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HIGHLIGHTS

» Flow-normalized loads of N, P, and SS from the Susquehanna River were evaluated.

» SS and particulate-bound P and N from the Susquehanna to Chesapeake Bay are rising.
» N, P, and SS loads have declined in the Susquehanna River above its major reservoirs.
» The Conowingo Reservoir has neared its capacity to trap SS and particulate P and N.

» The reservoir will pose challenges to attainment of nutrient and sediment reduction.
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Reduction of nitrogen (N), phosphorus (P), and suspended sediment (SS) load has been a principal focus of
Chesapeake Bay Watershed management for decades. To evaluate the progress of management actions in the
Bay's largest tributary, the Susquehanna River, we analyzed the long-term seasonal trends of flow-normalized N,
P, and SS load over the last two to three decades, both above and below the Lower Susquehanna River Reservoir
System. Our results indicate that annual and decadal-scale trends of nutrient and sediment load generally
followed similar patterns in all four seasons, implying that changes in watershed function and land use had sim-
ilar impacts on nutrient and sediment load at all times of the year. Above the reservoir system, the combined
loads from the Marietta and Conestoga Stations indicate general trends of N, P, and SS reduction in the Susque-
hanna River Basin, which can most likely be attributed to a suite of management actions on point, agricultural,
and stormwater sources. In contrast, upward trends of SS and particulate-associated P and N were generally ob-
served below the Conowingo Reservoir since the mid-1990s. Our analyses suggest that (1) the reservoirs' capac-
ity to trap these materials has been diminishing over the past two to three decades, and especially so for SS and P
since the mid-1990s, and that (2) the Conowingo Reservoir has already neared its sediment storage capacity.
These changes in reservoir performance will pose significant new kinds of challenges to attainment of total max-
imum daily load goals for the Susquehanna River Basin, and particularly if also accompanied by increases in
storm frequency and intensity due to climate change. Accordingly, the reservoir issue may need to be factored
into the proper establishment of regulatory load requirements and the development of watershed implementa-
tion plans.
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1. Introduction

Chesapeake Bay has experienced persistent summertime hypoxia in
its bottom waters that has been attributed to a combination of anthropo-
genic nutrient inputs from the watershed (Boynton and Kemp, 2000;
Hagy et al., 2004; Kemp et al., 2005; Malone et al., 1988; Murphy et al.,
2011) and naturally occurring vertical stratification (Boicourt, 1992;
Murphy et al., 2011; Pritchard and Schubel, 2001). On one hand, high nu-
trient inputs - primarily nitrogen (N) and phosphorus (P) - can stimulate
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phytoplankton growth that can exert considerable biochemical oxygen
demand when the algal matter sinks to the deep channel (Boynton and
Kemp, 2000; Cloern, 2001; Kemp et al., 2009). On the other hand, fresh-
water flow acts to strengthen water column stratification that can
isolate the deep water hypoxic zones, thus preventing oxygen replen-
ishment from the surface water (Boicourt, 1992; Goodrich et al., 1987;
Pritchard and Schubel, 2001). In addition, suspended sediment (SS)
can reduce light penetration and thus inhibit the growth of beneficial
submerged aquatic vegetation (Brakebill et al., 2010). Of the two influ-
ences, anthropogenic inputs and stratification, the more attainable
means of controlling hypoxia is the reduction of N, P, and SS load, and
this has been a principal focus of Chesapeake Bay Watershed (CBW)
management for decades. In 2010, the strength of this endeavor was
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increased, with the introduction of regulations of total maximum daily
loads (TMDLs) for N, P, and SS (US Environmental Protection Agency,
2010).

To aid the assessment of reduction progress, the U.S. Geological Survey
(USGS) and collaborators have been collecting and analyzing water qual-
ity data at many monitoring sites in the CBW for decades (Langland et al.,
2007; Sprague et al., 2000). For example, the USGS River Input Monitoring
(RIM) Program has been monitoring streamflow and water quality at
nine stations at the fall-line of major tributaries since the mid-1980s
(US Geological Survey, 2012a). In a comprehensive study, Langland
et al. (2007) detected significantly decreasing trends in flow-adjusted an-
nual concentration of total N (TN), total P (TP), and SS from 1985 to 2006
at about 74%, 68%, and 32% of 34 selected monitoring sites in the CBW,
respectively.

As part of on-going efforts to analyze load trends in the major tribu-
taries to Chesapeake Bay, this study focuses on the Susquehanna River
because it is the largest tributary in terms of freshwater discharge
(60%), TN load (62%), and TP load (34%) (Belval and Sprague, 1999). En-
couragingly, McGonigal (2010) detected significantly decreasing trends
in flow-adjusted annual concentration of TN, TP, and SS at most moni-
toring sites in the Susquehanna River Basin (SRB) from 1986 to 2009

(Fig. 1). Consistent with these findings, a later study by Langland et al.
(2012) also reported generally decreasing trends of flow-adjusted an-
nual concentration of these pollutants in the SRB from 1985 to 2010.
In addition, Langland et al. (2012) reported reducing trends of TN and
SS, but non-significant changes in TP at the Conowingo Station at the
fall-line of the Susquehanna River. A common feature of these studies is
the adoption of annual resolution in trend analyses. However, in order
to capture impacts of seasonality such as variations in temperature and
rainfall, fertilizer application, and benthic recycling of P and denitrification
in river channels and reservoirs, seasonal trends of these anthropogenic
pollutants need to be investigated, and attention needs to be given to cal-
culations not only of concentration but also of load, which is more com-
plex because of the need to temporally match concentration with flow.
With regard to prior estimates of historical load, the USGS has been
using a tool developed in 1989 called ESTIMATOR (Cohn et al,, 1989) to
compute and report daily nutrient and sediment load in Chesapeake
Bay tributaries. In recent work, Murphy et al. (2011) combined some of
these loading estimates for the Susquehanna River at Conowingo with
some interpolations and extrapolations of upstream data that had been
previously developed by Hagy et al. (2004) to plot a 60-year history of
Susquehanna winter-spring (i.e., Jan-May) TN load, which has been of
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Fig. 1. Map of Susquehanna River Basin and long-term monitoring sites. Sites in this study include two main-stem stations, Marietta (No. 7) and Conowingo (No. 9), and one tributary
station, Conestoga (No. 8). The non-tidal Susquehanna River Basin, shaded in yellow, covers portions of New York, Pennsylvania, and Maryland.

This figure was reproduced from Fig. 6 in Sprague et al. (2000) with permission.
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special interest because of its reported correlation with summer-time
oxygen depletion in Chesapeake Bay (Hagy et al., 2004). The 60-year TN
load history (cf. Fig. 3c of Murphy et al. (2011)), although replete with
flow-related inter-annual variations, suggests a general decreasing
trend of Jan-May TN load in recent decades. In addition, Murphy et al.
(2011) have reported correlation between the Jan-May TN loads and
bay hypoxia during the late-summer period (by contrast, long-term
trends in early-summer hypoxia were found to be correlated with some
long-term flow-unrelated trends of increasing stratification). Because
the reported correlation is dependent on good understanding of the TN
load history, it is important that such trends be evaluated using the best
tools available.

