of those predictions on BMP performance, we used a Monte Carlo approach
to combine downscaled estimates of precipitation for the two watersheds with distributions of TN loads for
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different-sized rain events from the SE]J results. These calculations estimated contemporary (1990-2019)
and future (2050-2079) average annual TN loads imported to and exported from each BMP and watershed
in the elicitation.

For each of the 60 questions on TN influent and effluent loads in the SEJ protocol, we defined the full
distribution of predicted TN loads by fitting a lognormal distribution to the performance-based estimates
of the 5%, 50%, and 95% percentiles. This process yielded best-fit parameters (mean and standard devia-
tion) describing the expected distribution of influent and effluent TN loads for each unique BMP (7=5) and
watershed (#=2) under specific levels of precipitation. We categorized the set of distributions for each site
into three levels of precipitation: 0-19 mm (0-0.75 in.), 19-102 mm (0.75-4 in.), and 102+ mm (4+ in.). All
BMPs and watersheds had at least one distribution of TN influent and effluent load associated with each
precipitation level, and several had TN load distributions from multiple storms within a precipitation level.
For sites with >1 distribution associated with a precipitation level, we ran Monte Carlo simulations (described
below) for each distribution separately, and then calculated the mean.

We defined the magnitude of precipitation events according to the total rainfall depth on each day.
Consecutive days with non-zero precipitation were combined into a single event by summing the rainfall
depths for each day. The minimum rainfall depth needed to cause runoff was estimated at Imm for the
region encompassing both watersheds (Loperfido et al., 2014). Thus, we assumed the TN load was zero for
any rain events < Imm.

We obtained downscaled daily cumulative precipitation estimates for individual long-term weather stations
for the years 1950-2100 from 9 Global Climate Models (CMIP5: CCSM4, CNRM-CMS5, CSIRO-Mk3-6-0,
HadGEM2-CC,INMCM4,IPSL-CM5A-LR, MIROCS5, MPI-ESM-LR, MRI-CGCM3) for the higher
and lower (RCP 8.5 and 4.5) future representative concentration pathways as used in the National Climate
Assessment (based on the downscaling methodology described by Stoner et al.,2013). Downscaled data from
NOAA station USC00181032 was applied for sites in the Piedmont watershed; data from NOAA station
USW00093721 was applied for sites in the Coastal Plain watershed.

For each site, we randomly drew an annual set of precipitation estimates from the 30-year rainfall distri-
bution for the corresponding watershed. Each rain event in the randomly drawn set was then matched with
the SEJ-predicted distributions of TN influent and effluent loads for that site at the appropriate level of
precipitation (0-0.75 in.,0.75—4 in., 4+ in.). We then randomly drew predicted influent and effluent TN loads
from the influent and effluent distributions for that precipitation level. Lastly, we used the exact magnitude
of the rain event associated with the SE]J-predicted distributions to linearly scale the predicted TN loads
to the depth of the randomly sampled rain event in order to account for differences in water, and therefore
nitrogen, delivery to watersheds and BMPs from different sized storms.

To generate an annual estimate of TN influent and effluent load for a site, we summed the resulting TN
loads for all rain events in the randomly selected year. We repeated the entire process 1,000 times to generate
distributions of annual TN loads expected for each site, climate model, and representative concentration
pathway for the contemporary (1990-2019) and the future (2050-2079) time periods.

Results

Expert rationales

Experts used a variety of methods and reasoning to generate their estimates of N loads (Appendix S5).
These included using statistical and process models to calculate mass balances. Each expert identified factors
that they believed influenced N loads and each took various approaches to quantify the influence of those
factors. The most common approach was to estimate event mean concentrations (EMCs) for each individual
rain event using a set of assumptions along with a combination of data provided in the protocol document
(Appendix S3), additional published data, and unpublished datasets from their own research (8 experts). Those
experts then used a variety of techniques to calculate 5%, 50%, and 95® percentiles of expected TN loads from
the estimated EMCs. Two experts parameterized detailed models of hydrology and N fluxes for each water-
shed, using information from the protocol document along with assumptions from existing urban stormwater
models to derive statistical distributions of TN loads at various points in the watersheds. Notably, the top two
performing experts relied on substantially different approaches to arrive at their uncertainty estimates. One
constructed a detailed hydrologic model for each suburban watershed. The other relied almost exclusively on
experience and intuition to adjust his basic load calculations by applying approximate correction factors for
the effects of different environmental variables.

