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Abstract
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entering below the head of tides. Sediment yield varies inversely with watershed area, with regional trends that are consistent
with differences in substrate erodibility. Geophysical and sedimentological surveys in five subwatersheds of the Lower Hudson
were conducted to characterize the mass and composition of sediment trapped behind dams. Impoundments were classified as 1)
active sediment traps, 2) run-of-river sites not actively trapping, and 3) dammed natural lakes and spring-fed ponds. Based on
this categorization and impoundment attributes from the dam inventory database, the total mass of impounded sediment in the
Lower Hudson watershed is estimated as 3.1 Mt. Assuming that roughly half of the impounded sediment is typically released
downstream with dam removal, then the potential inputs represent less than 2 years of annual watershed supply. Modeling of
simulated dam removals shows that modest suspended sediment increases occur in the estuary within about a tidal excursion
of the source tributary, primarily during discharge events. Transport in the estuary depends strongly on settling velocity, but
fine particles, which are important for accretion in tidal wetlands, deposit broadly along the estuary rather than primarily near
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ABSTRACT

Observations and modeling are used to assess potential impacts of sediment releases due to dam removals
on the Hudson River estuary. Watershed sediment loads are calculated based on sediment-discharge
regressions for gauges covering 80% of the watershed area. The annual average sediment load to the
estuary is 1.2 Mt, of which about 0.6 Mt comes from tributaries entering below the head of tides.
Sediment yield varies inversely with watershed area, with regional trends that are consistent with
differences in substrate erodibility. Geophysical and sedimentological surveys in five subwatersheds of
the Lower Hudson were conducted to characterize the mass and composition of sediment trapped behind
dams. Impoundments were classified as 1) active sediment traps, 2) run-of-river sites not actively
trapping, and 3) dammed natural lakes and spring-fed ponds. Based on this categorization and
impoundment attributes from the dam inventory database, the total mass of impounded sediment in the
Lower Hudson watershed is estimated as 3.1 Mt. Assuming that roughly half of the impounded sediment
is typically released downstream with dam removal, then the potential inputs represent less than 2 years
of annual watershed supply. Modeling of simulated dam removals shows that modest suspended sediment
increases occur in the estuary within about a tidal excursion of the source tributary, primarily during
discharge events. Transport in the estuary depends strongly on settling velocity, but fine particles, which
are important for accretion in tidal wetlands, deposit broadly along the estuary rather than primarily near
the source.

Keywords: dam removal, suspended sediment, watershed sediment yield, sediment supply, sediment
trapping

1. Motivation and background

Dam removal is occurring at an accelerating pace around the United States, motivated by various goals
including improving aquatic connectivity, mitigating safety risks, or removing structures that no longer
serve their intended purpose (O’Connor et al. 2015). In many cases, an important consideration in dam
removal is the potential environmental impacts associated with release of sediment that has accumulated
in the impoundment while the dam was in place (Grant and Lewis 2015; Foley et al. 2017). Impounded
sediment can be excavated and taken away prior to dam removal and potentially put to beneficial use, but
this approach is often prohibitively expensive, so instead sediment is allowed to erode and be transported
downstream by flow in the tributary (Pizzuto 2002). Most dam removals are small (e.g., dam height < 10
m, impounded sediment volume < 10,000 m®), so the environmental impacts downstream are relatively
modest (Sawaske and Freyberg 2012; Tullos et al. 2016). However, removal of large dams has become
increasingly common and the associated downstream impacts can extend over greater distance and time
(Warrick et al. 2015; Foley et al. 2017). Effects of dam removals large or small are typically studied in
isolation. The increasing interest in dam removals raises questions about potential cumulative impacts at
the watershed scale.

After dam removal, suspended sediment concentrations in the waterway downstream can increase by a
factor of 10 or more, but in most cases sediment concentrations are only elevated for a few weeks to
months (Doyle et al. 2003; Ahearn and Dahlgren 2005; Riggsbee et al. 2007; Major et al. 2012; Wilcox et
al. 2014). The relative increase in turbidity, or reduction in water clarity associated with suspended
sediment, is sensitive to the fraction of fine sediment in the impoundment, as coarser sediments like sand
and gravel are less likely to be transported in suspension (Wilcox et al. 2014). The increase in turbidity
following dam removal is often similar to that during large discharge events (Tullos et al. 2016), but the
turbidity increase can be greater compared to background if the removal occurs during a period of low to
moderate discharge (Magirl et al. 2015). Finer sediment (clay, silt, fine sand) typically moves farther
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downstream than coarse sand and gravel, and the coarser fraction typically deposits within a few km
downstream of the dam (Major et al. 2012; Wilcox et al. 2014; Magirl et al. 2015; Magilligan et al. 2016).
The distance downstream of coarse sediment aggradation has been found to depend on the ratio of the
impounded sediment volume to the annual watershed sediment input, but this ratio has not been observed
to correlate with deposition of finer sediment (Grant and Lewis 2015).

A majority of the sediment eroded from an impoundment occurs in the first few months after dam
removal (Doyle et al. 2003; Pearson et al. 2011; Sawaske and Freyberg 2012; Collins et al. 2017).
Notably, the total volume of sediment eroded does not depend strongly on the discharge conditions after
dam removal, but instead depends primarily on the removal method and sediment characteristics, in
particular grain size and cohesiveness (Grant and Lewis 2015; Magilligan et al. 2016; Collins et al. 2017;
Foley et al. 2017). Less sediment is eroded for gravel-filled impoundments (30-40%) than for sand (40-
70%), and phased dam removals have less sediment eroded (10-40%) than rapid breaching (30-70%)
(Grant and Lewis 2015; Tullos et al. 2016; Foley et al. 2017). Cohesive sediment is generally more
resistant to erosion than sand due to consolidation after dewatering, but a dam removal with a rapid
breach and no dewatering resulted in mobilization of about 60% of the impounded fine sediment (Wilcox
et al. 2014).

Much of the research on dam removal has focused on fluvial geomorphology and ecology impacts (Tullos
et al. 2016; Foley et al. 2017). Few studies have examined potential impacts on coastal or estuarine waters
farther downstream, although studies of two major dam removals on tributaries of the tidal Columbia
River note that a significant fraction of the fine sediment passed through the fluvial channels and went
into the estuary (Major et al. 2012; Wilcox et al. 2014). One of the largest dam removals to date was on
the Elwha River (WA), and it included monitoring of conditions where it discharges into the coastal
ocean (Warrick et al. 2015). The Elwha involved phased removals of two dams, and about 35% of the
impounded sediment had been eroded 2 years after the removal process began. Of the sediment removed,
about 90% passed through the fluvial section to the coastal ocean, and about half of that was deposited in
the delta at the mouth (Warrick et al. 2015). The dam removal resulted in a deposition rate in the
submarine delta that was about 100 times greater than before removal (Gelfenbaum et al. 2015).
Deposition was strongly grain-size dependent, with about 70% of the sand and gravel that made it to the
coast depositing within 2 km of the mouth compared to 6% of the mud due to strong tidal currents at the
mouth (Gelfenbaum et al. 2015). In the fluvial channel, the sediment transport was 3 and 20 times the
average annual load in years 1 and 2 respectively, and during high discharge events the suspended
sediment concentrations increased to several thousand mg/L (Magirl et al. 2015).

Increases in sediment concentrations and deposition rates after dam removal can have adverse ecosystem
impacts. For example, the high deposition rates near the mouth of the Elwha were linked to reductions in
macroalgae and changes in the abundance of invertebrate and fish taxa (Rubin et al. 2017). This reduction
in macroalgae was associated with decreases in light availability (Glover et al. 2019). Submerged
vegetation can also be negatively impacted by increased turbidity following sediment inputs from extreme
discharge events, as with Tropical Storm Agnes in Chesapeake Bay (Orth and Moore 1984) and Tropical
Storms Irene and Lee in the Hudson River estuary (Hamberg et al. 2017).

However, increases in coastal sediment inputs are not necessarily harmful, and in many cases can have
beneficial impacts. In regions with limited sediment supply, additional sediment inputs due to dam
removals or storm events can help mitigate shoreline erosion and promote marsh resilience (Ganju et al.
2013; Ganju 2019). For the Elwha, the shoreline near the river mouth was erosional prior to dam removal,
but the subsequent increase in sediment supply has, over a period of about 5 years, reversed this trend and
led to accretion on upcoast and downcoast beaches (Warrick et al. 2019). The timescales for adjustment to
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changes in sediment input can be long depending on sediment availability. For example, sediment loading
to San Francisco Bay increased substantially with hydraulic mining in the late 1800s and then decreased
with the building of major dams in the middle of the 20™" century, but the response of turbidity in the
estuary lagged these input shifts as the mobile pool of sediment available for resuspension adjusted over
time scales of decades (Schoellhamer 2011). Similarly, the ecosystem response lagged changes in
sediment supply by decades, including changes in phytoplankton, fish, and submerged vegetation with
water clarity (Schoellhamer et al. 2013).