When considering overall riverine inputs of nutrient and sediment, it
is also important to recognize that such loadings can be greatly complicat-
ed by impacts of sediment retention and release in reservoirs. In par-
ticular, reservoirs in early stages of their lifespan can effectively retain
sediment and associated N and P (Friedl and Wiiest, 2002; Jossette
et al., 1999; Medeiros et al., 2011), thus providing efficient removal of N
and P from streamflow, mainly through denitrification and particle depo-
sition, respectively (Friedl and Wiiest, 2002; Jossette et al., 1999). In the
SRB, the most studied reservoir system is probably the Lower Susquehan-
na River Reservoir System (hereafter, “the reservoir system”), which in-
cludes Lake Clarke, Lake Aldred, and the Conowingo Reservoir (Fig. 2)

(Langland, 2009; Langland and Hainly, 1997). The system has been
reported to trap about 2%, 45%, and 70% of annual TN, TP, and SS load, re-
spectively, from the Susquehanna River to the bay (Langland and Hainly,
1997), thus alleviating the pollutant load considerably. As the most down-
stream and the largest reservoir in the system, the Conowingo Reservoir
(hereafter, “the reservoir”) is the only one that was reported not to
have reached its sediment storage capacity (SSC) (Langland, 2009).
Based on assumptions in SS input load and sediment deposition rate in
the reservoir, Langland (2009) estimated an additional service life of
15-20 years (from 2009) before the reservoir would be filled up. By
that time, annual loads of TN, TP, and SS to the bay have been projected
to increase by 2%, 70%, and 250%, respectively (Langland and Hainly,
1997). In addition, a previous study has suggested that a flow of
400,000 ft3/s (11,300 m>/s) was the “scour threshold” for the Conowingo
Reservoir, and that major floods above this level would further increase
nutrient and sediment delivery to Chesapeake Bay (Langland and
Hainly, 1997). More recently, Hirsch (2012a) has analyzed discharge
and water-quality data at the Conowingo Dam, and detected upward
trends in annual TP and SS load. The author has evaluated some hypoth-
eses and presented a “scour hypothesis” as a most likely explanation to
the observed trends. This hypothesis states that when reservoirs are
near capacity, the water channel would become smaller, thus resulting
in faster water flow, and correspondingly, higher likelihood of scour
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Fig. 2. Map of Lower Susquehanna River Reservoir System and the study sites. The reservoir system consists of Lake Clarke, Lake Aldred, and the Conowingo Reservoir. The Marietta
Station (No. 7) is just above the reservoirs and the Conowingo Station (No. 9) is just below the reservoirs. The Conestoga Station (No. 8) monitors streamflow from the Conestoga
River, a major tributary to the Susquehanna River. See Fig. 1 of this article for locations of the three sites in the non-tidal Susquehanna River Basin.

This figure was adapted from Fig. 1 in Langland (2009) with permission.
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(Hirsch, 2012a). Therefore, increased net scouring of sediment in the
Conowingo Reservoir may already be occurring at flow rates much
lower than the above-cited scour threshold (Blankenship, 2012). Hirsch
(2012a) has suggested that filling processes in the Conowingo Reservoir
are already approaching a final asymptotic stage and that further moni-
toring and evaluation of the reservoir performance are critical to evalua-
tion of management plans.

In the above context, the work described herein was undertaken
concurrently with the efforts of Hirsch (2012a) and with the goal of
more closely examining many issues raised in that work and similarly
motivated by prior studies. Particular new contributions of this work
are as follows:

(1) analysis of multiple N and P species to examine potential differ-
ences as related to particulate versus dissolved fractions;

(2) direct comparison of above- and below-reservoir data at multiple
sites to evaluate changes in sediment and nutrient inventory
within the reservoirs;

(3) application of a new and reportedly more accurate loading estima-
tion method called “weighted regressions on time, discharge, and
season (WRTDS) (Hirsch et al., 2010)” to develop the first set of es-
timates for sites above the reservoirs;

(4) analysis of flow-normalized trends to better understand long-term
trends independent of random streamflow. The WRTDS method is
capable of providing both “true-condition” and “flow-normalized”
estimates of concentration and load. In comparison, most previous
studies (e.g., Langland et al,, 2012, 2007; McGonigal, 2010) have
used the ESTIMATOR model, which is not able to produce the
flow-normalized trends; and

(5) analysis of seasonal loads and trends using both the “true-
condition” and “flow-normalized” approaches. Most previous
studies of SRB sites (e.g., Hirsch, 2012a; Hirsch et al, 2010;
Langland et al., 2012, 2007; McGonigal, 2010) have focused on
analysis of annual loads and trends.

More specifically, we have examined the long-term seasonal history
of N, P, and SS loads in the Susquehanna River, both above and below
the reservoir system, through the following three broad types of
analysis:

(1) reconstruction of our best understanding of the long-term
history of concentrations and loads of nitrate (NOy) and
loads of TN from the Susquehanna River to Chesapeake Bay
for a 67-year period (1945-2011), in terms of both
“true-condition” and “flow-normalized” estimates, using the
latest available method (WRTDS) and the longest available re-
cords of concentration and flow at the Conowingo Station;
estimation of seasonal “flow-normalized” loads for multiple spe-
cies of nutrients and sediment for two locations just above the
reservoir system for a 26-year period (1986-2011) over which
relevant concentration and flow data are available — major spe-
cies studied include SS, TP, particulate P (PP), dissolved P (DP),
TN, particulate N (PN), and dissolved N (DN); and

similar estimation of seasonal “flow-normalized” loads for the
same species of nutrients and sediment at the Conowingo Station

—
N
—

—
w
-

Table 1
Details of the study sites®.

for a 34-year period (1978-2011) over which relevant data are
available.

Our objectives in undertaking these analyses were as follows:

(1) to compare long-term trends in N loading with prior estimates
published by Murphy et al. (2011) and to thus verify whether
the long-term trends are still apparent;

(2) to evaluate progress in reduction of N, P, and SS load from the
non-tidal SRB at seasonal resolution; and

(3) to compare the relative changes in N, P, and SS loads discharging
into and emanating from the reservoirs at seasonal resolution,
thus allowing an evaluation of reservoir performance and service
life in terms of sediment and nutrient retention.