Expert elicitation

The experts’ calibration scores ranged from 3x10* to 0.706. Only two of ten experts scored higher than 0.05
(Table 1, Appendix S4). Higher numbers indicate more probabilistically accurate information was provided
as measured against the 11 calibration variables. The performance-weighted combination of expert estimates
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Table 1. Calibration and information scores for expert assessments, excluding expert #10°

Expert ID Calibration score Information score Normalized weight
All variables Calibration variables

1 0.492 1.61 1.58 0
2 7.54x1072 4.62 3.81 0
3 2.50x10° 1.47 2.18 0
4 7.99x10™ 0.900 0.574 0
5 3.21x10™ 4.13 3.45 0
6 2.79x10° 2.75 2.74 0
7 7.99x10* 2.59 2.40 0
8 0.706 1.90 1.99 1
9 0.001 0.318 0.461 0
EW 0.068 0.750 0.804

PW 0.706 1.90 1.99

‘EW represents the combined estimate of all expert assessments weighting each equally. PW indicates the combined estimate of experts’
assessments using the performance-weighted criterion. Larger calibration scores indicate a greater probability that an expert’s estimates
encompassed the ‘true’ values of the calibration variables. Larger information scores indicate a narrower interval between the expert’s 5*
and 95* percentiles (i.e., greater certainty), regardless of whether that interval actually encompassed the ‘true’ values of the calibration
variables. See the text and Appendix S1 for further explanation of how the weights, calibration scores, and information scores were
calculated.

doi: 10.12952/journal.elementa.000063.t001

included only one expert and had a higher calibration score (0.706) than the equal-weights combination (0.068).
'The scores of both schemes were sufficiently high that we did not reject the hypothesis that their probability
assessments were accurate (Table 1). Performance-based weighting was more than twice as informative as the
equal-weights combination, and since informativeness grows slowly with the spread of the 5-95% confidence
bands, this difference in informativeness was substantial. The substantially higher calibration and information
scores of the performance-weighted combination led us to focus our interpretation and subsequent analyses
on the performance-weighted combination of expert estimates.

One of the experts (#10) provided estimates that consistently extended several orders of magnitude above
the estimates of all other experts, across all variables (Figure 3). The extremely large ranges associated with
this expert’s assessment defined the reference range used in computing information scores. Including this
expert did not affect the resulting combination, but it led to very large ranges outside the 90% confidence
bands. These were judged unrealistic by the study team (and indeed by the other experts —as compared to their
estimates). The assessment of tail probabilities outside the 90% central confidence region is not part of the
expert elicitation but reflects a modeling decision by our study team. We therefore decided to simply exclude
this expert’s influence on the reference range. Exclusion of this expert did not alter the normalized weight-
ings for the performance-weighted combination of expert estimates, and the performance-based weighting
scheme outperformed the equal-weights combination regardless of whether this expert was included. We also
report the calibration and information scores with this expert included (Appendix S4); however, all analyses
are based on the performance-weighted combination with expert #10 excluded (Table 1).

Results of the out-of-sample cross validation analysis revealed that the performance-weighted combina-
tion strongly outperformed the equal-weights combination in predicting values of calibration variables which
were not used in computing the performance weights (Appendix S1).

The robustness analysis showed that even when the top-performing expert was removed, the resulting
performance-weighted combination still outperformed the equal-weights combination (Appendix S4). This
result also held when the top two performing experts were removed from the analysis (Appendix S4).

Expert assessments of BMP efficiency

The performance-weighted expert estimates suggest that, even when detailed information on BMP design,
sizing, placement on the landscape, and precipitation conditions is available, there is substantial uncertainty
in BMP performance (Appendix S6). Furthermore, although median estimates of N removal varied by BMP
type, the experts believed the magnitude of variation would not change substantially with environmental
factors such as geographic province, season, or location (Figure 4). For several BMP types, the performance-
based estimates of TN removal efficiencies extended into negative values indicating the possibility of those
structures serving as net sources of N during a given rain event.