Potential impacts of dam removals on coastal and estuarine regions, whether positive or negative, are of
increasing interest scientifically and for environmental management. Dam removal regulators and
practitioners need to assess potential impacts of sediment releases and develop mitigation strategies.
Environmental managers want to minimize potential harmful effects but also assess whether increased
sediment loading may aid in resilience of coastal wetlands to sea level rise. Most dam removals are
relatively small and thus unlikely to support extensive study and monitoring, but the cumulative effect of
many small dam removals may be significant when compared to the background sediment loading from
the watershed, which itself is rarely well known.

This study presents an integrated approach for assessing impacts of dam removals on an estuary, with the
Hudson River estuary as a study site. The research questions are multidisciplinary and thus so are the
methodologies, but this integrated approach is necessary to develop the context for assessing potential
positive or negative impacts. Sediment inputs from dam removals can increase turbidity and accretion in
the estuary, and we assess the spatial and temporal extent of this increase. We assess how transport in the
estuary depends on sediment grain size, and relate this to the sediment grain sizes found in neighboring
tidal wetlands and representative upstream impoundments. The approach mixes observations and
modeling, and the results should be transferable to other estuaries with similar forcing and sediment
characteristics.

2. Site description

Tides extend 240 km up the Hudson River from The Battery in New York City until just below the
confluence of the Mohawk and Upper Hudson Rivers in Troy, NY. The limit of salinity intrusion in the
estuary varies seasonally with river discharge, from around Piermont (40 km from The Battery, or 40
rkm) during high flow to near Poughkeepsie (120 rkm) during extreme low discharge (Bowen and Geyer
2003; Ralston et al. 2008). The Mohawk and Upper Hudson combine for a mean discharge of about 420
m? s't. Smaller tributaries flowing directly into the tidal Hudson increase this by 30-60% (Lerczak et al.
2006; Wall et al. 2008). Discharge from the Upper Hudson and Mohawk during the spring freshet is
typically around 2000 m® s%, and summer low discharge can be less than 100 m® s™*. Mean tidal range is
about 1.4 m at The Battery, decreasing to 1 m around West Point (90 rkm) and increasing to 1.6 m at the
tidal limit at Troy, NY (Ralston et al. 2019).

Bed sediment in the upper 60 km of the tidal river is predominately sand and it is muddier in the middle
and lower estuary, but the bed composition is heterogeneous throughout the estuary (Nitsche et al. 2007).
Suspended sediment concentrations (SSC) in the estuary increase during high river discharge and spring
tides. In the tidal river, SSC can be several hundred mg/L during discharge events and decrease by a
factor of 10 during lower discharge periods. Through spring-neap cycles, SSC can vary by a factor of 2 or
more (Wall et al. 2008; Ralston and Geyer 2017). In the saline estuary, bottom salinity fronts result in
multiple estuarine turbidity maxima (ETM) with several hundred to 1000 mg/L, most prominently near
the constriction at the George Washington Bridge (around 20 rkm) and upstream from Croton Point in
Haverstraw Bay (around 60 rkm) (Geyer et al. 2001; Ralston et al. 2012).
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This study focuses on three regions of the estuary near tidal marshes that are part of the Hudson River
National Estuarine Research Reserve (HRNERR) and their associated side tributaries (Fig. 1): 1)
Claverack and Kinderhook watersheds that discharge into the tidal Hudson near Stockport Flats marsh
(193 rkm); 2) Esopus, Saw Kill, and Stony Creek watersheds that discharge near Tivoli Bays marshes
(158 rkm); and 3) Doodletown Brook, Peekskill Hollow Creek, and Popolopen Creek watersheds that
discharge near lona Island marsh (72 rkm). The study sites were selected to represent a range of
watershed and estuary conditions. The upper two sites are located in the tidal fresh river, whereas the
river at lona Island is fresh during moderate to high river discharge and brackish at low discharge.

Geology differs considerably across the Lower Hudson watershed. In the southern part, the bedrock is
dominated by crystalline, high-grade metamorphic rock (Dicken et al. 2005), with generally thin sandy
soils (Olsson 1981). Soils in Claverack Creek watershed are dominated by extensive lacustrine silts and
clays, with highly variable underlying material derived from slices of marine sedimentary rocks and low-
grade metamorphic rocks from the Taconic Orogeny (Faber 2002). West of the Hudson, clastic
sedimentary rocks make up most of the Catskill Mountains (Dicken et al., 2005), with spatially limited
exposures of glaciolacustrine clays contributing significant sediment to upland streams (McHale and
Siemion 2014).

3. Methods
3.1 Geophysical measurements

Starting with the US Army Corps National Inventory of Dams (NID) database, we selected impoundment
study sites from five watersheds that have prominent tidal marshes at their mouths. Based on remote
observation and data from the NID database, we categorized dams with respect to their ability to trap
sediment into three groups. Group 1 dam impoundments trap greater than an estimated 10% of incoming
sediment, as calculated by the widely used Brune method (Brune 1953), and are classified as effective
sediment traps. Group 2 dam impoundments had a ratio of impoundment width to river width of less than
2 and classified as run-of-river with limited sediment storage capacity (many confirmed with satellite
photos showing impoundments full of sediment). Group 3 includes three types of dams that have minimal
effect on watershed sediment processes, including natural lakes with a dammed outlet, breached dams,
and upland spring-fed ponds with small watersheds (< 2 km?) void of a significant inlet stream.

A total of 17 impoundments across five tributary watersheds were surveyed in the field for sediment
mass, accumulation rate, and grain size. Impoundments were chosen to represent a range of upstream
watershed sizes, land cover, and underlying geology. We preferentially selected dams that trap most of
the incoming sediment load based on the ratio of watershed size to impoundment volume, but also
evaluated three dams that trap little sediment due to minimal accommodation space and short residence
time at high flows. At each site, a minimum of three sediment cores were collected in a transect from inlet
to dam. Water depths were surveyed via canoe with an acoustic bathymetric profiler. Depths were
interpolated between measurements using the open source Quantum GIS (QGIS) triangular irregular
network tool and the average depth of the interpolated data was multiplied by impoundment surface area
to estimate water volume. Sediment cores were sampled every 10 cm and above and below notable
lithologic transitions. The change in mass during drying was recorded to estimate porosity, assuming
initially saturated samples. Samples were then combusted at 550 °C for 4 hours to estimate organic
fraction (Dean 1974), with the remaining mass constituting the clastic portion. After removing organics
by combustion, samples were gently disaggregated by mortar and pestle and run on a Coulter laser
diffraction particle size analyzer. Clastic mass was divided by initial sample volume, which was estimated
using a density of 1.2 and 2.65 g/cc for organic and clastic material respectively (Avnimelech et al. 2001).
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Dry bulk density values from the centrally located sediment core in each impoundment were averaged to
estimate a representative value of clastic mass per cubic meter of sediment. Average sediment thickness
for each site was based on core stratigraphy and supported by extensive probing. The site-averaged
sediment thickness was multiplied by impoundment area and site averaged dry bulk density to compute
total clastic mass in each impoundment. Historical records and the NID database were used to date
impoundment construction to calculate a rate of sediment mass accumulation. When historical records
were not available, we use the 1954 CE *’Cs onset to constrain sediment accumulation rates (Pennington
et al. 1973). Within the tidal wetland at the mouth of each of the five tributaries, we collected a transect of
cores to constrain the developmental history and accumulation rates at each site using similar methods as
described above (Yellen et al., submitted).

Based on the sediment trapping characteristics of each of the three dam classes, we applied rules to scale
up these observations to include every dam within each study watershed. Sediment stored within
impoundments classified as “active traps” was quantified by applying a regional sediment yield to the
upstream watershed area and age of the dam and then adjusted downward based on the Brune (1953)
trapping efficiency of the dam. For run of river dams, we approximated average sediment depth as 35%
the MID-listed dam height. This sediment thickness was multiplied by the impoundment area and an
average value of clastic mass per unit volume from directly observed sites to convert to sediment mass.
We assumed zero trapped sediment within our Group 3 (non-source) dams as a removal of a dam of this
type would not result in any sediment being transported downstream.