2. Methods
2.1. Study sites

The RIM station at the Conowingo Dam is about 10 miles from the
Susquehanna River mouth and receives 99% of the streamflow from
the SRB (Fig. 1) (Belval and Sprague, 1999). This station is also located
at the river fall-line, a physical fall that provides distinct separation of
the tidal and non-tidal basins. Upstream, seven additional sites at
Towanda, Danville, Lewisburg, Newport, Hogestown, Marietta, and
Conestoga have been monitored by the Susquehanna River Basin Com-
mission (SRBC) through the Susquehanna Nutrient Assessment Program
(SNAP) since the mid-1980s (Susquehanna River Basin Commission,
2012). Since all the stations are above the fall-line (i.e., not influenced
by tides), trends observed there can be used to assess nutrient and sed-
iment reduction progress in their respective upstream watersheds with-
in the SRB (Sprague et al., 2000).

Sites examined in the present study include the RIM station at
Conowingo and two SNAP stations at Marietta and Conestoga
(Table 1). The Marietta Station is the most downstream SNAP station
on the river mainstem and represents the vast majority (~96%) of the
watershed area represented by the Conowingo Station and with a medi-
an streamflow that is slightly higher (Table 1). However, one major dis-
tinction between the two stations is their locations relative to the Lower
Susquehanna River Reservoir System — Marietta is upstream and
Conowingo is downstream of the reservoirs (Fig. 2). The Conestoga Sta-
tion on the Conestoga River (a major tributary to the Susquehanna locat-
ed between Marietta and Conowingo; Fig. 2), monitors surface runoff
from the small but heavily agricultural Conestoga basin (Table 1). In
general, the combined nutrient and sediment load from the Marietta
and Conestoga Stations represents a majority of input to the reservoirs,
whereas load at Conowingo represents the output. Comparisons be-
tween the input and output are thus well suited for examining the pos-
sible impacts of the reservoirs on long-term seasonal trends of nutrient
and sediment loads.

2.2. Statistical methods

Because of concomitant constraints on labor, time, and funding,
water-quality samples have been collected only once or several times

USGS ID Station name Upstream land area (mi?) Upstream land use (percent) Flow statistics”
(cubic feet per second)
Urban Agricultural Forested Other Min Median Max
01576000 Susquehanna River at Marietta, PA 25,990 4 30 64 2 24,370 36,280 63,560
01576754 Conestoga River at Conestoga, PA 470 14 60 23 3 217 664 1140
01578310 Susquehanna River near Conowingo, MD 27,100 2 29 67 2 23,560 35,575 65,540

2 Modified from Table 4 in Sprague et al. (2000) with permission.

b Calculated based on annual average flow data from 1985 to 2010 (US Geological Survey, 2012b).
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each month at the study sites. Therefore, appropriate statistical methods
are required to make predictions for unsampled days. Selection of best
methods of estimation for nutrient and sediment concentrations and
loads based on available monitoring data has been an important topic
of discussion since at least the late 1980s (Cohn et al., 1989). To date,
the USGS has been applying an estimation tool known as the
ESTIMATOR model (Cohn et al., 1989) to estimate daily nutrient and
sediment concentration and load in Chesapeake Bay tributaries. More
recently, however, Hirsch et al. (2010) have described the need for
new statistical methods that can both (a) better describe temporal
variations in concentration and load, and (b) more effectively remove
the influence of random flow variation. More importantly, the new
methods should not rely on questionable assumptions such as a con-
stant concentration-flow relation, constant seasonal trends in concen-
tration, or the existence of specific functional forms of these trends
(Hirsch et al,, 2010). Hirsch et al. (2010) incorporated these consider-
ations into the development of the WRTDS method, which has recently
been applied to several large data sets and is fully described elsewhere,
e.g., Hirsch et al. (2010), Sprague et al. (2011). For the convenience of
readers here, we have briefly summarized the basic structure and appli-
cation of WRTDS in Appendix A.

The WRTDS method produces two types of estimates for both con-
centration and load - so-called “true-condition” and “flow-normalized”
estimates, as described in more detail in Appendix A. Hirsch et al.
(2010) have pointed out that the true-condition estimates are useful
to help understand the real history of riverine nutrient (or sediment)
and downstream ecological impact, whereas the flow-normalized esti-
mates are more helpful to evaluate management progress in the water-
shed — i.e. with respect to nutrient loading factors that are less related
to river-flow. The flow-normalization algorithm, described in more de-
tail in Appendix A, can greatly remove the sometimes dramatic influ-
ence of random variations in streamflow by linking the estimation to
the full history of hydrological flows over long-term cycles, thus render-
ing longer-term inter-annual trends easier to detect and understand
than they would be with true-condition estimates. For these reasons,
we have focused most of our attention in this work to analyses of
flow-normalized load.

One major assumption of the flow-normalization method is the sta-
tionarity of streamflow time series during the study period, as more
fully discussed elsewhere, e.g., Hirsch et al. (2010), Sprague et al.
(2011). In this regard, one should be aware that flow-normalized esti-
mates can potentially be misleading if stationarity is violated — that is,
if the probability distribution of streamflow on a given day of the year
has changed significantly over time, and if such change has been able
to exert substantial impacts on the relation between flow and water
quality (Hirsch et al., 2010). In the mid-Atlantic region where Chesa-
peake Bay is located, for example, one might have concerns that water-
shed development has altered the “flashiness” of streamflow (Jarnagin,
2007), and that these changes, if they exist, could challenge the validity
of the stationarity assumption. At present, however, we have no means
to further explore this issue. According to Hirsch et al. (2010), there is
currently no formal procedure to defend or reject the appropriateness
of the stationarity assumption in streamflow, and this is an area
where future research is needed to improve WRTDS.

Another issue to consider for any given application of WRTDS is
the selection of “half-window widths” for the estimation process,
as described in more detail in Appendix A. In this study, the
half-window widths were defined as 10 years and 0.5 years for
time and season, respectively. For the discharge dimension, the win-
dow was selected such that, for a given discharge Q (as reference),
non-zero weights would be assigned only to discharges falling be-
tween Qmin=Q/exp(2) and Qmax=Q exp(2), or in other words,
In(Qmax/Q) =In(Q/Qumin) = 2. In their analyses of Chesapeake Bay
tributaries including Susquehanna, Hirsch et al. (2010) used the
above half-window widths and considered them as appropriate based
on testing. We agreed with this assessment — preliminary independent

analysis with our own data set also suggested that this subjective choice
would have little impact on model estimates and load trends, as long as
reasonable values are assumed, within ranges suggested by Hirsch et al.
(2010).