For all BMP types, experts agreed that the magnitude of the rain event (e.g., total event precipitation)
was the most important factor driving TN removal and variability in TN removal (Figure 4, Appendix S5,
Appendix S7). Expert responses indicated that the relationship between watershed-level TN export and
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precipitation varied with geographic province (Figure 5), with smaller estimated TN loads for the Coastal
Plain watershed. Assuming all other factors are equal (e.g., infiltration), the volume of water flowing through
a BMP is determined by two component variables: (1) total precipitation in the rain event, and (2) drainage
area to the BMP. The elicitation showed that experts believed BMPs with smaller drainage areas tend to have
greater TN removal (Figure 4) and BMPs tend to function more efficiently for small rain events (Figure 5).
Despite this, estimates of the variability of retention rates were relatively invariant across precipitation
amounts and drainage areas for dry ponds, wet ponds, and wet ponds/wetlands (Figure 6). In contrast, vari-
ability declined with storm size for bioretention cells and regenerative stormwater conveyance structures
(Figure 6); experts were more certain of the reduced performance of those BMP types during high flow
events resulting from large storms.

Expert estimates suggested that antecedent conditions had a modest effect on TN removal efficiencies.
Estimated BMP removal efficiencies were slightly lower for very large rain events (>6 in. total precipitation),
when preceded by a similarly large rain event (Figure 4, Figure 6, Figure 7). According to the combined
performance-weighted SEJ estimates, large storms flushed N from the watershed, and those effects persisted
for at least a month. Thus, expert knowledge indicated that similar storm events during that time exported
less N than would otherwise be expected because less N was available in the watershed. Although this
phenomenon is apparent from the combined performance-weighted data and was articulated in the rationales
provided by some experts (Appendix S5), it is worth noting that the experts disagreed on how long the flushing
effects of large storms would persist. Some experts contended that N flushing by large storms would have no
effect on N loads in subsequent storms, regardless of the time interval (Appendix S5).
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Figure 3

Raw results from the SEJ for
question #4 (a calibration vari-
able) in the protocol document.

The question asked experts to
estimate the 50" (black dot), 5%,
and 95" (black line) percentiles
of the expected outgoing total
nitrogen load (kg TN) from the
Piedmont watershed over the
entire duration of a 1.1-in. rain
event. All 60 questions were of
a similar format (Appendix S3).
Top: Estimates given by expert
10 were consistently inaccurate
and uninformative relative to the
calibration ~ variables. Bottom:
Removing expert 10 from the
analysis reduced the range against
which information scores were
calculated and improved the
equal-weights ~ decision  maker
(EW; red dot and line); however,
the performance-weighted decision
maker (PW; green dot and line)
was unchanged. The performance-
weighted decision maker (PW)
represents the combined estimate
of experts’ assessments using the
performance-weighted  criterion.
The equal-weights decision maker
(EW) represents the combined
estimate of experts’ assessments
weighting each expert equally.
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Estimates of TN removal by dry ponds (the only BMP type common in both the Piedmont and Coastal
Plain watersheds) showed little effect of geographic province on TN removal efficiency (Figure 5). When
scaled by contributing watershed area, performance-weighted expert estimates of TN loads for the Coastal
Plain were low, compared to those for the Piedmont watershed, for similarly sized precipitation events
(Figure 5, Appendix S7).

Performance-weighted expert estimates indicated that seasonal effects were not strong enough to sub-
stantially influence estimated TN loads and removal efficiencies for any of the BMP types. However, many
experts also highlighted the lack of field data on seasonal performance of BMPs (Appendix S5). For the
Coastal Plain watershed, we asked experts to assess the effect of retrofitting existing BMPs to more recent
designs such as bioretention cells and regenerative stormwater conveyance structures. Across all storm sizes,
experts estimated that retrofits reduced TN export by 37% (Figure 7).

Estimated BMP efficiency with climate change

Both historical trends as well as high-resolution future projections for individual weather stations for daily
rainfall for the Piedmont and Coastal Plain watersheds indicated a shift toward more heavy precipitation
events during 2050-2079 compared to 1990-2019, with greater changes under the higher (RCP 8.5) as
compared to the lower (RCP 4.5) scenario (Appendix S8). Under the high scenario, median rain event size
averaged across all nine climate models for each 30-year period increased by 0.8mm for the Coastal Plain
watershed and by 1.3mm for the Piedmont watershed (Figure 8). Expert estimates showed a clear pattern of
TN removal declining with increasing storm size for nearly all BMP types (Appendix S7). Using a Monte
Carlo resampling procedure in combination with the performance-based distributions of TN export for
different-sized storms, we estimated expected annual TN removal for the BMPs and the entire watersheds
under both contemporary and future scenarios of daily rainfall estimates. The resulting estimates of annual TN
loads show a pattern of increasing TN export under the projected future precipitation regime, with median

estimates of projected TN loads rising by 15-31% across all BMPs and both watersheds for the high scenario
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Figure 4

Performance-based expert esti-
mates of TN loads flowing into
and out of BMPs for different
storm sizes in the two watersheds.

