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ABSTRACT: Reduction of suspended sediment (SS), total
phosphorus (TP), and total nitrogen is an important focus for
Chesapeake Bay watershed management. The Susquehanna
River, the bay’s largest tributary, has drawn attention because
SS loads from behind Conowingo Dam (near the river’s
mouth) have been rising dramatically. To better understand
these changes, we evaluated histories of concentration and
loading (1986−2013) using data from sites above and below
Conowingo Reservoir. First, observed concentration-discharge
relationships show that SS and TP concentrations at the
reservoir inlet have declined under most discharges in recent
decades, but without corresponding declines at the outlet,
implying recently diminished reservoir trapping. Second, best
estimates of mass balance suggest decreasing net deposition of
SS and TP in recent decades over a wide range of discharges, with cumulative mass generally dominated by the 75∼99.5th
percentile of daily Conowingo discharges. Finally, stationary models that better accommodate effects of riverflow variability also
support the conclusion of diminished trapping of SS and TP under a range of discharges that includes those well below the
literature-reported scour threshold. Overall, these findings suggest that decreased net deposition of SS and TP has occurred at
subscour levels of discharge, which has significant implications for the Chesapeake Bay ecosystem.

1. INTRODUCTION
To alleviate summertime hypoxia in Chesapeake Bay and
associated impacts on estuarine ecology, reduction of nitrogen
(N), phosphorus (P), and sediment loadings has been a long-
term focus of Chesapeake Bay watershed management.1−3 This
endeavor has been recently reinforced with the promulgation of
total maximum daily loads (TMDLs)4 and state-wide efforts to
establish watershed implementation plans.5,6

Among Chesapeake Bay’s tributaries, Susquehanna River is
the largest1,3 and is one of nine that account for over 90% of
nontidal discharge.6 Of this 9-river non-tidal fraction, which has
been modeled as accounting for ∼77% of total freshwater
discharge to the Bay (1991−2000; G. Shenk, personal
communication),6 the Susquehanna has contributed ∼62% of
flow, ∼65% of total nitrogen (TN), ∼46% of total phosphorus
(TP), and ∼41% of suspended sediment (SS), as based on
measured flows and estimated loads over the period 1979 to
2012.7 The relatively lower fractional contributions of TP and
SS reflect retention within the Lower Susquehanna River
Reservoir System (LSRRS), which consists of Lake Clarke
(formed in 1931), Lake Aldred (formed in 1910), and

Conowingo Reservoir (formed in 1928) (Figure 1).8−10 In
general, reservoirs in early stages of operation can effectively
remove sediment and particulate P and N, mainly through
particle deposition and burial,11,12 and for N, possible
denitrification.13,14 Relative removal rates among constituents
are also affected by escaping particles that are finer and
therefore higher in P concentration than those retained15,16 and
by incoming N, which is predominantly dissolved and in
contrast to P, which is predominantly bound to particles.15,17,18

In this regard, estimates suggest that the LSRRS has historically
trapped about 70%, 45%, and 2% of SS, TP, and TN loads,
respectively.19 Unfortunately, however, Lake Clarke and Lake
Aldred have been effectively filled for several decades and the
largest and most downstream reservoir, Conowingo, is reaching
the end of its effective life for sediment removal,8,9 as supported
by a growing body of evidence documenting substantial recent
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decline in net trapping of SS and particulate nutrients.17,18 In
this regard, statistical evaluations of trends for both dissolved
and particulate species across the LSRRS have suggested that
input loadings of all species have declined since the 1980s, but
that output loadings of SS and particulate nutrients have
trended upward since the mid-1990s.18 Langland et al.19 have
estimated that once the Conowingo Reservoir reaches its
sediment storage capacity and assuming no change in the
inputs of SS and TP to the reservoir, average annual loads of SS
and TP flowing past Conowingo Dam would increase by about
250% and 70%, respectively, as compared with loads observed
before the reservoir neared its sediment storage capacity. In this
context, a “SS scour threshold” of ∼11 300 m3/s (400 000 ft3/
s) was reported in 1978, which has likely decreased in more
recent years.20 As reservoir storage approaches capacity, there
are remaining questions about the new “dynamic equilibrium”
that will occur. In particular, little is known about the intra-
annual phenology of sediment discharges, that is, the relative
importance of increased magnitude and frequency of scour
events at very high discharges and the decrease in sediment
deposition during the much more frequent times of moderate
to high discharges.
In the broader context of the nontidal Chesapeake

watershed, recent work on its nine major tributaries has
documented general rising trends in SS and particulate nutrient
loads.7 These trends are not well understood but may relate to
(1) land-related practices such as land clearance and urban-
ization,21,22 (2) removal of small mill dams,23,24 and (3)
increasing erosion of river bed and bank sediments,22,25

particularly under the condition of increasing storm intensity.26

Within this context, the Susquehanna rise was estimated to
have contributed ∼92% and ∼68% to the total (nine non-tidal
tributaries) summed rise of SS and TP, respectively, during the
decade of 2002−2012.7
To provide new insights on sediment and nutrient processing

within the LSRRS, we have further evaluated the history of
concentration and loading from sites above and below the
LSRRS for the period between 1986 and 2013 (∼30 years)
using available data from streamflow and concentration

monitoring by the U.S. Geological Survey (USGS) and the
Susquehanna River Basin Commission (SRBC). Specifically, we
performed three types of analyses on SS, TP, and TN with
increasing use of statistical modeling:
(1) Identification of changes in concentration-discharge

relationships at sites above and below the reservoir
using observed datasee Sections 2.1 and 3.1 for
methods and results, respectively;