3.2 Discharge and sediment monitoring

We used daily sediment discharge observations from USGS river gauging stations to characterize
sediment loading to the Hudson River estuary (Fig. 1, Table 1). The two largest tributaries, the Mohawk
(Cohoes, 01357500) and Upper Hudson (Waterford, 01335770), enter just upstream from the tidal limit.
Gauges near the mouths of smaller tributaries that flow directly into the lower Hudson include Catskill
(01362090), Kinderhook (01361000), Roeliff Jansen (01362182), and Rondout (01362182). The Esopus
watershed includes the Ashokan Reservoir, which is the second largest reservoir in the New York City
drinking water supply system (Mukundan et al. 2013). Gauges upstream of the reservoir include the
Esopus tributary Stony Clove (01362370) and the Esopus at Coldbrook (01362500), and downstream
gauges were on the Esopus at Lomontville (01363556) and Mount Marion (01364500). The Rondout
River also contains a large drinking water supply reservoir, which impounds 8% of its watershed. In
addition to its 246 km? watershed, the Rondout Reservoir receives water from the Delaware Basin and
exports water for ultimate distribution to New York City. Data from Schoharie Creek (01351500), a
tributary of the Mohawk that enters just upstream of Cohoes, are also included because it represents a
significant sediment source and is representative of other subwatersheds in the Catskills that discharge
directly to the tidal Hudson. Record lengths for discharge varied from more than 100 years to 4 years.
Sediment discharge record lengths for most sites were brief (<5 years), except for the Upper Hudson and
Mohawk that have several decades of sediment data (Fig 2).

To relate sediment load (Qs) to volumetric freshwater discharge (Qr) we use a locally weighted scatter
smoothing, or LOWESS approach (Cleveland 1979; Helsel and Hirsch 2002). An alternative to a
regression of Qs = a Q,° (Nash 1994), the LOWESS approach is well suited to data which have curvature
in the relationship between discharge and sediment load (Hicks et al. 2000; Warrick et al. 2013).
LOWESS fits between 10g10(Qr) and log10(Qs) were calculated for each gauging station using a smoothing
factor of f = 0.2 (Fig. 3). Similar results were found for f = 0.1 and 0.3. Sediment loads were calculated
from the fits and input Qy, including a bias correction factor to account for the conversion from log-
transformed variables (Ferguson 1986; Cohn 1995). The bias correction has the form Qs= 10"(Coyt +
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c212), where Cqy is the output from the LOWESS regression to 10gi0(Qr) and o2 is the variance in the
residual of the fit. The correction resulted in an increase on the uncorrected sediment load for most
stations by a factor between 1.1 to 1.3. Linear regressions were also calculated between 10g10(Qr) and
10g10(Qs), fitting high and low discharge regimes separately (Nash 1994; Woodruff 1999). Overall
however, the LOWESS fits had higher correlation and skill score (r? = 0.98, SS=0.98, Fig. 3) than the
bilinear regression approach (r? = 0.89, SS=0.89).

3.3 Sediment transport model

A hydrodynamic and sediment transport model was used to assess the fate of sediment in the estuary from
simulated dam removals. The model uses the Coupled Ocean—Atmosphere—Wave—Sediment Transport
(COAWST) modeling system (Warner et al. 2010), and configuration for the Hudson has been developed
and evaluated against observations in previous studies (Ralston et al. 2012; Ralston et al. 2013; Ralston
and Geyer 2017). The domain has open boundaries in New York Bight and Western Long Island Sound
and includes all the tidal Hudson. River inputs are prescribed at the head of tides and at seven smaller
tributaries based on USGS data as described above.

To simulate the effects of an increase in sediment supply from dam removal, several model scenarios
were run using realistic discharge and tidal forcing. Sediment inputs to the model are based on the
regressions between mean SSC (equivalent to Qs/Qr) and Qr for the tributaries. We represent expected
sediment loading from potential dam removals by multiplying Qs vs. Qr regression results by a factor of 3
based on field observations of monitored dam removals (Doyle et al. 2003; Ahearn and Dahlgren 2005;
Riggsbee et al. 2007; Magirl et al. 2015). While SSC in the tributary downstream can increase by a factor
of 10 or more immediately after dam breaching (Doyle et al. 2003; Wilcox et al. 2014), concentrations
decrease after an initial adjustment period. For example, sediment concentrations during discharge events
several months after a dam removal were 1.2-1.8 times greater than before, and only within 10 km
downstream (Riggsbee et al. 2007). Many factors contribute to sediment availability in the impoundment
and downstream transport, including the dam removal process, slope, sediment grain size, and
impoundment geometry (Riggsbee et al. 2007; Grant and Lewis 2015; Foley et al. 2017), and we do not
address the range of potential scenarios here, nor do we account for fluvial transport processes between
the impoundment and the estuary. The factor of 3 increase is taken to be a representative value, with the
understanding that estuarine impacts will approximately scale with this sediment input for specific cases.

To evaluate potential impacts for a range of river discharge conditions, several periods were simulated
with realistic forcing. The simulation periods were selected because they had previously been evaluated
against observations of water level, velocity, salinity, and suspended sediment in the estuary. Results
presented here focus on the spring and summer of 2014, which had a typical spring freshet followed by
lower discharge summer (Ralston and Geyer 2017). Additional simulations included a winter with lower
than average discharge in 2015 and high discharge events in 2011, but these gave qualitatively similar
results with respect to the dispersal of dam removal sediment and so are not presented here. Scenarios
were also run to represent sediment releases from various locations along the estuary, with sediment
releases from tributaries corresponding to the impoundment and marsh observations described above
including: Kinderhook Creek near Stockport Marsh (193 rkm), Esopus Creek near Tivoli Marsh (160
rkm), and Doodletown Brook near lona Island Marsh (70 rkm) (Fig. 1). Discharge and sediment
measurements from USGS gauges were used to force the Kinderhook and Esopus sediment release
locations, and for Doodletown Brook synthetic time series were used based on gauged watersheds of
similar size.

4, Results
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4.1 Watershed sediment yield

An understanding of the sediment inputs from the watershed is essential for context to assess potential
impacts of sediment from dam removals on the estuary downstream. Watershed sediment yield, or mass
of sediment per watershed area per time, is highly variable between catchments and with time, depending
on factors such as watershed slope, underlying geology, and land use (Syvitski et al. 2000). For example,
steeper watersheds produce more sediment per unit area than low gradient regions, and intensive
agriculture increases yields compared with forested land (Smith and Wilcock 2015). Sediment yields also
depend inversely on watershed area (Milliman and Syvitski 1992). Larger watersheds have more areas for
long-term sediment storage such as low-gradient floodplains and thus export less sediment per unit area.
Here we use monitoring data to assess the sediment load to the Hudson estuary and provide context for
potential loading from dam removals.

Most of the sediment observations in gauged tributaries are relatively recent (since 2011) and brief (<5
years) (Fig. 2). The longest records are from the Mohawk at Cohoes, which has data from 1954-1959,
1976-1979, and 2004-2018, and the Upper Hudson at Waterford, with data from 1976-2014. The Hudson
watershed has been significantly altered by humans for centuries, but most of the major changes in land
use occurred prior to the start of sediment monitoring (Swaney et al. 2006). For some of the gauging
stations, the volumetric discharge measurements span a period longer than the sediment monitoring. To
incorporate the longer discharge records, sediment yields are calculated based on the Qs vs. Q; regressions
(Fig. 3) using Qr both during the sediment load measurements and for the full Q, record.

The observed and calculated sediment yields vary inversely with watershed area (Fig. 4). Sediment yields
for the largest watersheds, the Upper Hudson and Mohawk, average 16 and 51 t km yr? respectively
based on observed values and adjust down slightly when using long-term Q; regressions to 13 and 41 t
km2yr! (Table 1). Previously reported sediment yields ranged from 8 to 27 t km2 yr? for Upper Hudson
and 30 to 70 t km2 yr! for the Mohawk (Wall et al. 2008). The Mohawk watershed is smaller and to the
west of the Upper Hudson, with fine grained clastic sedimentary bedrock and extensive agriculture in its
broad valley. The Upper Hudson, in contrast, is more forested and underlain by crystalline metamorphic
rock (Phillips and Hanchar 1996). Lower Hudson tributary watersheds draining from the west, largely
within the Catskill Mountains, and generally have higher sediment yields than those draining from the
east (Fig. 4). For example, Catskill Creek, which drains the Catskill Mountains to the west of the Hudson,
and Kinderhook Creek, which drains the Taconic Mountains to the east, have similar watershed areas
(850 and 1050 km?), percent forest cover (75% and 81%) and average basin slopes, but the observed and
calculated sediment yields for Catskill Creek are 3 to 6 times greater (Fig. 4, Table 1).