Top:  Piedmont  watershed;
Bottom: Coastal Plain watershed.
Total precipitation for each
storm is given above each plot.
Open symbols represent influent
TN loads; closed  symbols
represent  effluent TN loads.
Red symbols are the estimates
for a rain event preceded by a
storm of identical magnitude one
month earlier. RSC: regenerative
stormwater conveyance structure.

doi: 110.12952/journal.elementa.000063.f004
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(Figure 8). For the Piedmont watershed (3.5 km?), this projected climate-driven increase in N transport
translated to an additional 580 kg of N exported each year (Figure 8). Projected N export increased by 15
kg N for the Coastal Plain watershed (1.5 km? Figure 8). Furthermore, variation in predicted TN loads
for the 2050-2079 period was as large or larger than that for 19902019, reinforcing the need for better
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Figure 5

Performance-based expert estimates
of watershed- and BMP-level

TN export varied with storm size.

Top: Expert estimates of drainage
area-weighted TN loads exported
from the Piedmont and Coastal
Plain watersheds increased with
precipitation;  however, TN
export from the Coastal Plain
was lower than Piedmont TN
export for a given storm size
(ANCOVA: p < 0.001). Bottom:
Expert estimates of drainage
area-weighted TN loads exported
from dry ponds increased with
precipitation similarly in the
Coastal Plain and Piedmont
watersheds (ANCOVA: p > 0.05).
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Figure 6

TN removal efficiencies calculated
from the performance-based
estimate of incoming and
outgoing TN loads for each BMP
varied widely with precipitation
for all BMP types.

Expert estimates of TN removal
efficiencies for RSCs and bio-
retention cells declined with incre-
asing storm size. For all BMP types,
uncertainty in TN removal was
high for all levels of precipitation.
Points are median estimates and
error bars encompass the 5" and
95® percentiles of the combined
performance-based estimate. Open
symbols represent BMPs in the
Coastal Plain  watershed; filled
symbols represent BMPs located
in the Piedmont watershed. Red
symbols indicate TN removal
efficiency for rain events preceded
by a storm of identical magnitude
one month earlier. Positive TN
removal  efficiencies  represent
net retention of TN by the BMP
during the rain event, and negative
TN removal efficiencies indicate
that the BMP acted as a net source
of TN during the rain event.

doi: 10.12952/journal.elementa.000063.f006
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Discussion

Stormwater BMPs are expected to perform under a wide variety of environmental conditions, yet the extent
to which BMPs vary in their capacity to retain excess N and the drivers of that variability are largely unknown.
Here, we have quantified the uncertainty in BMP performance under a range of site-specific environmental
conditions and we have identified environmental factors that influence variation in BMP performance.
Contrary to our hypotheses, expert knowledge suggests that physiographic province, BMP type, scasonality,
and antecedent precipitation had little influence on overall retention. Experts believed that the amount of
rain was the primary identifiable source of variability in BMP efficiency.

Environmental drivers of BMP performance

There are good reasons to expect that rainfall amount, and hence the volume of water moving through
BMPs will be an important driver of N retention across sites (Collins et al., 2010; Newcomer Johnson et al.,
2014). Most stormwater detention structures are designed to provide water quality treatment for smaller
storm events (e.g., 0.9-1.0 in. in Maryland; MDE, 2009). For rain events that exceed design specifications,
water and nutrient fluxes should increase rapidly, though not necessarily at the same rate. Many of the N
removal mechanisms for stormwater BMPs (e.g., biotic uptake, denitrification, absorption) depend on water
residence time, which controls the duration of contact with transformation or absorption loci (Bettez and
Groffman, 2012; Collins et al., 2010; Passeport et al., 2013). As the flux of water and nutrients through a BMP
increases, residence time declines, leading to a precipitous drop in nutrient retention efficiency (Carleton et
al.,2001). The SE]J results were in line with these findings; the water holding capacity of a BMP was judged
by the experts to be an important factor determining retention efficiency at higher flows. Nonetheless, the
expert knowledge elicited in the present study indicated that even after precipitation exceeded a 2-in. storm,
BMPs still retained a median estimate upwards of 40% TN, and continued to do so with triple the rainfall.
Although elevated rainfall intensity may lower removal efficiency estimates, expert knowledge suggested that
it may not do so consistently.