(2) Evaluation of net deposition in the reservoir system using
mass-balance analysis based on best estimates of
loadingssee Sections 2.2 and 3.2; and

(3) Analysis of the effects of sediment accumulation on
reservoir performance by better accommodating effects
of streamflow variability through the development of
three different historical stationary models of the
concentration relation to discharge and seasonsee
Sections 2.3 and 3.3.

These analyses have been made possible by the decadal-scale
historical output and input data and the recent development of
statistical modeling approaches. To our knowledge, such mass-
balance analyses of long-term sediment and nutrient accumu-
lations have heretofore not been conducted on any major
reservoir system that is similarly close to the end of its period of
effective sediment trapping.

2. DATA AND METHODS
2.1. Study Sites and Data. The nontidal Susquehanna

River Basin covers portions of New York, Pennsylvania, and
Maryland. It comprises four physiographic provinces, namely,
Appalachian Plateaus (58% of the area), Valley and Ridge
(32%), Piedmont (9%), and Blue Ridge (1%).7 Land uses in
this watershed comprise forested (67%), agricultural (29%),
urban (2%), and other (2%).27

There are three monitoring sites located in the vicinity of the
LSRRS (Figure 1; Supporting Information (SI) Table S1 in
Appendix A). The Conowingo site (drainage area: 70 189 km2)
at the system outlet is at Conowingo Dam, which is on
Susquehanna’s fall-line and about 10 miles from the river
mouth at Havre de Grace, MD. This site has been monitored
by the USGS since the 1970s and represents discharge from
over 99% of the Susquehanna watershed.28 Two upstream sites,
Marietta and Conestoga, have been monitored by the USGS29

for streamflow and by the SRBC30 for water quality since the
mid-1980s. The Marietta site (drainage area: 67 314 km2) is on
the mainstem and represents the majority (∼96%) of the
watershed represented by Conowingo. The Conestoga site
(drainage area: 1217 km2) monitors runoff from the small but
heavily agricultural Conestoga tributary. At the three sites,
annual average streamflow per unit area is comparable, with
minimum values of 0.27−0.32 m/year and maximum values of
52−58 m/year (SI Table S1).

2.2. Analysis with Standard WRTDS Models. Selection
of methods for estimating constituent concentration and
loading based on low-frequency monitoring data has been an
important area of hydrological research. Recently, Hirsch et
al.31 have developed a method called “Weighted Regressions on
Time, Discharge, and Season” (WRTDS). WRTDS provides
improvements over prior methods (e.g., ESTIMATOR32),
because it does not rely on assumptions about homoscedasticity
of model errors, constancy of seasonal trends in concentration,
or a fixed concentration-flow relationship.31 In regard to
homoscedasticity, ESTIMATOR invokes an assumption of

Figure 1. Map of the Lower Susquehanna River Reservoir System
consisting of Lake Clarke, Lake Aldred, and Conowingo Reservoir.
Yellow triangles indicate the three monitoring sites: Conowingo,
Marietta, and Conestoga. (See SI Table S1 for site details.) This figure
was modified after Figure 1 in Langland8 with simplifications.
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constant residual error across all seasons and discharges and
hence has a bias correction factor (BCF) that is also constant
across all seasons and discharges. By contrast, WRTDS takes
into account the substantial differences among these errors and
the BCFs are calculated accordingly.33,34 Consequently,
WRTDS estimates can better represent the changing seasonal
and flow-related patterns and are more resistant to the problem
of load-estimation bias. WRTDS has been used in a wide range
of regional to national water-quality studies.7,17,18,31,33−35

We have applied WRTDS to estimate concentrations and
loads for every day in the record based on daily streamflow (Q)
and more sparse concentration (C) data. WRTDS was
implemented using the R package called EGRET (Exploration
and Graphics for RivEr Trends).35 For a particular site, such
estimation is performed in four steps. First, WRTDS establishes
a set of evenly spaced grid points on a surface defined by time
(t) and log(Q). Grid values for the time and discharge
dimensions were selected in accordance with a standard grid
design described in the user manual (c.f. pages 40, 46−47).35
Coarser and finer grid resolutions were tested during the
development of the WRTDS model. Results were shown to be
insensitive to resolutions finer than this standard grid design.
Second, for each grid point, WRTDS develops a separate
weighted-regression model using observed data and estimates
C:

β β β β π β π
ε

= + + + +
+

C t Q t tln( ) ln( ) sin(2 ) cos(2 )0 1 2 3 4

(1)

where βi are fitted coefficients and ε is the error term. With
respect to the use of logarithm form for both C and Q, it has
been well established that these variables generally follow log-
normal distributions, for example,36−38 and we have confirmed
this for our data. More importantly, the residuals from this
model, fitted to the log of concentration, generally approximate
normal distributions quite well, with only limited exceptions at
the extremes of the distributions (SI Figures S1−S3 in
Appendix B-I). Step 2 thus results in an estimated
concentration regression “surface” as functions of t and log(Q);
see examples for Conowingo in SI Figure S4 (Appendix B-II).
In Step 3, concentration for each day in the record is estimated
using a bilinear interpolation of this surface, with proper
accommodation of retransformation bias.35 Finally, the
estimated C is multiplied by daily Q to estimate daily loading.
To alleviate potential edge effects for years near the start or end
of the record, the updated EGRET package (version 2.2.0) was
used in this work; see the user manual (c.f. pages 17−18, 41).35
For each of the three sites, we implemented the standard

WRTDS model to produce daily “true-condition”31 loading
estimates for SS, TP, and TN, respectively. Residual analysis
indicates that the residuals have no structural relationship with
time, discharge, or season. (See SI Figures S5−S7 in Appendix
B-II.) To obtain uncertainty estimates on daily and annual
loadings for each species at each site, we have followed the
method of Hirsch et al.39 which involves resampling (with
replacement) of the raw concentration data to obtain 100
realizations of representative data sets and associated WRTDS-
based estimates of daily and annual loadings. Our approach is
more fully described in Appendix B-III, which includes
uncertainty results for annual loadings (SI Figure S8).
The loading estimates were then used for mass-balance

analysis. Specifically, mass loading rates at Conowingo were
used to represent reservoir output and those at Marietta and

Conestoga were summed to represent the vast majority of
reservoir input (97.6% of drainage area). Nonetheless, reservoir
input was further adjusted by including an estimated
contribution from the small unmonitored area above
Conowingo and below Marietta and Conestoga. This estimate
was made using Conestoga loadings and the appropriate
drainage area ratio. Finally, output loads were subtracted from
input loads to determine reservoir net deposition.

2.3. Analysis with Stationary WRTDS Models. Inter-
annual comparisons of loading and net deposition based on
standard WRTDS models are influenced by the particular time
history of discharges that happened in a given year as well as
the concentration regression surface (concentration as a
function of time and discharge). To better isolate and reveal
the changes that have occurred in the concentration regression
surface (which we presume to reflect changes in reservoir
system function), we developed three historical “stationary”
WRTDS models. (See SI Figure S9 in Appendix B−IV.) The
term “stationary” in our context means that a temporally
invariant regression surface was assumed to be applicable over
the entire period of record (i.e., a “stationary” probability
function of concentration conditioned on discharge and
season). By comparing results based on regression surfaces
obtained from three decadally separated years, applied to the
same streamflow record, we are able to isolate the effect of the
change in the regression surface itself. Because all three
histories developed use the exact same streamflow record, any
observed differences should better represent fundamental
differences in reservoir system function among the three
selected years.
First, we selected three one-year-wide C versus t, log(Q)

regression surfaces from the standard WRTDS model. For
simplicity but without losing generality, we selected the 1990,
2000, and 2010 annual surfaces (SI Figure S9). Second, we
separately repeated each of these 1-year surfaces to fill in the
entire time-span to produce three different “stationary” surfaces
for the entire record. Finally, these three period-of-record
stationary surfaces were respectively used in conjunction with
the actual history of daily discharge to estimate daily loadings,
using the interpolation approach as described in Section 2.2.
Note that the difference among the three stationary models is
captured by the selected surfaces, which are considered to
represent water-quality conditions at the study site in those
selected years. We performed this stationary-model analysis on
SS, TP, and TN at each of the three sites. To provide estimates
of the uncertainty of these modeled results, we have resampled
(with replacement) the raw concentration data ten times to
obtain concentration data replicates and used each replicate to
develop the three (i.e., 1990-, 2000-, and 2010-surface based)
stationary models. The resulting range of load estimates forms
uncertainty bands that are subsequently shown as dashed lines
on plots. In addition, as with the standard WRTDS estimates,
we have also conducted mass-balance analysis on the stationary-
model estimates to evaluate net deposition.