2.3. Data compilation and analyses

We collected streamflow and water-quality data at Conowingo
(1978-2011) from the USGS National Water Information System Web
Interface (USGS-01578310; US Geological Survey, 2012b), and at
Marietta (1986-2011) and Conestoga (1984-2011) from the SRBC
SNAP website (Susquehanna River Basin Commission, 2012). The col-
lected water-quality data included information for eight nutrient and
sediment constituents, namely, SS, TP, DP, TN, DN, dissolved orthophos-
phate (DOP), dissolved nitrate plus nitrite (DNOy), and dissolved am-
monia plus organic N (DKN). We implemented the WRTDS method
using the statistical package R (R Development Core Team, 2011) to
produce the true-condition and the flow-normalized estimates for
every day in the period of record for each species. The daily estimates
of load in units of kg day~! were used to calculate the seasonal averages
of load for each of the four seasons, defined as January-March, April-
June, July-September, and October-December, respectively. In addition,
since there was no measurement of PP or PN, their seasonal loads were
inferred by subtracting DP and DN from TP and TN seasonal loads, re-
spectively. Thus, the signals of particulate and dissolved fractions
could be separated. Similarly, dissolved hydrolysable P (DHP), or the
“non-labile” fraction of DP (refer to Table 1 in Neal et al. (2010) for ter-
minology), was inferred by subtracting DOP from DP. In contrast to DP,
individually measured data were directly available for DN and DNOy to
the present date and for DKN up to May 1995, after which DKN concen-
tration in water samples has been reported as the difference between
measured DN and DNOy concentrations. For each of the four seasons
studied, we observed that the DN loads estimated using WRTDS on
measured DN data fell between 95% and 105% of the values (for the
same season and location) that were calculated from the sum of esti-
mated DNOy load plus estimated DKN load.

To reconstruct the 67-year history of NOy concentration and load at
the Conowingo Station (1945-2011), our first step was to close the data
gaps in streamflow discharge (1945-1968) and NOy concentration
(1945-1978) based on upstream data at Harrisburg (USGS-01570500;
US Geological Survey, 2012b; see Fig. 1 for location). We first compiled
the daily streamflow data at Harrisburg from 1945 to 1968 and converted
them to Conowingo flow data using the ratio reported by Hagy et al.
(2004) (i.e., Conowingo flow =10/9 x Harrisburg flow). We then com-
piled the NO, concentration data at Harrisburg from 1945 to 1978 and
converted them to NO, concentration at Conowingo using monthly ratios
reported by Hagy et al. (2004). These manipulated records, together with
observational data (1968-2011 for flow; 1978 to 2011 for NO, concentra-
tion), constituted the 67-year full records at Conowingo (Fig. 3a, b, c, d).
On that basis, we estimated the true-condition and the flow-normalized
estimates for NO, at Conowingo from 1945 to 2011.

In addition, to reconstruct the 67-year history of true-condition
Jan-May TN load at Conowingo (1945-2011), we needed to convert
the pre-1978 true-condition NO load to TN load, due to lack of TN con-
centration data for that period. We first developed linear regression
models relating monthly TN to NOy loads at Conowingo for each
month of the year based on available TN and NOy load estimates from
1981 to 2010 (refer to Appendix B for more detail). We then used
these linear models to convert the pre-1978 true-condition NOy load
(described above) to true-condition TN load in respective months.
These monthly TN loads were then combined with directly estimated
(post-1978) monthly TN loads to reconstruct the 67-year monthly TN
loads from 1945 to 2011. Finally, the Jan-May true-condition TN
loads at Conowingo were obtained by averaging the monthly TN
loads from January to May in each year.
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Fig. 3. Observed data of NOx concentration and seasonal streamflow discharge in
(a) Jan-Mar, (b) Apr-Jun, (c) Jul-Sep, and (d) Oct-Dec, in the Susquehanna River
at the Conowingo Station for the period from 1945 to 2011. Note that pre-1968
streamflow and pre-1978 NOy concentration data have been estimated based on
observed data at Harrisburg - see text.

3. Results and discussion

In the sections below, we present our results with regard to the
three major sets of tasks and objectives identified in Section 1. First,
we present the 67-year analysis of NOy and TN trends at Conowingo
in terms of both “true-condition” and “flow-normalized” results. Sec-
ond, we analyze the combined loads of SS, P, and N from the Marietta
and Conestoga Stations to evaluate progress of management actions in
the non-tidal SRB above the reservoirs. This watershed covers portions
of New York, Pennsylvania, and Maryland. Finally, we present and dis-
cuss the seasonal trends of SS, P, and N load at the Conowingo Station
to examine the evolving behavior of the reservoirs in modulating sedi-
ment and nutrient load at seasonal resolution.

—=— Jan-Mar
—e— Apr-Jun
= Jul-Sep
—— Oct-Dec

a) NOx True-condition Concentration

1.1 mg N/L

0.0 05 1.0 15 2.0 25 3.0

1950 1960 1970 1980 1990 2000 2010

b) NOx Flow-normalized Concentration

00 05 1.0 15 20 25 3.0

I I I I I I I
1950 1960 1970 1980 1990 2000 2010

C) NOx True-condition Load

- 1.0=110,000 Kg N/day *
"

0.0 05 1.0 15 2.0 25 3.0

1950 1960 1970 1980 1990 2000 2010

d) NOx Flow—-normalized Load

00 05 1.0 15 20 25 3.0
]

I I I I I I I
1950 1960 1970 1980 1990 2000 2010

Fig. 4. Seasonal averages of NOy (a) true-condition concentration, (b) flow-normalized
concentration, (c) true-condition load, and (d) flow-normalized load in the Susquehanna
River at the Conowingo Station. All estimates have been normalized by the median of re-
spective long-term annual averages at the Conowingo Station (located at y=1.0 in each
panel).

3.1. History of NOy and TN load at the Conowingo Station (1945-2011)

3.1.1. Results

Our retrospective analyses of the 67-year record of Susquehanna
River NOy concentration and load are presented in Fig. 4. With regard
to the concentration results, the true-condition (Fig. 4a) and the
flow-normalized (Fig. 4b) estimates both show similar annual- and
decadal-scale trends among all four seasons, with a steady rise from
1945 to around 1990, followed by a steady decline. With regard to the
load results, trends in the true-condition loads (Fig. 4c) are difficult to
discern, owing to the high degree of inter-annual variability in
streamflow. Removal of this influence is in fact a primary motivation for
the consideration of the flow-normalized loads (Fig. 4d), which show
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more clear trends (see Section 3.1.2 below). In general, trends in the
flow-normalized loads are similar to trends in the flow-normalized
concentrations.

The lack of raw data at Conowingo for TN concentration prevents a
similar calculation of flow-normalized concentration or load. For this con-
stituent, our interest is primarily in the “true-condition” load estimates
during the period of Jan-May, for the purpose of comparison with values
used in earlier analyses by Murphy et al. (2011). These results are shown
in Fig. 5, together with the values from Murphy et al. (2011) and also dif-
ferences between the two sets of loads. In general, results using either
method exhibit a similar long-term trend, with generally much lower
peak loads prior to 1970, increased variability since about 1980, and a
general trend of stabilized or decreasing loads since that time.