The experts judged the BMPs to perform similarly in the Coastal Plain and Piedmont despite differ-
ences in stratigraphic properties and the potential for distinct mechanisms of runoff between the provinces.
Watershed budgets indicate little difference in precipitation or runoff among watersheds in the Piedmont
or Coastal Plain (Correll et al., 1999; Dougherty et al., 2007; Jordan et al., 2003). However, geologic and
stratigraphic differences suggest greater runoff capacity from infiltration excess overland flow in the Piedmont
(Markewich et al., 1990; Swain et al., 2004) and greater capacity for saturation excess overland flow in much
of the Coastal Plain (Ator et al., 2005b; Markewich et al., 1990). Very high runoff yield can occur when
saturation is achieved. Utz et al. (2011) found that Coastal Plain streams with low impervious cover (i.e., up
to 20%) were generally more stable (i.e., less frequent high flows, longer high flow duration) than Piedmont
streams with a similar degree of urbanization. This pattern was supported by the data provided to experts in
this study, which indicated higher water retention capacity in the Coastal Plain watershed compared to the
Piedmont watershed.

Nonetheless, the boundaries of physiographic provinces may be too coarse to make generalizations about
BMPs for management. Both the Coastal Plain and the Piedmont provinces have multiple sub-regional
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Figure 7

Expert-estimated effluent TN loads
and variability were marginally
higher for a dry pond before it
was retrofitted to a regenerative
stormwater conveyance structure
(RSC) in the Coastal Plain

watershed.

This effect was greatest for large
storms. Asterisk (¥) denotes a
rain event preceded by a storm of
identical magnitude (6.1 in.) one
month earlier.
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hydrogeomorphic properties that affect the impacts of urbanization on N loads. For example, the Coastal
Plain province varies geographically in the degree of subsurface hydrologic storage (Ator et al.,2005a), which
may lead to localized differences in the capacity to retain N. Similar hydrogeomorphic variation occurs within
the Piedmont province, where base flow indices can vary substantially by watershed (Schwartz and Smith,
2014). Such differences may attenuate or enhance the performance of certain BMP designs. For example,
regenerative stormwater conveyance structures would not be expected to perform well in low-lying regions
with highly saturated soils but may be more effective when located in upland areas with greater hydrologic
storage. Thus, it may be necessary for water resource managers to first establish the particular hydrogeomorphic
properties of a specific site to enable maximizing the effectiveness of BMPs implemented there.

At the watershed scale, the experts judged the Coastal Plain watershed to have lower N exports than the
Piedmont watershed. This perception is consistent with observations of lower Coastal Plain N yields when
compared to Piedmont watersheds in rural contexts (Jordan et al., 1997; Liu et al., 2000). The pattern of
smaller estimated TN loads for the Coastal Plain watershed may be driven by a greater capacity for subsur-
face flow in some areas of this province as well as the prevalence of streamside riparian forests (Weller et al.,
2011; Weller and Baker, 2014). Indeed, Utz et al. (2011) found that TN yield from mid-Atlantic Coastal
Plain watersheds was significantly lower than Piedmont watersheds across the same region. The extent to
which the N contained in subsurface flows is retained before reaching coastal waters is variable (Harden
and Spruill, 2008), and subsurface N export from some Coastal Plain sites may be substantial (Hubbard and
Sheridan, 1983). Thus, while the experts’ estimates suggest that the Coastal Plain watershed in this study
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Figure 8

Projected increases in heavy
precipitation events under climate
change translate to greater export
of TN from individual BMPs
and from entire watersheds in
the Coastal Plain and Piedmont
physiographic provinces.

Top: Downscaled daily cumulative
precipitation estimates from nine
CMIP5 climate models (CCSM4,
CNRM-CMS5, CSIRO-Mk3-6-0,
HadGEM2-CC, INMCM4,
IPSL-CM5A-LR, MIROCS,
MPI-ESM-LR, MRI-CGCM3)
under RCP 85 for long-
term  NOAA weather stations
USW00093721 (Coastal Plain) and
USC00181032 (Piedmont) for the
periods 1990-2019 (orange) and
2050-2079 (blue). Precipitation
occurring on consecutive days
was combined into a single event.
Rain event sizes for all nine models
are included in the histograms.
Middle: Bootstrapped median
(and 95% CI) annual TN export
across all climate models for the
individual BMPs and watersheds
in the Coastal Plain and Piedmont
provinces under contemporary and
future climatic conditions (RCP
8.5). Expert-derived estimates of
TN export for a range of storm
sizes along with projected rain
event sizes (top panel) were used
as the basis for Monte Carlo
simulations of annual export (see
text for modeling details). The
Coastal Plain watershed (1.5 km?)
was smaller than the Piedmont
watershed (3.5 km?). Bottom:
Median ~ projected  increase
in annual TN load from the
1990-2019 period to the 2050-
2079 period for each BMP and
watershed. Percentages indicate
the percent increases in annual