3. RESULTS AND DISCUSSION
3.1. Temporal Changes in Concentration vs. Dis-

charge Relationships. The manner in which nutrient and
sediment concentrations vary with streamflow (i.e., C−Q
relationships) reflect the relative role of dilution in comparison
to mechanisms of dissolution, erosion, and transport40−44 and
temporal changes in such relationships can therefore be useful
indicators of changes in system function. In this section, we
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present an analysis of this type for the two mainstem sites:
Conowingo (reservoir outlet) and Marietta (reservoir inlet).
C−Q scatterplots were constructed for three 9-year periods,
1987−1995 (“P1”), 1996−2004 (“P2”), and 2005−2013 (“P3”),
as shown in Figure 2 and SI Figure S10 of Appendix C.
Nonparametric LOWESS (locally weighted scatterplot smooth-
ing) curves are shown to better visualize the C−Q relationships.
For SS, the C−Q curves are generally convex upward. At

Conowingo (Figure 2a), C−Q relationships are similar among
the three periods at low discharges (<3000 m3/s), but the
curves at higher discharges are clearly more elevated at later
periods (i.e., P2 and P3). By contrast, the curves at Marietta (SI
Figure S10b) show clear decline at later time (P3) at low
discharges (<3000 m3/s) but negligible difference between P2
and P3 at higher discharges. For TP, the patterns are generally
similar to SS (Figure 2b and SI Figure S10d). For TN,
Conowingo shows similar C−Q relationships among the three
periods at most discharges, except that at the very high
discharges (>7000 m3/s) P2 and P3 show higher concentrations
than P1 (SI Figure S10e). At Marietta, P3 shows lower
concentrations than P1 and P2 at most discharges (SI Figure
S10f).
Overall, the C−Q relationships for Marietta show lower

concentrations in SS, TP, and TN in P3 than P1 and P2 at most
discharges, suggesting decreased inputs of these constituents
from various sources (e.g., agricultural, point, atmospheric, and
stormwater sources).18,27 Such promising changes at Marietta,
however, have not been propagated across the reservoirs to
emerge at Conowingo, where trends are reversed at high
discharges. These results tend to corroborate previous reports
of decreasing net trapping8,17,18 and highlight the critical role of
the reservoir for sediment and nutrient retention and storage.
3.2. Changes in Net Deposition: Analysis of Loads

from Standard WRTDS Models. In this section, we present
mass-balance analysis of loadings across the reservoir using
estimates from standardWRTDS models to estimate changes in
net deposition in the reservoir (Section 2.2). While these
estimates are currently our best approximation of historical
loadings and can provide useful indication of reservoir function,
we remark that they are model outputs subject to limitations of
sample availability and complications of interannual flow

variability. In the latter regard, we also further analyze the
results using stationary WRTDS models (Section 3.3).

3.2.1. Cumulative SS Deposition in the Reservoir. To
consider recent sediment deposition rates in the context of the
reservoir’s ∼85 years of service, we reconstructed a long-term
record of cumulative deposition behind Conowingo Dam.
Specifically, estimates of annual net deposition between 1987
and 2013 were obtained by applying mass-balance analysis on
upstream and downstream estimates derived using the standard
WRTDS models. These results were then interpreted on a
storage-volume basis by assuming that the 2008 bathymetry-
based estimate of sediment capacity8 is correct. Our estimates
of annual net deposition can then be used to estimate capacity
in years before and after 2008 and these estimates can then be
compared with other bathymetry data. The results are shown as
green points in SI Figure S11 of Appendix D-I. The resulting
curve is very consistent with the 1996 bathymetry result and
close to the 1990 bathymetry result, giving us some confidence
in the method for the pre-2008 period.
Based on this curve, cumulative deposition behind

Conowingo Dam has followed a concave shape between
1987 and 2013, suggesting a declining rate of net deposition
during this period. Taking the year 2000 as a dividing-point, the
estimated average rate of net deposition was ∼1.70 × 106 tons/
year for 1987−2000 but only ∼0.72 × 106 tons/year for 2000−
2010. By contrast, the 1929−1987 average rate was ∼2.24 ×
106 tons/year, based on the 1987 estimate and the original
storage capacity (SI Figure S11 and Table S2; Appendix D-I).
Thus, the average rates during 1987−2000 and 2000−2010 are
only 76% and 32%, respectively, of the 1929−1987 rate.
Overall, these results strongly suggest that annual rates of
deposition have decreased over time, particularly in recent
years. These findings are consistent with the literature.8,17,18

It is noteworthy that the reconstructed curve from 2008 to
2011 (green points in SI Figure S11) did not match the 2011
bathymetry-based capacity, which was conducted immediately
after Tropical Storm (TS) Lee.45 In particular, bathymetry
suggests continued net deposition between 2008 and 2011,
whereas WRTDS results suggest net scour in 2011. This
inconsistency may reflect inaccuracies in either type of
measurement and perhaps relate to both underestimated
input loadings owing to missed input sampling during three