The smallest watershed with suspended sediment measurements was Stony Clove, a tributary of Esopus
Creek, and it had the highest observed yield. For Stony Clove, the yield based on the full discharge record
(1930 t km? yrt, 1997-2019) was much greater than observed directly (68 t km? yr?, 2011-2014). The
sediment observations occurred during a period with few large discharge events (none greater than 30 m?
s'1), in stark contrast to the discharge observations preceding that (27 events exceeding 30 m® st in the 10
years prior, Fig. 2h). Similar variability in the frequency and magnitude of discharge events over this
period was seen at other sites (e.g., Schoharie, Esopus at Coldbrook, Esopus at Mount Marion), and the
large difference in calculated yields for Stony Clove reflects the extreme sensitivity of sediment discharge
to Qr and the sharp differences in discharge conditions. Downstream at Coldbrook on the Esopus, the
watershed area is greater than Stony Clove by a factor of 6 and the observed yield is lower, consistent
with the overall trend with watershed area (97 t km yr* observed, 199 t km? yr? based on all discharge).
Even farther downstream on the Esopus at Lomontville and Mount Marion, the watershed areas are about
1.5 and 2 times larger than at Coldbrook, and the sediment yields decrease by a factor of 10 to 20 (4 and
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13 t km2 yrt observed, 5 and 54 t km2 yr from all discharge). The sharp decrease in sediment yield at
the lower two stations is due in part to trapping by the Ashokan Reservoir, and as a result those fall well
below the yield-vs-area trend for other locations.

The relationship between sediment yield (Y) and watershed area (A) can be represented as a power law,
Y = cA4 (1)

where ¢ and d are coefficients found by linear regression of logio(Y) and logio(A) (Milliman and Syvitski
1992). The sediment yields using the full Q; records were fit all together, as well as separately for the
watersheds east and west of the Hudson to account for the differences in lithology (Fig. 4, Table 2). The
resulting fit coefficients are comparable to those from a global assessment, which found for “upland”
rivers (maximum elevation 500-1000 m) ¢ = 12 and d = -0.59 and for “lowland” rivers (100-500 m) ¢ = 8
and d = -0.34 (Milliman and Syvitski 1992). The values of the exponent d for the Hudson (-0.38 to -0.71)
are similar to the global values, but the leading coefficients c in the Hudson results (2.7 to 4.3) are less
than the global fits, reflecting the relatively low sediment yield for the U.S. Northeast in general (Meade
1969). These regressions specific to the Hudson allow estimation of the sediment yield on ungauged
tributaries, and provide better context for the background sediment load in assessing potential impacts of
dam removals.

Gauged rivers discharging into the tidal Hudson represent about 80% of the total watershed area, allowing
for direct calculation of most of the sediment input to the estuary (Table 1). For these gauged tributaries,
the total sediment load averaged about 1.1 Mt yr, based directly on the sediment discharge
measurements or calculated from the discharge regressions. The total sediment load calculated using the
regressions with the full discharge records is slightly lower at 1.0 Mt yr, in large part because the long-
term (~100 yr) discharges from the Mohawk and Upper Hudson are lower than the recent period when
most of the sediment measurements were made. The more recent, higher sediment load estimates are
potentially more relevant, as they are consistent with observations that the region is getting wetter
(Armstrong et al. 2014) and yielding more sediment (Cook et al. 2015). If we use watershed area to
proportionally scale the gauged inputs to the tidal river above Poughkeepsie (112 rkm) the annual
sediment load is 1.2 Mt yr. The additional sediment input seaward of that is minimal due to the small
watershed area and low sediment yield (described below, Table 1). This result is greater than previous
estimates of sediment input to the Hudson. Observations in the tidal river along with the Mohawk and
Upper Hudson sediment discharge were used to find an average of 0.7 Mt yr input to the tidal river
above Poughkeepsie for the period 2002-2006 (Wall et al. 2008). Previous observations in the estuary
found sediment inputs of 0.7 Mt yr above Poughkeepsie and 1.1 Mt yr above The Battery in 1959-1960
and 1977 respectively (Panuzio 1965; Olsen 1979), and watershed modeling was used to estimate 0.4-0.5
Mt yr? to the estuary for 1984-1986 (Swaney et al. 1996), a period with lower than average discharge
(Wall et al. 2008).

4.2 Sediment trapped in impoundments

Sediment masses in the 17 studied impoundments ranged from 5.9 Mt in Ashokan Reservoir built in 1915
and New York City’s second largest public water supply reservoir, to 430 t in Hand Hollow Pond, a small
recreation pond built in 1980 with a contributing watershed area of 0.34 km? drained by a perennial inlet
stream. From a detailed analysis of the 97 dams in the Stockport Creek watershed (Fig. 1), which includes
Kinderhook Creek, we determined surprisingly that only 4 sites were active sediment traps, with the
remainder of the sites falling into categories run-of-river (23) and non-sources of sediment (70) consisting
of naturally breached dams, spring-fed impoundments, and dammed natural lakes. This important finding
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was not expected and serves to highlight that the extensive distribution of inventoried dams mapped
within the Hudson watershed does not necessary reflect equally widespread and enhanced trapping of
sediment behind them. Total trapped sediment in the Stockport Creek watershed amounted to 0.36 Mt,
with the four active traps comprising 0.14 Mt, of which roughly 80% comes from one site (Summit Lake,
54 km?watershed). Run-of-river sites contained the remainder of the sediment that could be mobilized via
dam removal. Poor data quality in the NID database for small upland sites, including missing dam ages,
missing watershed sizes, and missing dam heights makes their evaluation difficult. The total sediment
inventory at these sites is likely small as stock ponds and recreation ponds typically take advantage of
groundwater springs where inputs of surface water and sediment are small.

Impoundments in the other study watersheds adjacent to Tivoli and lona Island marshes were similarly
categorized, and trapped sediment masses were calculated based on impoundment size characteristics
from the NID database (Table 3). The Tivoli watersheds (Esopus, Saw Kill, and Stoney Creek) represent
a similar area as Stockport and have about half as many dams (52), but the impounded sediment mass is
about 0.64 Mt, almost twice that in Stockport. Sediment stored within Ashokan Reservoir was not
included in this value, as it is unlikely to be removed given its importance as a public water supply. The
Esopus watershed drains the Catskill Mountains, which as noted above have greater sediment yields than
the Taconic range on the east side of the Hudson, where the Stockport watershed is. The lona watershed is
smaller and has fewer dams (33), and the sediment mass trapped is a factor of 10 or more less than the
other watersheds.

We scale up this detailed assessment of the sediment mass trapped in the three study watersheds to the
entire lower Hudson watershed. The study region lies predominantly within four physiographic provinces
(Fenneman and Johnson, 1946): Taconic, Catskill, Hudson Highlands, and Hudson Lowlands. We apply
the trapped sediment masses per unit watershed area from the study watersheds to the corresponding
physiographic province (Stockport for Taconic, Tivoli for Catskill, and lona for Hudson Highlands), and
use total areas of each province in the Lower Hudson watershed (i.e. below Troy, Fig. 1), to estimate total
trapped mass (Table 4). Only a few of the study impoundments were located in the Hudson Lowlands
province, so we assumed an intermediate value for the trapped sediment mass per watershed area of 100 t
km2, between the Hudson Highland and Taconic values. Summing across the four provinces, we estimate
about 3.1 Mt of impounded sediment for the Lower Hudson watershed, excluding storage within two
aforementioned public water supply reservoirs, Ashokan and Rondout. This total is less than the 5.9 Mt
impounded sediment mass estimated for the Ashokan Reservoir, which is the largest impoundment in the
Lower Hudson, but it provides a useful estimate for the potential for sediment release from the numerous
smaller dams in the watershed. This also represents about 3 times the total average annual sediment input
to the Lower Hudson (Table 1).

Similarly, we can compare the total trapped sediment in each of the study watersheds to the typical
sediment supply from that watershed. Typical watershed sediment yields for Stockport (60 t km yr?) and
Tivoli (100 t km™ yrt) were determined based on the calculations from the sediment discharge
monitoring data (Table 1, Fig. 4). No water column-based sediment discharge measurements were
available for the lona watershed. However, two of our impoundment sites (Nawahunta and Cortlandt)
within the watershed are efficient sediment traps, with Brune (1953) estimates of 58% and 71% of
incoming sediment trapped within these respective ponds. Based on the age of each dam, the mass of
sediment accumulated since construction, and accounting for sediment that flowed through each
impoundment without being trapped, we calculate sediment yields for these upstream watersheds of 6 and
11 t km? yrt. These low sediment yield estimates are consistent with the geologic characteristics of the
Hudson Highlands, where predominantly thin, rocky soils overlie erosion resistant crystalline rock.
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Sediment yield estimates from the Housatonic and Connecticut River watersheds, which are east of the
lower Hudson and contain more micaceous rocks which tend to form finer textured soils, range between 8
and 30 t km2 yrt(Yellen et al. 2014). Based on these observations and acknowledging uncertainty
derived from the small number of observations, we assumed a representative value of 10 t km2 yr? for
lona. Despite the low sediment yield, we estimate that the Hudson Highlands province likely stores a
similar percentage of sediment to Tivoli due to the high density of large and old (> 100 yrs) recreation
impoundments within large conserved parcels in the region. When combined, our total impounded
sediment mass in the study watersheds is estimated to represent on average 5-7 years of direct watershed
sediment supply to lower Hudson (excluding sources above Troy, NY, Fig. 1). This is greater than the
factor of 3 noted above for comparing the impounded sediment mass in the lower Hudson watershed to
the total annual sediment inputs because about half of the total watershed sediment supply comes from the
Mohawk and Upper Hudson (Table 1), where impounded sediment masses were not assessed.