TN loads over 1990-2019 values.
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may be more retentive of N, unmeasured subsurface flow paths may mean that actual TN export is as great
as or even greater than that of the Piedmont watershed.

Indeed, subsurface flow paths may be such that N-rich groundwater can bypass biogeochemically active
zones in some Coastal Plain areas (Ator et al., 2005a). In addition, the low relief of the Coastal Plain may
also mean that discharge points can occur in neighboring basins, so TN export is realized in a different stream
and is spatially disconnected from the source area. In those cases, apparent water quality benefits may be
realized if within-basin groundwater flows are attenuated to such a degree that they never contribute a size-
able fraction of observed discharge (because other, cleaner water is arriving faster in greater amounts). Such
effects would be difficult to capture empirically in the local watershed-monitoring scheme typically used.

One of the most informative findings of our elicitation was that detailed information on BMP design,
sizing, placement in the watershed, additional stormwater infrastructure, land use/land cover, precipitation
timing and amount was insufficient for experts to provide narrow ranges in expected BMP N removal
efficiency or watershed TN export. Detailed site-specific information could not make up for the lack of data
and understanding of the degree to which these specific environmental factors influence BMP performance.
At the watershed scale, expert-derived estimates of TN export varied by a factor of three or more under all
conditions (Figure 4), and BMP removal efficiencies spanned broad ranges and in some cases were negative
(Figure 6), indicating that a BMP could act as a net source of N during a particular storm event. Nevertheless,
expert estimates of removal efficiencies were all fairly optimistic in that many experts assumed there was no
environmental downside to specific BMP structures, despite some empirical evidence to the contrary (e.g.,
regenerative stormwater conveyance structures, Palmer et al., 2014). Such optimism may have parallels in the
history of rural riparian buffer management, where the water quality management expectations of buffers soared
(CBP,2014) even after the context dependence of many studies was emphasized (e.g., Lowrance et al., 1997).

The utility of measuring uncertainty in BMP performance

Wide uncertainty in BMP performance, despite the availability of detailed site-specific environmental data,
suggests that improving the mismatch between expected and actual BMP performance will require more than
collecting additional site-specific data. Specifically, sound management of water quality requires accounting
for the estimated magnitudes of uncertainty when setting the nutrient removal credits for particular BMPs
implemented in particular locations. The fallacy perpetuated in many local and regional water quality regulations
that a certain type of BMP will remove a fixed proportion of influent N (PLRM Development Team,
2009; USEPA, 2010a) should instead be updated to follow a probabilistic perspective on nutrient loading.
Regulations also do not account for site-specific factors, assuming consistent performance of all similarly
designed BMPs, despite evidence to the contrary. More empirical research is needed to fully understand the
context-dependencies of BMP performance. In the meantime, a quantitative approach, like the one taken here,
for estimating the BMP-scale and watershed-scale variability in N loads and N retention has the capability to
transform current model-based, single-value predictions of annual N export to coastal waters into probability
distributions of N export that capture the uncertainty of watershed- and BMP-level processes.

For example, SE]J-derived estimates of uncertainty would prove useful to regulators in two contexts.
First, they would help regulators understand the regional nutrient loading implications of widespread BMP
implementation under proposed policy change scenarios (e.g., the Phase 5 Chesapeake Bay model; USEPA,
2010a). Second, in cases where a particular sub-watershed is targeted for reductions in nutrient runoff to
meet a specified total maximum daily load (TMDL), uncertainty estimates would help regulators determine
if implementing certain BMPs is sufficient to meet those reduction goals. Characterizing the uncertainty
in BMP performance with a distribution enables officials to assess the risks associated with “best case”
and “worst case” scenarios that are not well represented by single numbers like proportional reductions to
event-mean concentrations.