Figure 2. Observed concentration-discharge (C−Q) relationships for suspended sediment (SS) and total phosphorus (TP) in the Susquehanna
River at Conowingo, MD, for three separate periods between 1987 and 2013. Solid lines are fitted LOWESS (locally weighted scatterplot
smoothing) curves. Vertical black dashed lines in (a)−(b) correspond to 3000 m3/s. Vertical purple dashed lines in (a)−(b) indicate the literature
scour threshold of 11 300 m3/s (400 000 ft3/s). Data points with vertical solid lines in (b) indicate left-censored concentration samples. (Detection
limit varied with samples.)
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extremely highflow days in 2011 (i.e., September 8th, 9th, and
11th) and to overestimated output loadings at the high
discharge end. Given the currently available data, we have
conducted an uncertainty analysis to assign a 95% confidence
interval on the cumulative deposition between 1987 and 2013,
as shown with blue and purple points in SI Figure S11. This
uncertainty interval increases dramatically during years of high
flow such that it is able to capture the 2011 bathymetry as well
as the earlier bathymetry results. In order to further examine
the WRTDS results in the context of bathymetry, it is critical to
conduct both new bathymetry surveys and continued
monitoring of reservoir input and output, with more emphasis
on fully capturing representative flow conditions.
3.2.2. Changes in Net Deposition over Time. To better

understand decadal-scale changes in net deposition of sediment
and nutrients, we quantified output/input ratios (O/I) for SS,
TP, and TN and prepared boxplots of these ratios for each
complete year (i.e., 1987−2013) (Figure 3). The ratios were
calculated from 35-day moving averages of input and output
loads to reflect travel time between Marietta and Conowingo.
(Estimation of physical travel time in the LSRRS and
rationalization of the selection of 35 days for the averaging
period are described in Appendix D-II. This analysis reveals that
the general trend is insensitive to averaging period for
selections between 1 and 35 days; see SI Figures S12−S14.)
O/I results based on 35-day moving averages of input and

output are provided in Figure 3, including both a single
realization of WRTDS modeling of the original data (Figure
3a−c) and uncertainty analysis based on the 100 realizations
obtained as described above (Section 2.2). Average annual
median values of O/I, and their 95% confidence intervals, are
shown in Figure 3d−f. Average numbers of excursions above
1.0, as well as their confidence intervals, are provided in SI
Figure S15 (Appendix D-III).
In regard to SS and TP, Figure 3a−b reveal that annual

median O/I has been rising, particularly since the 2000s. In
addition, Figure 3d−e confirm that the trends in annual median
O/I are qualitatively maintained based on the 100 realizations,
but with overlapping confidence intervals. Figure 3a−b further

reveal that annual 75th percentiles are approaching (SS) or
exceeding (TP) 1.0, with substantial excursions in certain years
(Figure 3a−b and SI Figure S15a−h). Overall, these results
confirm the aforementioned trends of declining rate of net
deposition. Given that streamflow O/I has been stable at ∼1.0
in 1987−2013 (not shown), these patterns in estimated SS and
TP ratios most likely relate to diminished reservoir net trapping
efficiency. The fact that TP ratios are generally greater than SS
ratios suggests that decreasing retention in recent years is more
pronounced for the finer (and more P-enriched) sediments, as
should be expected since these fine sediments are more likely to
be less well retained and more easily remobilized as reservoir
infill continues.
In regard to TN, Figure 3c,f reveal that O/I has been

generally stable with a median ∼1.0, but with a notable rise in
recent years. Importantly, however, Figure 3c and SI Figure
S15i−l also reveal substantial numbers of low-level excursions
above 1.0, particularly in recent years. The different patterns in
TP and TN O/I ratios reflect effective trapping of TP, which is
dominated by PP, and generally inefficient removal of TN,
which is dominated by dissolved N (DN) and particularly
nitrate.17−19 (Although removal of nitrate by algal growth and
deposition might occur and some denitrification is possible,
deposited particulate N [PN] can also be recycled as DN
through bacterial activity in sediments.13,14) Although TN
ratios are not far above 1.0 because of DN dominance, the
annual numbers of excursion based on modeled estimates are
actually much higher for TN than for SS and TP (SI Figure
S15), possibly reflecting lower physical density and settling
velocity for PN. In general, both the recent rise in TN O/I and
the rising number of excursions above 1.0 reflect an increasingly
larger quantity and fraction of PN in the reservoir output that
deserves further study and management consideration.
One potential concern in regard to the ratio trends discussed

above is that sampling dates varied between Marietta and
Conowingo, with more highflow dates sampled at Conowingo,
and that WRTDS surfaces may vary among sites in a way that
could bias results. We examined the potential impact of this
sampling issue by considering equally censored data at both

Figure 3. Estimated output/input ratios (O/I) based on 35 day moving averages of WRTDS-estimated output and input loadings. Plots (a)−(c) are
annual boxplots for (a) suspended sediment (SS), (b) total phosphorus (TP), and (c) total nitrogen (TN). (Note that each boxplot represents 365
daily data points and that O/I < 1.0 reflects net deposition.) Plots (d)-(f) show the results of uncertainty analysis based on 100 synthetic data sets,
see text. Plots show the averages of annual median values (blue dots) and the 95% confidence intervals (black error bars).
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sites. (See details in Appendix D-IV and SI Figures S16−S18
therein.) Results show that our basic conclusions are unaffected
by differences in sampling patterns (SI Figure S19).
3.2.3. Changes in Reservoir Trapping Efficiency as a