In addition to the comparison of impounded sediment mass to sediment supply at the watershed scale, we
can use the sediment yield regressions (Fig. 4, Table 2) to make similar comparisons for individual
impoundments. Grant and Lewis (2015) defined the ratio of the mass of sediment that would be released
by a dam removal to the annual watershed sediment supply as the unitless term E*:

()

_ FM,
=

E*

where M; is the mass of sediment stored in the reservoir, F; is the fraction of impounded sediment eroded
in the first year after dam removal, and M, is the mass of sediment exported from the watershed annually.
The downstream impacts of sediment in tributaries was found to increase with this ratio, and in particular
the transport distance for coarse grained (sand and gravel) sediment (Grant and Lewis 2015). The
transport and deposition of finer grained sediment in tributaries was less directly linked to E*, but it
provides a useful metric for assessing potential impacts across spatial scales of watersheds and
impoundments. For each of the impoundments surveyed, watershed sediment discharge was calculated
based on the regressions of sediment yield vs. watershed area (Fig. 4, Table 2). The fraction of
impounded sediment eroded depends on factors such as grain size, impoundment geometry, and dam
removal method (Grant and Lewis 2015; Foley et al. 2017). We chose a typical value of Fr = 0.5, or about
half of the impounded sediment is eroded in the first year after removal, and the rest is stabilized in place
or is eroded in subsequent years. The Fr = 0.5 is likely an upper bound for sediment delivery to the
estuary, since impounded sediment that is not in-line with the impounded waterway is likely to be
sequestered in place, and deposition in the tributary or impoundments downstream from the dam removal
site would further reduce the fraction of impounded sediment reaching the estuary. E* is plotted against
impoundment area, and generally has an increasing trend. Most of the E* values are less than 1, indicating
that the sediment release from most of the impoundments would be less than the annual sediment load
from their local watershed (Fig. 5).

4.3 Grain size in impoundments and marshes

In addition to the mass of sediment in impoundments, sediment composition is a key factor in potential
impacts to the estuary. Sediment cores from impoundments were analyzed to characterize the particle size
distributions that might be mobilized following dam removals (Fig. 6). In most impoundments, the
median particle sizes (dso) were fine silt, around 10-20 um. The lower ends of the distributions
(represented by dio) generally were clay-sized, whereas the upper limits (dgo) ranged from coarse silt to
medium sand. Cores were sampled at 10 cm intervals, but the particle size characteristics were relatively
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uniform with depth. Grain size varied more between impoundments than between cores within an
impoundment, so only average values of dio, dso, and dgo for each impoundment are shown.

To assess the relevance of impounded sediment to wetland accretion in the estuary we need to consider
the particle size distributions in both the source and sink regions. Cores from tidal wetlands along the
Hudson were also subsampled at 10 cm intervals and analyzed for particle size (Fig. 6) (see also Yellen et
al., submitted). Median grain size in the marsh cores ranged from 10 to 25 um, and lower and upper
bounds (d1o to dgo) were clay (2-4 um) and very fine sand (70-100 um), with the dgo potentially due to
incorporation of basal material. The strong similarities in particle size between the impoundments and
marshes suggest that sediment released to the estuary by dam removals could end up depositing in the
marshes and contribute to accretion.

Particle size determines settling velocity and thereby plays a dominant role in sediment transport and
deposition in the estuary. For individual particles, settling velocity can be related to particle diameter
based on a modified Stokes velocity (Dietrich 1982). This does not account for aggregation of smaller
particles into flocs that can increase their effective settling velocity. The assumption of discrete particle
settling is reasonable for sediment input to the freshwater tidal river and relatively short transport time
scales of weeks to months, but flocculation becomes a more significant factor in the saline estuary and at
longer time scales. For the modeling cases discussed in the next section, sediment classes with settling
velocities of 0.02, 0.2, 2.0 mm s were used in dam removal release scenarios. These sediment classes
nominally correspond with clay (~7 um), fine silt (~20 um), and coarse silt (~60 um), based on the
particle sizes in the impoundment cores (Fig. 6).

4.4 Impacts of simulated dam releases in model results

To quantify how sediment released after dam removal affects SSC and deposition in the estuary, realistic
model scenarios were run with increased sediment inputs from one of the tributaries. The results
presented here are for a simulation from spring and summer 2014 (Ralston and Geyer 2017). Total
discharge into the estuary increased rapidly to about 2500 m*s™ at the end of March and then again to
2700 m3*s in mid-April (Fig. 7). Observed suspended sediment concentrations increased during the high
discharge periods, particularly in the upper tidal river, and then decreased through the summer. SSC
varied with tidal resuspension over the spring-neap cycle, particularly in the more seaward regions.

For the simulation shown in Fig. 7 the dam removal sediment input was from Kinderhook Creek near
Stockport marsh (188 rkm, Qravg = 16 m3s?). The initial discharge event had a peak in Kinderhook of
about 200 m®s, whereas a second event was smaller, around 70 m3s? (Fig. 7b). Qs in the tributary
increases strongly with Qr (Fig. 3e), so maximum SSC in the tributary during the first discharge event
was about 6 times greater than the second, and the first event had a much greater impact on SSC in the
estuary. For example, 13 km seaward of the input, SSC from the dam release sediment during the first
event was similar to that from all other sources, effectively doubling the concentration (Fig. 7c). During
the second event, and subsequently through most of the rest of the simulation, the dam sediment
concentrations were minimal compared to the total SSC at this nearest location. Brief increases in SSC at
this location due to the dam release also occurred during smaller discharge events in late spring and
summer, particularly for an event in the end of July (day 177) that had about 100 m3s compared to the
550 m®s* from other tributaries. The SSC due to the dam release during this summer discharge event was
similar to that from other sources (resuspension and other tributaries), but the total SSC was much less
than during the freshet.
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Farther seaward from the source tributary, the contribution of the dam release to the total SSC decreases.
At 36 km seaward, or several tidal excursions, dam sediment input approximately doubled the SSC during
the first discharge event, but for only several days (Fig. 7d). After that, dam release sediment did not
significantly contribute to the total SSC in the estuary. Farther downstream (91 km from the input), the
simulated dam release was barely perceptible, with background tidal resuspension far outweighing the
effects of increased upstream loading from the source tributary (Fig. 7e). Note that the background
sediment concentrations (and y-axis ranges in Fig. 7) vary among the selected locations depending on
local bed composition and sediment resuspension.

The total sediment input over the 5-month simulated release from dam removal in Stockport watershed
(Fig. 7) was about 45 kt. For comparison, the total sediment trapped behind 97 dams in the watershed was
estimated at 370 kt (Table 3), of which about half could potentially be mobilized and transported
downstream by dam removal (Grant and Lewis 2015; Foley et al. 2017). The largest impoundment in the
watershed, Summit Lake, has a trapped sediment mass of about 120 kt, so assuming a release fraction of
about 50%, the simulated dam release represents potential impacts on the estuary from one of the larger
sediment sources in the watershed. SSC in the estuary approximately doubled compared to background
for periods of a few days, but only during discharge events that affected primarily the local watershed and
only for regions within about a tidal excursion of the source. Details of the SSC impacts varied for the
other realistic simulation periods depending on the discharge and tidal forcing, but the magnitude and
extent of the effects were similar.

The seaward advection of the sediment pulse and decrease in SSC due to deposition of sediment from the
dam release was consistent with previous observations and modeling results (Ralston and Geyer 2017).
Sediment transport rates in the tidal river depend strongly on settling velocity, with coarser sediment
moving seaward more slowly and depositing closer to the input location (Ralston and Geyer 2017). The
particle size distributions in the impoundments ranged from clays to coarse silt, so the sediment inputs for
the dam removal were divided among three size classes by assuming a representative distribution: 15%
coarse silt (ws = 2 mm s1), 40% fine silt (ws = 0.2 mm s?), and 45% clay (ws = 0.02 mm s?).

The settling velocity, or particle size, had a strong effect on the distance over which dam removal
sediment deposited in the estuary (Fig. 8). In all three of the tributary input locations that were simulated
(Stockport, Tivoli, and lona), the coarse silt fraction deposited primarily within 10-20 km of the input.
The along-estuary structure of the deposition varied among the three cases due to local differences in the
bathymetry and the decreasing seaward transport rates in the wide lower reaches of the estuary, but the
deposition patterns depended more on settling velocity than input location. The fine silt class moved
farther seaward than the coarse silt, depositing up to 50-100 km from the source. The clay fraction
deposited even more broadly and uniformly, including into the lower reaches of the estuary.