Similarly, equipped with a known level of uncertainty in BMP performance, local officials can make more
informed decisions about how to spend limited funds for reducing nutrient exports. For example, officials
may choose to invest more heavily in proven practices such as reducing impervious cover (Collins et al.,
2010; Craig et al., 2008) or implementing agricultural BMPs (Lowrance et al., 1997; Woltemade, 2000).
More complete knowledge of the variation in BMP performance would also enable water resource managers
to more accurately gauge the catchment-wide effects of multiple individual BMPs within the watershed.

The role of empirical studies of BMP performance

Empirical data on stormwater BMP performance are only available for a limited number of sites under a
limited number of environmental conditions (Barrett, 2008). A critical question for water resource managers
and regulators is how well those limited empirical measurements represent the performance of the many
thousands of BMPs currently in operation. We recently conducted a meta-analysis of empirical estimates of
stormwater BMP N removal efficiencies (Koch et al., 2014) and can compare those results with N removal

efficiencies for a subset of BMP types derived from the expert elicitation (Table 2). The results of this
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Table 2. Median TN removal efficiencies for different BMP types from this study and from a recent meta-analysis of
BMP performance®

BMP type This study Koch et al., 2014
bioretention structure 62% -
RSC? 51% -
dry pond 22% 27%
wet pond 38% 40%
wetland 38% 61%

*All removal efficiencies are medians
"RSC: regenerative stormwater conveyance structure
d0i:10.12952/journal.elementa.000063.t002

meta-analysis were made available to all experts in the elicitation and many experts used them as a basis
for estimating N retention in their calculations (Appendix S5). In all cases the expert-derived estimates of
N removal efficiency were lower than those summarized in the meta-analysis of empirical results. Because
removal efficiencies in the meta-analysis made up only one of many inputs to the experts’ calculations, this
pattern suggests that published empirical estimates of BMP performance may collectively overestimate the
ability of BMPs to retain N. Similar to the manner in which newly collected data are used to update prior
knowledge in a Bayesian analysis (Bolker, 2008), the experts’ estimates had the effect of tempering existing
field-based knowledge of BMP performance, and indicated that BMPs may not perform as well as published
summaries of field measurements indicate (e.g., Barrett, 2008; Simpson and Weammert, 2009; Winer, 2000).
One possible explanation for this mismatch is that BMPs that perform well may tend to be studied more
often (CBP, 2013) and results of highly retentive BMPs may tend to be published over those from poorly
performing BMPs (CSN, 2012; Koch et al., 2014). Likewise, due to rarity and logistical difficulty, data col-
lection is often hampered during extreme precipitation events when the bulk of N export is hypothesized to
occur. Therefore, these high-precipitation events may be under-represented in empirical studies.

Although SEJ provides a means to robustly estimate uncertainty of BMP performance in the absence
of more comprehensive empirical measurements, it cannot fully replace well-conceived, long-term field
studies of BMP performance over a range of environmental conditions. Such studies are instrumental to
understanding the substantial variation in N retention by stormwater BMPs (Strecker et al., 2001). All experts
in this study expressed the view that there are many unknowns in calculating N loads and that there is a
crucial need for more field data. They indicated a number of environmental factors that may influence BMP
performance, but which lacked enough empirical data to factor into their calculations. Those environmental
factors included: soil type, patterns of fertilizer use, seasonality, antecedent soil conditions, sediment transport,
and vegetation effects on N retention. Future studies are needed to assess the influence of these environmental
factors on BMP performance. Specifically, decision makers need long-term measurements of influent and
effluent nutrient loads for a range of BMP types under a variety of site-specific and climatic conditions. The
cost of such monitoring is small compared to the cost of BMP implementation and those data should be
collected routinely when BMPs are installed. Such research would enable stormwater regulators to provide
more nutrient reduction credits for certain BMPs in certain locations, thereby encouraging smarter and more
effective implementation of BMPs.

In the elicitation, the experts identified rainfall amount (i.e., total depth) as the most important factor
influencing BMP performance. However, the SEJ was not designed to exhaustively parse the interactive effects
of multiple storm characteristics on BMP N retention, and variables such as the duration and intensity of
rainfall may also be important in controlling N export. Although stormwater BMPs are designed according
to a standard rainfall depth rather than a standard storm intensity (MDE, 2009), rainfall intensity would
also be expected to influence N retention. For example, a 2.5-in. rain event occurring evenly over a period of
several days would be expected to export less N from a given BMP than a 2.5-in. rain event occurring over a
few hours. Empirical studies are needed to quantify the extent to which factors such as rainfall intensity and
the distribution of rain over time influence BMP performance, independent of storm size.