Function of Flow. The above-noted changes in reservoir
trapping have attracted considerable attention from managers
and there has been a popular tendency to consider extreme
storm events as the major concern for the future.46 While
extreme flows have indeed been important sources of sediment
discharge, decreased net trapping by the reservoir is a more
complex story that is relevant under many flow conditions. To
better understand this problem, we evaluated sediment and
nutrient loadings in five flow classes defined according to
percentiles of daily Conowingo discharge, namely, Q1 (0th to
25th percentile), Q2 (25th to 50th), Q3 (50th to 75th), Q4
(75th to 99.5th), and Q5 (99.5th to 100th). Note that Q1 to Q4
each contain ∼25% of the days in 1987−2013 but these flows
are well below the literature-reported scour threshold of 11 300
m3/s.20 Q5 contains the days with the 0.5% highest flows (50
out of 9862 days in the period of record), ranging from 7674 to
20 077 m3/s, with the high end representing the highest daily
discharge observed during TS Lee in 2011.
This flow-classified analysis reveals that SS and TP O/I ratios

have increased since the early 2000s across all classes, as shown
in SI Figures S20 and S21 (Appendix D−V), respectively, and
despite the stable ∼1.0 ratio for flow. For TN, the general
loading trends have been slightly downward for both input and
output over the most record of 1987−2013 (SI Figure S22).
TN O/I, however, has risen slightly since ∼2000 for Q1−Q4
and greatly for Q5. The latter reflects the fact that PN losses
have become much more significant in recent years, as
confirmed through separate analysis of PN (data not shown).
Because time averaging is not possible for flow-class data, daily
based ratios are shown in SI Figures S20−S22. As previously
noted, our comparative analysis suggests that these ratios also
accurately reveal the broad trend in net deposition, despite the
travel time issue.
In the above regard, it is noteworthy that Q4 contains a large

number of highflow days that, although well below the
previously documented scour threshold, represent the highest
cumulative discharge volume (Vw) and cumulative loading for
almost all constituents for both reservoir input and output in
1987−2013 (Figure 4). For input (Figure 4a), Q4 has
contributed over half of Vw (55%), SS (64%), TP (59%), and
TN (55%). For output (Figure 4b), Q4 has contributed over
half of Vw (54%), TN (53%), and TP (53%), although its SS
contribution (35%) is less than Q5 (58%) due to very high
estimates of SS load for extremely highflow days that belong to
Q5. Interestingly, Q5’s contribution of SS at the outlet (58%) is
much higher than that of TP (25%), owing to the facts that SS
during high flows have a greater percentage of larger size
fractions than at low flows and that larger particles have lower
specific surface area and lower P:SS ratios. Nonetheless, our
major conclusion from this analysis is that Q4 has dominated
the absolute mass of nutrient delivery and has contributed a
major part of SS delivery through the reservoir, despite the fact
that flows in Q4 are generally insufficient to cause major scour.
3.3. Changes in Net Deposition: Analysis of Loads

from Stationary WRTDS Models. In this section, we expand
our analysis to consider cases where we force our WRTDS
regression surfaces to be stationary (Section 2.3). The objective
is to remove potential effects of interannual streamflow
variability on the validity of our conclusions in regard to

changes in reservoir trapping efficiency. For brevity, the 1990-,
2000-, and 2010-surface based stationary models are hereafter
referred to as M1, M2, and M3, respectively.

3.3.1. Frequency Plots of Ranked Loadings. One way of
comparing the three stationary models is to rank the estimated
loadings and count the number of days per year that these
loadings exceed certain values under each model. Such
probability-of-exceedance plots are shown for all constituents
at each count value (i.e., 0−365 days/year) in SI Figures S23−
S31 of Appendix E−I. These figures also contain three enlarged
portions for visual clarity, that is, 0−15, 100−115, and 200−215
days/year. For brevity, we focus on the beginning portion (i.e.,
the highest 15 days/year); these subplots are shown in Figure
5.
For SS at Conowingo (reservoir output), M3 shows

dramatically higher loading than M1 and M2 for the highest
15 days/year (Figure 5a). For example, Conowingo (reservoir
outlet) SS loading is estimated to exceed 50 million kg/day
with a frequency of 3, 4, and 7 days/year underM1,M2, andM3,
respectively. Moreover, the uncertainty bands of M3 (shown as
red dashed lines) are always above those of M2 and M1 (blue
and green dashed lines), indicating that the noted rise with M3
is robust. Further along the x-axis, M3 becomes less
distinguishable from M1 and M2 (SI Figure S23c,d). For
Marietta (reservoir inlet), M3 is always below M1 and M2
(Figure 5b and SI Figure S24), indicating declined loading
based on the most recent watershed condition (2010) than
prior conditions (1990 and 2000). These results are consistent
with the aforementioned conclusion that upstream watershed
load has declined even while outlet load has risen. For net rates
of SS storage (i.e., net deposition), M3 has evidently decreased
in relative to M1 and M2 for the highest 15 days/year (Figure
5c). For instance, under M1, SS net deposition exceeds 115
million kg/day with a frequency of 2 days/year. At this same
frequency the net deposition exceeds 110 million kg/day under
M2 and 40 million kg/day under M3. Further along the x-axis,
the M3 model also shows less net deposition than the other two
models (SI Figure S25c,d).
Results for TP are generally similar to those of SS (Figure