Results from the 3-d model can be simplified to an algebraic expression relating seaward sediment
transport along the tidal river to channel geometry, river discharge and sediment settling velocity (Ralston
and Geyer 2017). This simplified approach allows for scaling of the distance away from the source
tributary of potential impacts by dam removals, and without the need for more detailed 3-d estuarine
simulations. The simplified model balances sediment advection and loss to deposition, with concentration
downstream from the input C(x) depending on the input Co, settling velocity ws, water depth Hs, and an
advective time scale tagv due to the mean river velocity, Uo = Q./A where A is the cross-sectional area:

c s
2 = exp(—f 3 taay) ®)
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This is based on Egn. (4) from Ralston and Geyer (2017), but we combined their scaling factors into the
coefficient f = 1/10. We can rewrite this in terms of an advective length scale Lagy = Uo taav, and relate it to
the decrease in sediment concentration relative to the input concentration:

() (4)

Lygy = —101n (C—O)

UoHs
Ws

The depth Hs represents the average depth of the shoals where settling predominantly occurs, and that
increases from about 5 m in the upper tidal river to about 12 m in the saline estuary (Fig. 13 of Ralston
and Geyer 2017). Using representative values for the input locations, we calculate Lagy for each settling
velocity by using the average river discharge (= 600 m®s™) over the simulation period to get an average
Uo. As with the depth of the shoals, the cross-sectional area generally increases with distance seaward, so
the effective Uy also depends on the release location (Table 5).

The advective lengths resulting from this scaling approach for C/Co = 0.05 are plotted as triangles in
Figure 8, representing the distance along the estuary where 95% of coarse silt and fine silt originating
from a dam release would deposit. The advective length scales are consistent with results from 3-d model
simulations. Coarse silt deposits within about 10 km of the releases in the upper tidal river, and within
half that distance for the lona release location where the cross-sectional area is greater and Uy less. In
Eqn. (4), Lag scales inversely and linearly with settling velocity, resulting in length scales of about 100
km and 50 km respectively for fine silt from the upper and lower estuary inputs. The advective length
scales for the clay size class are greater than the length of the estuary, consistent with the results from the
3-d model showing transport and deposition throughout the estuary (Figure 8). The conceptual basis for
this simplified model falls apart in the saline estuary where the sediment transport and deposition patterns
also depend strongly on density-driven circulation, and so it is not applicable in the lower ~50 km.
However, the general correspondence between the advective length scale and sediment deposition for
coarse and fine silt suggests that the simplified approach can be used to scale the influence of sediment
from dam removals in the tidal river.

5. Discussion
5.1 Estuarine impacts of sediment releases from dam removals

The increase in sediment supply due to tributary dam releases can have either negative or positive impacts
on a downstream estuary. Negative impacts include decreases in water clarity or high rates of sediment
accretion that affect submerged vegetation (Hamberg et al. 2017; Glover et al. 2019) or lead to shifts in
ecosystem community composition (Cloern et al. 2007; Rubin et al. 2017). On the positive side, increases
in sediment supply might help tidal marshes keep up with sea level rise or reduce shoreline erosion rates
(Warrick et al. 2019). The results here indicate that for dam releases in the Hudson estuary, neither
positive nor negative impacts are expected to be pronounced. The Hudson has relatively high background
suspended sediment concentrations, from 50-100 mg/L in much of the tidal river and several hundred
mg/L or more in the saline estuary. During discharge events, direct watershed inputs can significantly
increase suspended sediment concentrations, particularly in the tidal river (Wall et al. 2008; Ralston and
Geyer 2017). During low to moderate flow periods in the tidal river, and more generally in the saline
estuary, resuspension of bed sediment by tidal currents is the dominant source of material in the water
column. This mobile pool of bed sediment available for resuspension gets redistributed throughout the
estuary, and can be many times greater mass than the annual input from the watershed (Schoellhamer
2011; Geyer and Ralston 2018). To significantly alter the sediment mass of the mobile pool and affect
turbidity in the estuary for months to years, any increase in sediment loading from dam removals would
have to be much greater than the mean annual input from the watershed or else sustained over many years
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(Schoellhamer et al. 2013). We calculate that the total mass of impounded sediment within tributaries to
the Lower Hudson is similar to about 3 years of average sediment supply from the entire Hudson River.
As a likely upper constraint, we estimate that only about half the impounded sediment is likely to be
mobilized and transported downstream by dam removals. Furthermore, some of that released sediment
will be trapped in tributaries or by dams that are farther downstream. Last, sediment is likely to be
distributed among many impoundments and so is unlikely to be released in a short period. Given the
relatively small amount of sediment stored in impoundments and these mitigating factors, the potential
impacts of impounded sediment release on the mobile pool in the estuary are small.

The increase in sediment loading from one or more dam removals is analogous to the increased loading
from to the estuary during extreme discharge events. While the watershed sediment loads calculated
based on discharge regressions are meaningful as long-term averages, individual discharge events can
deliver many times the annual average over a few days. An example is from 2011, when tropical cyclones
Irene and Lee produced high precipitation, discharge, and sediment delivery to many estuaries in the U.S.
Northeast. The sediment load from the storms to the Delaware Estuary was similar to its annual average
(Sommerfield et al. 2017), and the Connecticut River estuary had sediment input of twice its annual
average over just 3 days (Yellen et al. 2014). In the Hudson, the sediment input from the storms was 2.7
Mt (Ralston et al. 2013), or about 3 times the annual average and similar to the total mass of sediment
stored in impoundments. Observations at multiple locations along the tidal river and saline estuary
showed increased turbidity during and in the months after the event (Ralston et al. 2013). Over the longer
term of the observational record (12 years), turbidity-discharge relationships in the tidal river increased on
average by 20 to 50% for up to 2 years after the events, but subsequently conditions returned to the long-
term averages (Ralston et al., submitted). This response was coherent across multiple stations in the tidal
river, but was not seen in the saline estuary, where background sediment concentrations and the size of
the mobile sediment pool are greater. The relatively modest increase in turbidity in the tidal river and
negligible impact on saline estuary from the extreme 2011 discharge events with 2.7 Mt of sediment input
corroborate the conclusions that the potential impacts of the total impounded sediment mass of 3.1 Mt
would also be modest, even in the unlikely scenario that it was all released to the estuary over a brief
period.

The increased sediment loading from dam removal could have more short-term or local impacts near the
source tributaries. The Hudson model results here as well as observations from the Elwha (Gelfenbaum et
al. 2015) indicate that even with relatively strong tidal currents, much of the coarser fraction from a dam
release deposits within a few km of the source. Dispersal along the estuary depends strongly on settling
velocity, with fine silt typically depositing within 50-100 km of the source and the clay-sized particles,
which make up more than 1/3 of the mass in many of the impoundments, dispersing throughout the
system. At the limit of the salinity intrusion, clay-sized particles would aggregate into flocs, increasing
their effective settling velocity and retention in the estuary (Geyer et al. 2001; Burchard et al. 2018).
Sediment accumulating in wetlands consists primarily of silt-sized particles (e.g., Fig. 6b), and these
results indicate that the fine sediment from dam releases deposits relatively far from the source rather than
primarily in local marshes. The advective distance scales with discharge so releases during low discharge
periods would be more likely to deposit near the source tributary. However, the relatively high
background SSC and marginal increases from the simulated releases suggest that effects on wetland
accretion rates in the Hudson would be small. Observations of accretion in the study marshes indicate that
the current rates of accretion are much greater than sea level rise, even without potential contributions
from dam removals (Yellen et al., submitted).
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The dam removal impacts on sediment dynamics might be more significant in an estuary with a smaller
mobile sediment pool and lower background concentrations. For example, the Connecticut River is the
next major watershed to the east, and it has a similar mean discharge and sediment load as the Hudson
(Woodruff et al. 2013). However, suspended sediment concentrations in the Connecticut River estuary are
much lower than in the Hudson and the bed is predominantly sand rather than mud, even in the saline
estuary (Patton and Horne 1992; Yellen et al. 2017). Dam removal inputs that were a significant fraction
of the watershed input, particularly during lower discharge periods, might have a greater impact on this
type of estuary that has less background sediment availability. Expansive salt marshes are located near the
mouth of the Connecticut despite the relatively low background sediment concentrations, so increases in
supply from dam removal may have proportionally greater impacts on accretion than along the tidal
Hudson. Analogously, sediment supply limitations appear to be contributing to deterioration of the
marshes near the mouth of the Hudson in Jamaica Bay (Peteet et al. 2018; Chant et al. submitted), so
these coastal marshes could potentially benefit from increased sediment loading to the Hudson as a whole.