3.1.2. Discussion

The flow-normalized NOy results presented in Fig. 4 (b and d) show
similar trends in all four seasons. More generally, however, such consis-
tency in seasonal trends should not necessarily be expected. In fact, our
on-going study of trends in other tributaries of Chesapeake Bay has re-
vealed substantially different trends in some cases. For example, from
the late 1970s to the early 1990s, the flow-normalized NO, concentra-
tions in the Potomac River show a trend of slight decline in Jan-Mar,
but strong upward trends in the other three seasons (data not shown).

Perhaps the most important point to observe from Fig. 4 is the manner
in which the flow-normalized NOy loads (Fig. 4d) remove the effects of
the highly variable streamflow during each season (shown as solid lines
in Fig. 3). In this regard, Fig. 4d reveals a smooth trend in load change
that is similar in its basic aspects to the trends in estimated concentration
(Fig. 4a and b) and devoid of the flow-induced variations evident in
Fig. 4c. From this example, we can see that the flow-normalized loads
are more helpful to evaluate progress of management actions in the
watershed. Differences between trends in flow-normalized loading and
in flow-normalized concentration are presumably the result of flow influ-
ences on concentration and resulting effects on the regressions that ac-
count for flow. Although the exact meanings of these differences are
complex, it has been suggested that trends in flow-normalized concentra-
tion are more representative of changes in point sources, which are pre-
sumed to be less heavily influenced by flow (Hirsch et al,, 2010).

As noted in Section 1, the 67-year true-condition TN load history at
Conowingo was reconstructed using the WRTDS method in order to
verify whether Jan-May trends reported by Murphy et al. (2011) would
still be observed. Our results (Fig. 5) confirm that true-condition esti-
mates of TN loading with WRTDS are generally similar to those previously
assumed by Murphy et al. (2011). Overall, the WRTDS estimates range
between 0.84 and 1.09 times of the previously reported TN load values,
with largest differences occurring in the 1970s, which were relatively

—e— (a) Jan—May TN, in Kg N/day (current study)
—8— (b) Jan-May TN, in Kg N/day (Murphy et al., 2011)
~#—(c) Load in (b) = load in (a)

0e+00 2e+05 4e+05 6e+05

1950 1960 1970 1980 1990

2000 2010

Fig. 5. Estimates of “true-condition” Jan-May TN load in the Susquehanna River at the
Conowingo Station for the period 1945 to 2011. Plot (a) shows TN loads obtained in this
study. Plot (b) shows TN loads reported by Murphy et al. (2011) for the period 1949 to
2009. For that study, TN loads prior to 1980 were obtained using regression equations be-
tween TN and NOy load developed by Hagy et al. (2004), and TN loads from 1981 to 2009
were directly obtained from the USGS RIM Program website (US Geological Survey,
2012a). Plot (c) shows differences in estimated loads between (a) and (b).
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Fig. 6. Seasonal averages of flow-normalized SS load from the Marietta and Conestoga
Stations. All loads have been normalized by the median of long-term annual SS loads at
the Conowingo Station (located at y=1.0).

wet years. These inconsistencies likely resulted from the different treat-
ment of high-flow samples in ESTIMATOR and WRTDS. For a given esti-
mation day, the ESTIMATOR model always gives equal weight to
high-flow samples and low-flow samples, whereas the WRTDS method
assigns higher weight to samples whose corresponding flows are closer
to the flow on the estimation day.

3.2. History of SS, P, and N Load from the Marietta and Conestoga Stations
(1986-2011)

3.2.1. Results

The combined flow-normalized SS loads from Marietta and Conestoga
show consistently downward trends in all four seasons (Fig. 6), with
decelerated reduction or slight rise between the mid-1990s and the
mid-2000s.

The combined flow-normalized TP loads from Marietta and Conestoga
also show downward trends in all four seasons, with decelerated reduc-
tion from the mid-1990s to the early 2000s (Fig. 7a). Within TP, PP con-
tributed to the TP reduction only since around 2000 (Fig. 7b), whereas
DP contributed to the TP reduction throughout the study period
(Fig. 7c). Within DP, DOP increased consistently until 2002 and started
to contribute to the DP reduction thereafter (Fig. 7d), whereas DHP de-
creased substantially in the earlier period (up until 2002) and has
remained low since that time (Fig. 7e).

The combined flow-normalized TN loads from Marietta and
Conestoga also show consistently downward trends in all four sea-
sons (Fig. 8a). Within TN, PN decreased rapidly until the late 1990s,
and thereafter increased slightly in Jan-Mar and Apr-Jun but contin-
ued to reduce in Jul-Sep and Oct-Dec (Fig. 8b). DN shows downward
trends in all four seasons (Fig. 8c), similar to the TN trends previously
noted. Both DN and PN contributed to the TN reduction until the late
1990s, thereafter primarily DN contributed to the TN reduction. The
two fractions of DN, i.e., DNOy (Fig. 8d) and DKN (Fig. 8e), were esti-
mated separately using available data and both show downward
trends throughout the study period.

3.2.2. Discussion

The flow-normalized SS, P (TP, PP, and DP), and N (TN, PN, and
DN) loads from Marietta and Conestoga all show downward trends
from 1986 to 2011, suggesting that management controls have been
effective in reducing watershed inputs of these pollutants in the
non-tidal SRB above the reservoirs.

To more fully understand the above-noted “positive progress,” it is
useful to review factors affecting the source, transport, and transforma-
tion of nutrient and sediment in the SRB. In terms of source, Ator et al.
(2011) reported that mean annual TN loads from the non-tidal SRB, cal-
culated for the year 2002 by using statistical representations of long-
term mean hydrological conditions, have originated mainly from non-
point source inputs of fertilizer, fixation, and manure (58%), followed by
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Fig. 7. Seasonal averages of flow-normalized load of (a) TP, (b) PP, (c) DP, (d) DOP, and
(e) DHP from the Marietta and Conestoga Stations. All loads have been normalized by
the median of respective long-term annual loads at the Conowingo Station (located at
y=1.0 in each panel). Estimates for panels labeled as “inferred” were obtained from
data that were inferred rather than measured (i.e., PP=TP — DP; DHP=DP —DOP).

atmospheric deposition (20%), urban sources (12%), and point sources
(10%). Using the same method, TP loads were reported to have originated
mainly from point sources (39%) as well as from fertilizer and manure
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and (e) DKN from the Marietta and Conestoga Stations. All loads have been normalized
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(32%), followed by erosion of rocks (22%) and urban sources (7%). In ad-
dition, Brakebill et al. (2010) determined agricultural land as the greatest
overall source and urban development as the source with highest yield
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(load per unit area) for SS in the CBW. Once the N and P are generated
from these sources, they can be temporarily stored in the system (e.g.,
land surface, riparian buffer, river channels, and reservoirs), transformed
chemically or biologically (e.g., plant uptake, mineralization and denitrifi-
cation of N, and precipitation of P), or transported downstream (Ator et
al,, 2011; Brakebill et al,, 2010). SS, however, exhibits a more conservative
behavior since it cannot be readily transformed (Brakebill et al., 2010).