5d−f). For example, Conowingo TP loading is estimated to

Figure 4. Fractional contribution of total streamflow volume (Vw) and
nutrient and sediment mass discharges in the Susquehanna River at
Conowingo by each of the five flow classes for reservoir input (a) and
output (b) in 1987−2013. (Ranges of the five flow classes: Q1: 25−
396 m3/s; Q2: 399−787 m3/s; Q3: 790−1464 m3/s; Q4: 1467−7646
m3/s; Q5: 7674−20 077 m3/s.).
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exceed 50 000 kg/day on about 5 days/year under M1, 6 days/
year under M2, and 10 days/year under M3 (Figure 5d). For
reservoir input, M3 is always below M1 and M2 (Figure 5e and
SI Figure S27), indicating decreased TP loading based on the
most recent watershed condition (2010) than prior conditions.
For TP net deposition, M3 has evidently decreased in relative to
M1 and M2 (Figure 5f). For instance, out of 2 days per year, net
TP deposition exceeds 85 000 kg/day under M1, 90 000 kg/day
under M2, but only 25 000 kg/day under M3. Further along the
x-axis, M3 also shows less net deposition than the other two
models (SI Figure S28c,d).
Results for TN do not follow those for SS and TP at

Conowingothe three models show generally similar loadings,
except that M3 is above M1 and M2 for the range of 0−6 days/

year (Figure 5g). Further along the x-axis, M3 and M2 become
indistinguishable but are both lower than M1 (SI Figure S29c−
d). For reservoir input, TN loading generally follows the
pattern of M1 > M2 > M3 (Figure 5h and SI Figure S30),
suggesting recent TN load decline in the upstream watershed.
For TN net deposition, the pattern is similar to that of SS or
TP, with M3 showing less net deposition than the other two
models (Figure 5i and SI Figure S31c,d).
Overall, the stationary-model results are consistent with the

other indications, suggesting that (1) reservoir inputs of SS, TP,
and TN have generally declined, (2) reservoir outputs of SS
and TP have increased, and (3) reservoir net deposition of SS
and TP has declined considerably. Such estimates serve to
better quantify changes in reservoir trapping capability and can

Figure 5. Frequency plots of ranked loadings for reservoir output, input, and net increase in storage for suspended sediment (SS), total phosphorus
(TP), and total nitrogen (TN) based on the three historical stationary WRTDS models. For output (panels a, d, g) and input (panels b, e, h), dashed
lines represent the upper and lower limits of model results derived from 10 replicates of each model that were based on resampled (with
replacement) concentration data. For net increase in storage (panels c, f, i), dashed lines indicate the 95% confidence intervals based on 100 sets of
net storage estimates obtained from the resulting 10×10 input × output matrix. See SI Figures S23−S31 in Appendix E−I for the full range of x-axis
(i.e., 0−365 days/year).
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be useful to inform the refinement of Chesapeake Bay
Watershed Model for purposes of Chesapeake Bay TMDL
allocation.5,6 Although this retrospective analysis does not
speak to the issue of future conditions, it can serve to inform
and constrain future analysis and modeling, which is a research
topic of great importance to Chesapeake Bay restoration.
3.3.2. Changes in Reservoir Trapping Efficiency as a

Function of Flow. As with the standard WRTDS analysis
(Section 3.2.2), we find it useful to consider the stationary-
model results in regard to the flow interval associated with
major changes in reservoir function. Thus, we similarly
evaluated loadings as a function of discharge for stationary-
model estimates and fitted LOWESS curves to the modeled
loading vs observed discharge. These plots are provided in SI
Figures S32−S40 of Appendix E-II. Readers should appreciate
that these statistically modeled loading-discharge relationships
are highly uncertain at the highest discharges (i.e., those
associated with infrequent weather-related events) due to the
scarcity of concentration monitoring data at one or more
locations during these discharges and the related fact that
available measurements may not accurately represent the
proper flow-weighted distribution of concentration. Although
full discussion of this issue is beyond our current scope, we
nonetheless caution against over-interpretation of model results
at such extreme discharges. In our discussion below, we focus
on the broader range of discharges where more data are
available and with special focus on SS and TP because these
constituents are most sensitive to reservoir trapping.
For SS at Conowingo (reservoir output), the M3 curve is

clearly above M1 and M2 for discharge above ∼2500 m3/s but
less distinguishable at lower discharge (SI Figure S32). For
reservoir input, however, differences among the three models
are observed mainly for discharge below ∼5000 m3/s, with M3
loading being the lowest (SI Figure S33). For reservoir net
deposition, the M3 curve is clearly below M1 and M2 for a wide
range of discharges (> ∼150 m3/s) (SI Figure S34).
Results for TP are similar to those for SS, but with the clear

separation of curves extending down to ∼1700 m3/s for
Conowingo (SI Figure S35). And as with SS, input of TP under
M3 shows smaller loading than under M1 and M2 for discharge
below ∼5000 m3/s (SI Figure S36). Finally, reservoir net
deposition of TP is smaller under M3 than M1 and M2 for the
entire range of discharges (SI Figure S37).