5.2 Watershed sediment inputs

Sediment input to the Hudson River estuary is highly variable at multiple time scales, and the sediment
discharge regressions did not address this temporal variability. Precipitation events increase volumetric
discharge in a tributary, but the resulting sediment load may depend on the spatial distribution and
intensity of precipitation within the basin. Similarly, for a given Q, the sediment discharge can depend on
the antecedent conditions, with greater soil moisture due to prior events or seasonal differences leading to
greater sediment yield (Yellen et al. 2016). Climate-driven changes in mean annual precipitation can lead
to similar increases in soil moisture and sediment yield at decadal time scales (Cook et al. 2015), as can
shifts in watershed land use (Schoellhamer et al. 2013; Warrick et al. 2013). Major discharge events can
increase sediment availability in a watershed and thus increase sediment discharge for a given Q; for
several years, and this is typically followed by a longer period of lower than average sediment
concentrations (Warrick et al. 2013; Gray 2018). Temporal variations in the relationship between Qs and
Q:r at event, annual, or decadal time scales can be addressed in some cases by subdividing the data or
using dynamic linear models (Warrick et al. 2013; Ahn et al. 2017). For most of the gauging stations in
this study the sediment discharge records were too short (< 5 years) to robustly assess temporal trends.

The total sediment load to the estuary of 1.2 Mt yr based on the sediment-discharge regressions is
greater than most values that have been reported previously. Many estimates of sediment load have been
hampered by short data records and the intermittency of discharge events, or have focused on the two
largest tributaries, the Upper Hudson and Mohawk. Here we used long-term discharge and sediment data
covering about 80% of the watershed area. One long-term study quantified sediment inputs to the Hudson
from the Upper Hudson and Mohawk over a 4 year period (2002-2006), and also measured net seaward
sediment transport in the tidal river at Poughkeepsie, about midway between the head of tides and the
mouth (Wall et al. 2008). During that period, the annual input from the Upper Hudson and Mohawk
ranged between 0.37 and 0.89 Mt, whereas seaward transport in the tidal river varied from 0.68 and 0.83
Mt. Based on the difference between these measurements as well as the timing of sediment pulses from
discharge events, the sediment load from smaller watersheds downstream of the Upper Hudson and
Mohawk was estimated to be 30-40% of the total at Poughkeepsie, or about 0.26 Mt on average. From our
stream gauge regressions, the sediment input below the tidal limit was 0.53 Mt, or about twice the
previous value. A key unknown in the approach based on transport in the tidal river is the rate of sediment
storage and accumulation landward of Poughkeepsie, which may contribute to the greater estimate from
the watershed inputs. Yellen et al. (submitted) estimates that 0.07 Mt of sediment are stored annually in
tidal flats and marshes within this reach, accounting for some of the discrepancy between sediment
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delivery to the estuary and that which is transported past Poughkeepsie. Uncertainty due to discharge
variability also contributes to both estimates. Many of the gauges in smaller watersheds were operational
primarily after extreme discharge events from Tropical Storms Irene and Lee in 2011, which may have
influenced the sediment regressions or altered the watershed yields compared to the period of the earlier
study that had a more typical discharge range.

Uncertainty in the sediment loading to the estuary has broader implications than just for dam removal, as
it relates to contaminant transport (e.g., PCB loading from the Upper Hudson (Feng et al. 1998)), marsh
resilience, and frequency of dredging for navigation. Because of the nonlinear relationship between Q,
and Qs, uncertainty related to not accounting for temporal variability can lead to significant errors. For
example, using a single regression spanning 30 years for the Eel River (CA) would over-predict the
sediment load by a factor of 2.5 compared to including temporal variations because of changes in land use
and a record discharge event (Warrick et al. 2013). The most effective way to reduce the uncertainty is to
collect more sediment discharge monitoring data, and to link that with development of better models of
watershed hydrologic and geomorphic processes. This analysis provides a template and a more thorough
assessment of present conditions in the Hudson watershed, but assessing temporal trends with increases in
discharge due to climate change (Hayhoe et al. 2007) or alterations to land use will be difficult given that
sediment discharge measurements have been halted at many of the gauging stations.

6. Summary

Interest in dam removals is increasing to meet various objectives including improving aquatic
connectivity and removing safety hazards. Dam removals often result in mobilization and transport
downstream of sediment that had previously been trapped in the impoundment. Potential impacts of this
sediment release on ecosystems and geomorphology in the fluvial reaches downstream of dams are being
examined more widely, but effects of that sediment on estuaries and coastal regions that are farther
seaward have received less attention. Increased sediment loading to an estuary can have negative impacts
through increased turbidity causing decreased light availability or through changes to benthic habitat by
increased deposition rates, but it can also potentially be a net benefit for supplying sediment to wetlands
that can increase resilience to sea level rise. We used a combination of observational and modeling
approaches to characterize potential impacts of sediment released from dam removals in the Hudson
River estuary, including quantification of watershed sediment loading for comparison and assessment of
the magnitude and extent of impacts in the estuary.

Using volumetric and sediment discharge data from 11 stations we developed sediment-discharge
regressions and calculate average sediment loads for tributaries that account for about 80% of the
watershed area for the Hudson River Estuary, and about 90% of the watershed discharging to the tidal
river (Fig. 3). The total average input is about 1.2 Mt, of which about 45% comes from smaller
watersheds that discharge seaward of the head of tides. Watershed sediment yields vary inversely with
watershed area in a manner similar to regressions based on global rivers (Fig. 4). In addition, sediment
yields depend on regional variations in lithology, with greater yields for watershed draining the more
erodible and finer textured soils of the Catskill Mountains to the west of the Hudson than those sandier
soils in the watersheds in the Taconic Mountains to the east. The regressions allow for estimation of
sediment yield for ungauged subwatersheds of the estuary, which can provide context for potential
impacts of sediment released by a dam removal in subwatersheds.

Geophysical surveys of 17 impoundments in five subwatersheds of the Hudson estuary were used to
evaluate the mass and composition of sediment trapped behind dams. The surveyed impoundments were
grouped into three functional categories: 1. active sediment traps, 2. run-of-river sites with impounded
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sediment but that were no longer trapping, and 3. dams on natural lakes or springs that did not
significantly alter sediment delivery. A vast majority of the 1700 dams within the Hudson watershed
inventory are assessed as the latter two categories and as such are not currently increasing sediment
trapping in the watershed. Impounded sediment mass was calculated from cores and spatial surveys at the
study sites, and these results along with the federal dam database were used to estimate a total impounded
sediment mass of 3.1 Mt in the watershed of the Lower Hudson. From other studies, about half of the
sediment behind an impoundment is released with dam removal (Grant and Lewis 2015; Foley et al.
2017). This suggests that the total mass of sediment that could potentially be released from the
approximately 1700 impoundments represents less than 2 years of average watershed sediment input.
The watershed sediment yields are compared with sediment masses at the study sites to show that similar
results hold at the scale of individual impoundments (Fig. 5).

In addition to the broader scale impacts on the sediment budget for the entire estuary, sediment releases
from dam removals may have more localized or brief impacts near the input tributary. To assess impacts
along the estuary, we used a 3-d hydrodynamic and sediment transport model to simulate increased
sediment inputs representative of dam removal under realistic forcing conditions. The dam removal inputs
did increase suspended sediment concentrations, but only modestly during discharge events and within
about a tidal excursion of the input tributary (Fig. 7). The model results were sensitive to settling
velocities, which were determined based on particle size distributions in the impoundment cores (Fig. 6).
Coarse silt (ws = 2 mm s?) typically deposited within 5-10 km of the source, whereas fine silt (0.2 mm s?)
and clay (0.02 mm s!) dispersed more broadly along the estuary. The deposition patterns from the full 3-d
model were consistent with advective length scales from a simplified, 1-d approach that could be applied
more broadly. Particle size distributions from cores in tidal wetlands along the Hudson are more
consistent with these smaller size classes, suggesting that any potential impacts of increased sediment
delivery to the estuary from dam removal would be broadly distributed rather than restricted to the near
source. Currently sediment accretion rates along the tidal Hudson are similar to or greater than sea level
rise, even without sediment from dam removals. This, and the comparisons of impounded sediment mass
to watershed sediment loads suggest that the effects of sediment release from dam removal on the Hudson
would be modest. However, other estuaries with lower sediment loads, smaller mobile sediment pools, or
larger impoundments are more likely to be significantly affected.
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Tables