In the last few decades, various changes in watershed practices have
been implemented to control N, P, and SS load in the SRB, some focusing
on reduction by controlling pollutant transport or transformation, but
more focusing on control at the pollutant source. An overview of some
historical changes in source-based management and practices in the
SRB is provided in Appendix C. As further discussed in Appendix C, it is
likely that the source-based management strategies and associated con-
trols on transport and transformation processes, were responsible for
the downward nutrient and sediment trends in the SRB at locations
above the reservoirs. Indeed, Brakebill et al. (2010) have suggested that
effective SS control measures should include both source reduction (e.g.
settlement ponds, soil conservation practices, and riparian buffers) and
streambank protection (e.g. directing erosive flow and flood-plain stabili-
zation). However, identification of the extent of implication and relative
contribution of these different management actions is well beyond the
scope of our current study.

3.3. History of SS, P, and N load at the Conowingo Station (1978-2011)

3.3.1. Results

The flow-normalized SS loads at Conowingo show generally
“fall-and-then-rise” trends in all four seasons (Fig. 9). In Jan-Mar,
Apr-Jun, and Jul-Sep, SS load generally decreased until around 1990,
stabilized for about one decade, and increased rapidly since the late
1990s. In Oct-Dec, SS load displayed much weaker variation. Overall,
the SS load at Conowingo has then digressing increasingly far from
the TMDL goal in recent years in all seasons except Oct-Dec.

The flow-normalized TP loads at Conowingo show very similar
“fall-and-then-rise” trends in all four seasons (Fig. 10a), closely following
the SS trend. Overall, the TP load at Conowingo has also digressed increas-
ingly far from the TMDL goal. The effect is clearly related to particulate
species — PP shows the same “fall-and-then-rise” trend (Fig. 10b),
whereas DP shows downward trends in all four seasons (Fig. 10c). Both
DP and PP contributed to the TP reduction until the mid-1990s, and PP
alone contributed to the TP rise thereafter. Within DP, DOP shows down-
ward trends particularly in the early period (Fig. 10d), whereas DHP
shows bi-modal patterns in all four seasons (Fig. 10e).

The flow-normalized TN loads at Conowingo also show long-term
trends that are similar among all four seasons, but opposite to those of
SS and TP (i.e., “rise-and-then-fall”), with the peak load occurring in the
late 1980s (Fig. 11a). Overall, the TN load at Conowingo has been brought
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TP (Conowin =7 JaniMar
0 a) (Conowingo) ol
4~ Jul-Sep
3 — —— Oct-Dec
o _| "HI—"H
o_| i
w = A
A A A A A A AAAMEIE =
ST AAEEEEEE TMDL = 3,700 Kg P/day
o_|
° T T T | T T T
1980 1985 1990 1995 2000 2005 2010
I b) PP (Conowingo) [inferred]
N
o
2
0| \, M
o | Yy e L eeee®*Y e sl
- *~, 5,300 Kg P/day
0 _|
o
o_|
e T
1980 1985 1990 1995 2000 2005 2010
0 _| C) DP (Conowingo)
N
S ]
3 .‘H“i‘
o _| t"‘\;
ol _ ____________ %% oo ¥
- 1,600 Kg P/day
o A—b A A AAAA
o_|
© T
1980 1985 1990 1995 2000 2005 2010
° g) DOP (Conowingo)
© 7 w
] m
N \’\R
N
_ k"\o\“‘ - Il ,m -
B T ‘W‘ -+
| 1,050 Kg PEM‘ 1
o_|
e T T T T T |
1980 1985 1990 1995 2000 2005 2010
o e) DHP (Conowingo) [inferred]
e
40 Kg Plday S 0<ewg
IPSIL
‘M 1

I I I I I I I
1980 1985 1990 1995 2000 2005 2010

Fig. 10. Seasonal averages of flow-normalized load of (a) TP, (b) PP, (c) DP, (d) DOP, and
(e) DHP in the Susquehanna River at the Conowingo Station. All loads have been normal-
ized by the median of respective long-term annual loads at Conowingo (located aty=1.0
in each panel). The TMDL of 6,900 kg P day ! set for the Susquehanna River (US Environ-
mental Protection Agency, 2010) is inserted in (a) for comparison. Estimates for panels
labeled as “inferred” were obtained from data that were inferred rather than measured
(i.e.,, PP=TP —DP; DHP=DP—DOP).



Q. Zhang et al. / Science of the Total Environment 452-453 (2013) 208-221 217

a)T nowin —=— Jan-Mar

o] ) N (Conowingo) e Apr-Jun

N

o _|

el

- 164,000 Kg N/day

© TMDL = 101,000 Kg N/day

O AaAddrdhbbbhdbddddiasssdidsibbdbsdidss

o _|

° T | | | T T |
1980 1985 1990 1995 2000 2005 2010
b) PN (Conowingo) [inferred]

o

24

o _|

o1

o _|

o

o _|

o

I I I I I I I

1980 1985 1990 1995 2000 2005 2010
C) DN (Conowingo)

o

2

V

o WW
=7 ¥ T 145000 Kg Niday T T 1

2} -

o AAAAAAAAAAAADDLLLLLLALAAAAAAAALAAAAAAA

o _|

° T T T T T T T
1980 1985 1990 1995 2000 2005 2010

© d) DNOx (Conowingo)

o

o

o

@ _| M

- L s o S

RS e eeasttttttsass - 220 FOUI PPN

=] 120,000 Kg Niday

wn

o 7 ‘_A_‘_‘_A—A—LHA-A—A—‘—‘—H—A—A—A—H_‘_A_A‘A_A_‘_‘_H_A_‘_A_A

o _|

© | | | | | | |
1980 1985 1990 1995 2000 2005 2010

wn

o

o

o

0 _|

o

wn

o

o

=

I I I I I I I
1980 1985 1990 1995 2000 2005 2010

Fig. 11. Seasonal averages of flow-normalized load of (a) TN, (b) PN, (c) DN, (d) DNOy, and
(e) DKN in the Susquehanna River at the Conowingo Station. All loads have been normal-
ized by the median of respective long-term annual loads at Conowingo (located aty=1.0
in each panel). The TMDL of 101,000 kg N day ' set for the Susquehanna River (US Envi-
ronmental Protection Agency, 2010) is inserted in (a) for comparison. Estimates for panel
labeled as “inferred” were obtained from data that were inferred rather than measured
(i.e, PN=TN—DN).

closer and closer to the TMDL goal in recent years. Within TN, PN shows
upward trends in Jan-Mar, Apr-Jun, and Jul-Sep (Fig. 11b), whereas DN
shows similar trends as those of TN (Fig. 11c¢). Both DN and PN contribut-
ed to the TN rise until the late 1980s, and DN alone contributed to the TN
reduction thereafter. Within DN, DNO, shows “rise-and-then-fall” trends
(Fig. 11d), and DKN shows similar trends but with the start of the “fall”
occurring 3-7 years earlier than DNOy (Fig. 11e).