More efficient management of water quality has been realized in some rural areas and highlights the
importance of pinpointing the factors controlling BMP performance. In agricultural settings, estimates
of uncertainty in BMP performance have been combined with costs to optimize the distribution of BMP
placement given a particular budget (Diebel et al., 2008; Maxted et al., 2009). However, as water managers
come under increasing pressure to meet higher water quality targets, greater certainty in BMP performance
is needed. The knowledge conferring greater certainty must be based ultimately on empirical data.

BMP performance under a changing climate

This elicitation, and indeed most empirical studies, yielded estimates of TN loads and associated uncertainty
at the scale of individual rain events. However, water quality regulators are ultimately concerned with the
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annual variability in TN loads from a specific watershed. For example, the total maximum daily load (TMDL)
of N for the Chesapeake Bay is based on annual estimates of N export from the watershed (USEPA, 2010b),
and variation in actual yearly loads determine whether this target is met. In addition, annual estimates of
variability are essential for designing stormwater infrastructure that will perform well under projected future
climate. Our Monte Carlo-based model of TN loads using high-resolution daily estimates of precipitation
for both contemporary (1990-2019) and future (2050-2079) climate scenarios provide estimates of TN
export and BMP efficiency on an annual time scale.

Although some studies have assessed the impacts of projected precipitation changes on the effectiveness
of urban BMPs to mitigate peak storm flows (Forsee and Ahmad, 2011; Rosenberg et al., 2010; Waters et al.,
2003), few studies have examined the likely influence of a changing climate on the capacity for stormwater
BMPs to maintain water quality. The model presented here used expert-derived uncertainties in TN loads to
predict higher and more variable TN loads from the Coastal Plain and Piedmont watersheds under a projected
future climate regime. These predictions suggest that current BMP regulations for reducing nutrients will likely
be inadequate for limiting the export of excess N in the future. Similar studies have shown that stormwater
BMPs may be insufficiently sized to reduce peak discharge from projected future heavy rain events (Forsee
and Ahmad, 2011; Waters et al., 2003). It should be noted that our estimates of TN loads under projected
future climate change are conservative in that they only account for the effects of increased precipitation. For
example, they do not incorporate projected future increases in atmospheric N deposition (Galloway et al.,
2004) nor do they include changes in land use/land cover such as fertilizer use (EMRPC, 2011).

Furthermore, the experts in our elicitation identified the volume of water flowing through a BMP as the
primary factor driving TN loads. Because stream flows are determined by precipitation, historical trends and
climate projections (Walsh et al., 2014) showing increases in heavy precipitation in the mid-Atlantic are
essential to BMP planning. Assuming BMPs will continue to perform in the future as they have in the past
ignores the influence of a changing climate (Rosenberg et al., 2010) which may, as our results suggest, be
changing the very aspect of climate (precipitation) that most affects BMP N retention.

Summary

Excess nitrogen is a primary cause of freshwater and coastal eutrophication globally (Conley et al.,2009) and
urban stormwater is a rapidly growing source of N pollution (NRC, 2009). Stormwater BMPs are widely used
throughout the United States to remove excess nitrogen from runoff in urban and suburban areas (NRC, 2009).
Yet the gap between how much N is actually removed by stormwater BMPs and the amount that is regulated
to be removed by those BMPs is difficult to quantify and hinders the ability of water resource managers to
meet water quality targets. Estimating the uncertainty in BMP performance under a variety of site-specific
environmental conditions helps address this problem by establishing likelihoods for different levels of N
removal. The expert knowledge from this elicitation indicated substantial uncertainty in BMP performance,
with N removal efficiencies ranging from <0% to >40%. Experts believed that the amount of rain was the
primary driver of variability in BMP efliciency, and that geographic and seasonal effects were not strong
enough to substantially influence estimated variability in BMP performance. When combined with projected
increases in heavy precipitation, expert-derived estimates of uncertainty in BMP performance suggested a
pattern of future increases in N export for suburban watersheds of the Chesapeake Bay region. SEJ provides
a robust way to quantify the uncertainty in stormwater BMP performance and can also be useful in predicting
N retention under projected future climate change. However, empirical knowledge of BMP performance is
limited and additional field studies are needed to further define the extent to which site-specific conditions
and environmental factors influence the N retention by stormwater BMPs.
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