Table 1
USGS station Watersh | Qs Qr Mean discharge Mean sediment load (Qs) Yield
ed area | obs. obs. (Qr) [m3 s [kton yr] (tkm?2yr?)
(km?) Qsobs | allQr | Obs. Qr fit Qr fit Qr fit
(Qs obs.) (@l Qn (@l Qn
a| Schoharie (01351500) 2012- | 1939-
2295 2015 | 2019 29 32 131 124 300 131
b | Mohawk @ Cohoes 1954- | 1917-
(01357500)* 8935 2018* | 2019 195 168 454 473 363 41
¢ | Upper Hudson @ 1976- | 1887-
Waterford (01335770)* 11955 2014 2016 249 223 191 153 148 12
d| Catskill (01362090)* 2011- | 2011-
1049 2015 | 2015 21 21 221 267 267 254
e| Kinderhook 2011- | 1906-
(01361000)* 852 | 2014 | 2019 | 16 13 58 68 36 43
f | Roeliff Jansen 2011- | 2011-
(01362182)* 549 | o014 | 2014 | 1% 1 18 19 19 35
g| Rondout (01362182)* 2011- | 2011-
3069 2015 | 2015 65 64 106 87 87 28
H| Stony Clove 2011- | 1997-
(01362370) 80 | 2014 | 2019 2 3 14 16 155 1930
| | Esopus @ Coldbrook 2012- | 1931-
(01362500) 497 2019 | 2019 22 21 48 46 99 199
J | Esopus @ Lomontville 2013- | 2013-
(01363556) 723 | 5015 | 2019 | 3 6 3 2 4 5
k | Esopus @ Mount 2013- | 1907-
Marion (01364500)* 1085 | 5015 | 2010 | 10 16 14 11 59 54
Total discharging to
tidal Hudson (¥) 27494 567 516 1062 1078 979 36
Seaward estimates scaled by watershed area
Poughkeepsie 30406 627 571 1174 1192 1083 36
The Battery 34680 715 651 1217 1235 1125 32
* discontinuous coverage: 1953-1959, 1976-1979, 2004-2018

Table 1. Mean discharge (Qr) and sediment load (Qs) from UGSS gauges in the Hudson estuary
watershed. The three estimates of sediment load are based on the (1) mean observed Qs, (2) regression
between Qs and Q, during the Qs observations, and (3) the regression applied to the full Q, time series, if a
longer period is available. Similarly, discharge is averaged over the period of sediment load
measurements and over the full discharge record. Letters in first column correspond to locations shown
in Fig. 1 and data shown in Figs. 2 and 3. Totals of discharge and sediment load from the gauges flowing
into the tidal Hudson are shown, along with estimates farther seaward in the estuary scaled by watershed
area to account for ungauged watersheds. The watershed below Poughkeepsie and above The Battery is
assumed to have a specific sediment yield of 10 t km2 yr?, based on values from nearby watersheds
(Yellen et al. 2014). Sediment yields are calculated based on the regression to the long-term discharge
records with tons in reference to metric tons here and throughout the paper.

Table 2 c d r2

All stations 3.4 -.50 0.34
East of Hudson 2.7 -.38 0.92
West of Hudson 4.3 -71 0.64
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Table 2. Regression coefficients for sediment yield (Y, t km? y?) vs. watershed area (A, km?), with the
form Y = cA. Fits are shown for all stations and separately for the stations to the east (Taconic Range)
and west (Catskill Mountains) of the Hudson.

Table 3 Stockport Tivoli lona
Watershed area (km?) 1340 1223 265
Number of dams 97 52 33
Trapped sediment mass (t) 3.7x10° 6.4x10° 1.8x10*
Trapped mass per area (t km32) 270 520 68
Typical watershed sediment yield (t km2 yr?) 60 100 10
Years of watershed supply trapped 4.5 5.2 6.8

Table 3. Impounded sediment mass estimates for the three study watersheds (Stockport, Tivoli, lona).
Trapped sediment masses are calculated based impoundment categorization (trapping, run-of-river, or
non-source) and physical characteristics. For comparison, trapped masses are calculated as a percentage
of the expected watershed sediment yield over a period of 100 years.

Table 4

Physical province Trapped mass Area Trapped Percentage of Lower
per area (t km-2) (km?) mass (t) Hudson watershed

Taconics (Stockport) 267 2610 7.0x10° 18%

Catskills (Tivoli) 519 3120 1.6x10° 22%

Hudson Highlands (lona) 68 3170 2.2x10° 22%

Hudson Lowlands 100 5360 5.4x10° 38%

Total 14260 3.1x108

Table 4. Impounded sediment mass estimates for the three study watersheds (Stockport, Tivoli, lona).
Trapped sediment masses are calculated based impoundment categorization (trapping, run-of-river, or
non-source) and physical characteristics. For comparison, trapped masses are calculated as a percentage.

Table 5 Stockport Tivoli lona
Shoal depth (Hs) (m) 6 10 12
Cross-sectional area (A) (m?) 6x10° 1x10* 2x104
Mean velocity (Uo) (m s1) 0.1 0.06 0.03
Advective length scale (Ladv) (km)

Coarse silt (ws = 2 mm/s) 9 9 5
Fine silt (ws = 0.2 mm/s) 90 90 50
Clay (ws = 0.02 mm/s) 900 900 500

Table 5. Scaling estimates for advective distances downstream from the source watersheds (Stockport,
Tivoli, lona) for different sediment size classes (coarse silt, fine silt, clay) for the representative model
simulation period. Representative values for channel geometry and mean velocity listed here are used
with Egn. (4) and C/Co = 0.05.
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Figure 1. (A) Elevation in the lower Hudson River watershed (greyscale) with Upper Hudson River
watershed in solid tan across the US states of New York (NY), Massachusetts (MA), Connecticut (CT),
and New Jersey (NJ). Inset at bottom right shows location of the entire Hudson River watershed with
respect to NY. USGS gauges (red dots) are labeled with letters corresponding to Table 1 and Fig. 2.
Watersheds in which dams were studied in detail are outlined in orange (Stockport), yellow (Esopus;
Stoney Creek; Saw Kill), and green (Doodletown-Popolopen; Canopus Creek). (B) Stockport Creek
watershed with all NID dams classified by category: active sediment traps; non-sources of sediment
(breached, spring-fed ponds, natural lakes), and run-of-river sites. See methods for classification criteria.
(C) Physiographic provinces of New York State and New Jersey with the Lower Hudson River
watershed’s (hashed area) main provinces labeled (see text and Table 4 for details). The broader Hudson
River basin is shaded grey.
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Figure 2. Volumetric discharge at USGS gauging stations in the Hudson River estuary watershed.
Periods highlighted in red also have sediment discharge measurements.
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Figure 3. Sediment discharge vs. volumetric discharge at USGS gauging stations. Red lines are
LOWESS fits, and the total calculated sediment load vs. observed for all the stations is shown in the
upper right panel. Stations located in the same subwatershed are in panels adjacent to stations farther

downstream and labeled with “—>”.
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Figure 4. Sediment yield vs. watershed area. Sediment yields are calculated based on observed sediment
discharge, the LOWESS regression fit to Q. during the sediment discharge observations, and from the
regression over the full record of Q.. Stations are labeled as being west or east of the Hudson, and the two
stations on the Esopus below the Ashokan Reservoir are noted separately. The letters adjacent to each set
of points correspond to the subpanels in Figure 3. Regression lines (Eqn. 1) are shown for all stations
(black) and just those east (blue) or west (red) of Hudson; regression coefficients are listed in Table 2.
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Figure 5. E*, or the ratio of the mass of sediment in an impoundment potentially released by dam
removal to the annual sediment load from the watershed (Egn. 2) vs. impoundment surface area for the
study sites. Run-of-river impoundments are distinguished from trapping impoundments, and tend to have
lower E* values.
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Figure 6. Particle size distributions from a) impoundments and b) marshes. Marker shows the average
dso, and the line shows dig to dgo. Impoundment locations are grouped by subwatershed, and the number
of cores from each is noted in parentheses.
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Figure 7. Suspended sediment concentrations in estuary from sediment release in model with forcing
from spring 2014. a) Water level during the simulation; b) total discharge (blue) and discharge from
Kinderhook Creek (teal), the tributary with the simulated dam removal; c) near-surface SSC at 13 km
seaward from the tributary input, separating the dam removal inputs (red) from all other sources including
other tributaries and bed resuspension; d) SSC 36 km seaward from the dam removal input; ) SSC 91 km
from the input.
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1051

1052  Figure 8. Along-estuary deposition from sediment releases. a) Coarse silt, fine silt, and clay-sized particle
1053  deposition vs distance along the estuary for the simulated dam sediment release near Stockport marsh.
1054  Black diamond marks input location, and triangles mark the advective length scales for each sediment
1055  size class calculated from Eqgn. 4. b) sediment deposition by size class for inputs from near Tivoli marsh,
1056  and c) near lona Island marsh.
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