3.3.2. Discussion

3.3.2.1. Dissolved and particulate nutrient fractions at the Conowingo
Station. As with the previously discussed “above-reservoir” results
(Section 3.2), the below-reservoir results also show an overall trend of
reducing load for both DN and DP. On the other hand, however, there
is a clear upward trend of SS load at the Conowingo Station since the
late 1990s and accompanying increases in PP and PN loads. In terms
of TN, there is still a trend of overall decline in all seasons because PN
is a small portion of TN and so PN has not reversed the progress
achieved through DN reduction. For phosphorus, however, PP is the
major fraction of TP, and the recent rise of PP has caused the TP rise
since the mid-1990s.

In terms of impact on Chesapeake Bay, the observed increases in
particulate fractions of P and N are of concern. Although these particu-
late species are not as immediately available for algal consumption as
are the DN (e.g. DNOy) and DP (e.g. DOP) species, a portion of the par-
ticulate species can undergo decomposition and generate bioavailable
N and P to sustain algae growth (Kemp and Boynton, 1984). Such gen-
eration of bioavailable nutrients from particulate phases can be strongly
promoted at conditions of high temperature (Kemp and Boynton, 1984)
and low dissolved oxygen concentration (Boynton et al., 1996), which
are coupled characteristics of Chesapeake Bay in summer.

3.3.2.2. The reservoirs' role in sediment and particulate nutrient retention.
Considering that the watershed monitored by Conowingo has almost
identical streamflow, watershed area, and land use pattern to that
monitored by the Marietta and Conestoga Stations (Table 1), the dete-
riorating situation of SS load at Conowingo can be largely attributed to
the impact of the reservoirs, as evidenced by a comparison between
these loads and those observed upstream (Fig. 6). In fact, the reservoir
system appears to have been gradually losing its sediment storage ca-
pacity (SSC) especially since the mid-1990s, with concurrent effects
on PP and PN. Correspondingly, the upward trends of PP and PN load
at Conowingo suggest negative progress in particulate nutrient control
for the overall non-tidal SRB, which can be largely attributed to the im-
pact of the reservoirs, as evidenced by comparisons between these
loads and those observed upstream (Figs. 7b and 8b). Coupled with
the gradually diminishing SSC, the reservoir system seems to be trap-
ping less PP and PN in recent years than in the early years. The seasonal
effluent trends at Conowingo are consistent with those observed by
Hirsch (2012a) (see his Figs. 13 and 17) using annual load estimates,
and our new analysis of upstream data now further support his sugges-
tion that recent changes reflect alterations in reservoir performance.

3.3.2.3. Trends in rate of change in sediment inventory (storage) within
the reservoirs (1986-2011). To further explore the evolving performance
of the reservoirs in modulating N, P, and SS load, we considered the res-
ervoir system as the control volume (CV), the combined load from Mari-
etta and Conestoga as the input, and the load at Conowingo as the output.
For simplicity, we ignored watershed processes within the CV (i.e., a small
watershed area below Marietta (site No. 7 in Fig. 1) and Conestoga (site
No. 8 in Fig. 1) and above Conowingo (site No. 9 in Fig. 1), which corre-
sponds to roughly 2.4% of the total watershed area above Conowingo).
We then used the difference between our flow-normalized estimates of
the SS input and output rates to roughly represent the rate of change in
SS inventory within the reservoirs, thus reflecting rates of storage or
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Fig. 12. Rates of storage change in (a) SS, (b) PP, and (c) PN within the reservoir system
based on flow-normalized load. All rates of change have been calculated as the differences
between the loads at Conowingo (system output) and the combined loads from Marietta
and Conestoga (system input), and then normalized by the median of respective long-
term annual loads at the Conowingo Station.

release. Similarly, we evaluated the rates of inventory change for PP and
PN within the reservoirs.

Changes in SS load across the reservoirs show net storage of SS in most
years in all four seasons (Fig. 12a), but the reservoirs' capacity to trap new
SS input has been gradually diminishing since the beginning of the record,
albeit with an apparent plateau in net storage rate occurring in the 1990s.
On a net basis, these flow-normalized results suggest that the reservoirs
may have started to lose SS in Jul-Sep since 2007 and in Jan-Mar since
2011, and it appears to be on a trajectory to start losing SS in Apr-Jun
and Oct-Dec soon. Note that net loss of sediment is presumably related
to scouring and that the Jul-Sep values since 2007 are likely the result
of the historical hurricanes and storms that occur predominantly in this
season. In fact, the flow-normalized estimate of net loss of SS in Jul-Sep
for 2011 was sufficient to exceed the estimates of net storage in the
other seasons, such that the estimate for that year would represent an
overall annual net loss and for the first time in the history of the
Conowingo Dam. Similarly, we observed gradually diminishing capacity
of the reservoirs for trapping new input of PP (Fig. 12b) and PN
(Fig. 12c) in all four seasons in the last 26 years. For PP, the
flow-normalized results imply net loss from the reservoirs in Jul-Sep
since 2007, Jan-Mar since 2008, and Apr-Jun and Oct-Dec since 2011.
For PN, there has been net loss from the reservoirs in Jan-Mar since
1997, Apr-Jun since 1998, Jul-Sep since 2003, and Oct-Dec since 2010.
In terms of the corresponding estimates of annual change across the res-
ervoirs, flow-normalized output reach the estimates of input for PN and

PP in 2003 and 2009, respectively, but with PP showing a much more
rapid rise since the late 1990s. The different trajectories of PP and PN
are possibly related to differences in the size fractions with which P and
N are predominantly associated in the inlet, the outlet, or both (Hirsch,
2012b). In addition, there may also be substantial differences with regard
to the overall (net) transformation of N and P between dissolved and par-
ticulate fractions, as might be expected from fundamental dissimilarities
in the biogeochemical processes that affect each nutrient.

It should be noted that sediment or particulate nutrient retention in
the reservoirs in any given year would be affected by a combination of
highly dynamic and complex processes. For example, short-term changes
in sediment storage can occur due to scouring in storm events (Hirsch,
2012a; Langland, 2009) or due to short-term changes in reservoir strati-
fication and biochemistry. In this regard, for example, the Jul-Sep results
may have been especially influenced by some storm events in recent
years, and the annual net SS loss in 2011 does not necessarily mean
that this situation will continue in the coming years. Overall, such compli-
cations can confound the ability of the method to evaluate the “capacity
to trap materials” under normal flow conditions. In addition, it is especial-
ly important to recall that flow-normalized trends in input and output
loadings do not reflect the best estimate of “true conditions” for any
given year. Nevertheless, it is evident from Fig. 12 that there is a clear
decadal-long trend of steady decline in the reservoirs' ability to trap sed-
iment and particulate nutrients and there is reason for serious concern
that the Conowingo Reservoir may be already at or near its storage

capacity.