Overall, these loading-discharge relationships confirm the
previous finding (Section 3.2.3) that diminished reservoir
trapping of SS and TP has occurred under a wide range of flow
conditions, including flows well below the literature-reported
scour threshold.20 Therefore, even if future Conowingo
discharge remains largely below this threshold, there will likely
be continued decreased net trapping and increased loadings for
SS and TP at Conowingo Dam. Moreover, these stationary-
model results confirm that the observed changes could have
occurred because of diminished reservoir trapping efficiency
and there is no need to invoke climatic factors such as increased
streamflow variability to explain the changes.

3.3.3. Cumulative Loading for Selected Representative
Wet, Average, And Dry Years. The developed stationary
models can also be used to explore estimated cumulative
increases in storage (i.e., cumulative net deposition) for
different types of hydrological conditions, that is, “wet,”
“average,” and “dry” years. Toward that end, we have selected
2003, 2007, and 2001, as representative years for wet, average,
and dry conditions, respectively. These years had average flows
of 1718, 1009, and 667 m3/s, and represent the 4th, 13th, and
27th highest-flow years, respectively, based on ranking of
annual Conowingo streamflow between 1987 and 2013. We
have used the actual discharge data and the three developed
models to estimate net deposition under each condition. These
results are provided in Figure 6 and SI Figures S41−S43 of
Appendix E-III.
For SS net deposition under the wet year scenario (2003),

M3 shows less cumulative net deposition than the other two
models (Figure 6a). Moreover, the upper confidence limit of
M3 (upper red dashed line) is always below the lower
confidence limits of M2 and M1 (lower blue and green dashed
lines), suggesting a statistically significant difference of reservoir
performance with the M3 model. Similar patterns were also
observed with the average year (2007) and dry year (2001)
scenarios (Figure 6b,c). Not surprisingly, absolute values of
cumulative storage increase with wetness of the year, reflecting
larger incoming loads for deposition during wet years. (Note
the difference of y-axis scale among the three panels in Figure
6.) Similar patterns were also observed for TP net deposition
modeling (SI Figure S42). Overall, these year-specific
comparisons support our major conclusion of decreased net
deposition under different hydrological conditions.

Figure 6. Modeled cumulative reservoir storage over the course of three selected wet, average, and dry calendar years (i.e., 2003, 2007, and 2001)
with respect to suspended sediment (SS) loads based on the three stationary WRTDS models. Dashed lines represent the 95% confidence intervals
based on 100 sets of net storage estimates obtained from a 10×10 matrix created from 10 replicate runs of each model at both the inlet and outlet
and based on random resampling with replacement of observed concentration data. See SI Figure S41 in Appendix E-III for results on SS output and
input loadings.
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Finally, a note about extreme eventsalthough one may be
tempted to similarly reconstruct cumulative storage for the
truly wettest years (e.g., 2011, 2004, or 1996 in this record),
these years are associated with “extreme flow events” (i.e., TS
Lee, Hurricane Ivan, and a major upstream ice-jam release,
respectively). For discharges during these extreme flow events,
concentration data are relatively sparse and perhaps not fully
representative of the range associated with the full history of
the events’ hydrographs. Statistical modeling has especially high
uncertainty in such cases and we therefore avoided these years
for the purpose of Figure 6.

4. MANAGEMENT IMPLICATIONS
This paper presents three types of analyses on decadal-scale
changes in sediment and nutrient loadings across Conowingo
Reservoir on Susquehanna River: C−Q relationships inferred
from observed data, loading estimates from standard WRTDS
models, and loading estimates from stationary WRTDS models.
All three analyses consistently show that average annual net
deposition rates of SS and TP have declined in recent years
under a wide range of flow conditions that include flows well
below the literature-reported scour threshold, with correspond-
ingly increased loads delivered from Susquehanna River to
Chesapeake Bay (for any given flow) relative to previous
decades. Future progress in Chesapeake Bay restoration will
depend on accurate predictions of how inputs of SS, TP, and
TN to the reservoirs will be modulated by processes taking
place in the reservoirs. Management actions in the
Susquehanna River Basin will need to be adjusted to reflect
the future role that sediment accumulation and remobilization
behind Conowingo Dam will have on the delivery of SS, TP,
and TN to the Bay. Our analysis of the evolution of the system
to date can help constrain and inform the development and
application of improved predictive models of reservoir
performance, and particularly the incorporation of such models
in the ongoing upgrade of the Chesapeake Bay Partnership’s
Watershed Model.5,6 Our results and methods are also
applicable to other reservoir systems that may be similarly
approaching a state of dynamic equilibrium with respect to
sediment storage.
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