3.3.2.4. Cumulative SS deposition in the Conowingo Reservoir (1987-2010).
In order to assess the Conowingo Reservoir's remaining SSC, one must
consider both the available capacity in the reservoir and the on-going
rate of sediment deposition. Considering the latter issue first, we note
that WRTDS-based “true-condition” calculations of upstream and down-
stream SS loadings provide new estimates of annual SS deposition in
the reservoir that are useful for comparisons against prior estimates
made by others using other methods. In previous studies, Langland
(2009) reported 1.47 x 107 U.S. tons of SS deposition from 1996 to 2008
(averaging 1.23 x 10° tons/year) using a bathymetry mapping method,
and 1.69x107 tons of SS deposition for the same period (averaging
1.41x10° tons/year) using monitored loading estimates. In comparison,
our true-condition estimates suggest an average deposition loading of
1.55x10° tons/year for 1996 to 2008, which matches reasonably well
with those reported by Langland (2009), being roughly 27% and 10%
higher, respectively.

In terms of the remaining SSC in the Conowingo Reservoir, this was
reported to be 4.2x107 tons in 1996 based on bathymetry mapping
(Langland, 2009). Our true-condition estimate of cumulative SS deposi-
tion from 1996 to 2010 is 2.0x 10 tons. Thus, ~47% of the 1996 capacity
had already been consumed and there was only 2.2x107 tons of
remaining SSC as of 2010, which was about 11% of the original 1928 SSC
(2.04x 108 tons) reported by Langland and Hainly (1997). This result
clearly indicates that the Conowingo Reservoir is approaching its SSC.

3.3.2.5. Evolving behavior of the reservoirs in sediment and nutrient reten-
tion. In addition, we investigated the evolving pattern of seasonal SS con-
centration in relation to streamflow discharge at Marietta (reservoirs
inlet) and Conowingo (reservoirs outlet), as an alternative method to ex-
amine the evolving behavior of the reservoirs in SS retention. For each
season, we selected the middle day as representative of the season. At
Marietta, the SS concentration vs. discharge relation appears to be similar
for the selected years between 1990 and 2010 in all four seasons
(Fig. 13a, b, ¢, d). At Conowingo, however, this relation has gradually
shifted upward since the beginning of the study period in all four seasons
(Fig. 13e, f, g, h). The results suggest that, for a given flow condition,
there are higher SS concentrations at Conowingo in recent years than
in the early years in all four seasons. In addition, a significant shift in
this relation appears to have occurred around 2000 in all four seasons,
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Fig. 13. The evolving patterns of SS concentration vs. streamflow discharge in each season at (a-d) the Marietta and (e-h) the Conowingo Stations. A 5-year interval was selected to
show the evolution. Patterns in 2002 (dashed line) were also added in (e) to (h) to aid comparison.

consistent with our previous inference that the reservoir system has
been losing its SSC especially since the late 1990s (Fig. 12). Similar pat-
terns were also observed for PN and PP (data not shown). Thus, the con-
centration results (Fig. 13) tend to confirm our earlier conclusion that the
reservoir system is now less efficiently trapping SS, PP, and PN than in
the earlier years, and particularly so during high flow conditions. Consid-
ering only the date of September 1 as a point of comparison among
years, Hirsch (2012a) has also observed rising patterns of TN, TP, and
SS concentration as a function of streamflow discharge (Hirsch, 2012a;
see his Figs. 8, 12, 16).

3.3.2.6. Summary and broader implications. The above analyses have
two important implications. First, the flow-normalized reservoir input
and output trends (Fig. 12) suggest that the reservoir system has been

steadily losing its storage capacity for SS, PP, and PN over the past two
to three decades, and especially so for SS and P since the mid-1990s. Sec-
ond, both these trends and the concentration vs. discharge plots (Fig. 13)
show that the reservoir system is becoming increasingly sensitive to
scour events and that the Conowingo Reservoir has neared its storage ca-
pacity. Despite earlier predictions that the reservoir may not reach its
total SSC until 2024-2029 (Langland, 2009), it is evident that increasing-
ly substantial amounts of SS, PP, and PN are already entering Chesapeake
Bay as the result of major reductions in reservoir performance toward
sediment retention. Moreover, one might expect such increases to be
further intensified if there are more frequent and intense major storms
as the result of changing climate (Najjar et al., 2010; Rabalais et al., 2009).

On a seasonal basis, these findings complement the annual analy-
ses recently provided by Hirsch (2012a). The current study adds
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additional information about flow-normalized seasonal trends of
multiple nutrient and sediment species, with a special focus on di-
rectly comparing above- and below-reservoir loading estimates as a
means of considering long-term trends in reservoir performance.

Although recent rises in loadings of particulate-based nutrients have
been at least in part counter-acted by reductions in the more readily
available dissolved species, the changes in reservoir performance will
pose significant new kinds of challenges to attainment of TMDL goals
for the SRB. In this regard, our results reinforce recommendations re-
cently made by Hirsch (2012a) — i.e., that these changes need to be fac-
tored into the proper establishment of regulatory load requirements
and the development of watershed implementation plans. As better de-
scribed elsewhere (Susquehanna River Basin Commission Sediment
Task Force, 2002), a wide range of riverine, upland, and reservoir man-
agement options will need to be considered for controlling the sedi-
ment load in the non-tidal SRB.

4. Conclusions

This paper presents our analyses of long-term seasonal trends of
flow-normalized N, P, and SS loads from the non-tidal Susquehanna
River to Chesapeake Bay. Major findings include:

Long-term trends of flow-normalized N, P, and SS load generally
followed similar patterns in all four seasons, implying that changes
in watershed function and land use had similar impacts on nutrient
and sediment load at all times of the year.

67-year concentration and load histories of NO at the fall-line of
the Susquehanna River show a steady rise from 1945 to 1990 and
a steady decline thereafter.

Flow-normalized loads of N, P, and SS have been generally reduced in
the SRB above the Lower Susquehanna River Reservoir System (repre-
sentative of about 96% of the non-tidal SRB) in the last 26 years,
which can most likely be attributed to a suite of management control
actions on point, agricultural, and stormwater sources.
Flow-normalized loads of SS, PP, and PN at the outlet of the Conowingo
Reservoir have been generally rising since the mid-1990s. The res-
ervoirs' capacity to trap these materials has been diminishing, and
the Conowingo Reservoir has neared its sediment storage capacity.
These important changes will pose significant new kinds of chal-
lenges to attainment of TMDL goals for the SRB.
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