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Abstract: To advance the science of dam removal, analyses of functions and benefits need to be linked
to individual dam attributes and effects on downstream receiving waters. We examined 7550 dams in
the New England (USA) region for possible tradeoffs associated with dam removal. Dam removal
often generates improvements for safety or migratory fish passage but might increase nitrogen (N)
flux and eutrophication in coastal watersheds. We estimated N loading and removal with algorithms
using geospatial data on land use, stream flow and hydrography. We focused on dams with reservoirs
that increase retention time at specific points of river reaches, creating localized hotspots of elevated
N removal. Approximately 2200 dams with reservoirs had potential benefits for N removal based on
N loading, retention time and depth. Across stream orders, safety concerns on these N removal dams
ranged between 28% and 44%. First order streams constituted the majority of N removal dams (70%),
but only 3% of those were classified as high value for fish passage. In cases where dam removal
might eliminate N removal function from a particular reservoir, site-specific analyses are warranted
to improve N delivery estimates and examine alternatives that retain the reservoir while enhancing
fish passage and safety.
Keywords: dams; dam removal; nitrogen; tradeoffs; classification; estuaries; fish migration; safety

1. Introduction
Decisions surrounding the future of dams can be informed by scientific inquiry into functions
and values linked to their removal, alterations or maintenance [1,2]. There are numerous tradeoffs to
be weighed with every dam decision. For example, in dam removal decisions, there are the potential
benefits of improved migratory fish passage and reduced hazards due to dam failures versus the
potential costs of removing water supply storage, flood control, recreational opportunities, pollutant
retention, or economic opportunities with hydropower.
Dams stymie migratory fish passage, eliminating or degrading vast expanses of aquatic habitats
in coastal watersheds [3]. This loss of connectivity between estuaries and watersheds affects biota
across multiple trophic levels—resulting in negative consequences for the economics, sustainability
and biodiversity of fisheries [4–6]. Even when fish passage across dams is promoted through
technical structures like Denil fish ladders, poor design, changes in the annual flow regime and
water temperatures present challenges to migratory species [7].
Dam failure is a constant concern—and is a clear threat to property, ecosystems and human
well-being. Poor construction, aging infrastructure, insufficient maintenance and changes in upstream
flow regimes can compromise dam safety. Dam failures can also unleash substantial and sometimes
contaminated sediment loads to downstream habitats.
Dams provide a number of important economic and societal benefits including hydropower and
flood control [2]. Some reservoirs associated with dams store water for irrigation and drinking water
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supplies. Dams—and their associated reservoirs—also provide historic and cultural values to some
communities [8].
The ecological and societal impacts of dam removal can be complex, varied and confounded
by a scarcity of systematic data-driven science. To advance the science of dam removal, analyses of
functions and values need to be linked to the specific attributes of a given dam and its role within the
larger watershed context [9]. Poff and Hart [7] argue for the development of ecological classification
approaches based on characteristics available in governmental databases.
Here, we propose—and illustrate—an ecological classification based on a potential function of
dams—the retention and removal of nitrate-nitrogen from coastal watersheds. Elevated nitrogen (N)
loads to coastal estuaries can enhance primary productivity accelerating eutrophication that results
in degradation of estuarine habitats (e.g., seagrasses replaced by macroalgae) and hypoxia [10–12].
Coastal watersheds—from local to regional scales—retain or remove a substantial portion of N inputs,
dramatically reducing the ratio of N delivery to N inputs to estuaries [13,14]. This N retention and
removal occurs in soils, wetlands, lower-order streams, lakes and reservoirs. Denitrification, the
microbial process that reduces nitrate-N to nitrous oxide and N gas is a major removal mechanism in
aquatic systems [13]. Plant uptake and immobilization in organic sediments are processes that serve to
retain N [15]. Following prior conventions in the literature, we use the word “removal” to refer to all
N retention and removal processes within reservoirs [16].
Seitzinger et al. [17], using empirical data from multiple studies, found that a substantial amount
of the variability associated with watershed N removal in aquatic ecosystems could be described by the
ratio of depth to hydraulic retention time. Shallow rivers, wetlands, lakes and reservoirs are associated
with higher N removal. A number of other empirical and process-level studies have demonstrated that,
with sufficient retention times and appropriate average depths, reservoirs of varying scales, ranging
from <1 to 4400 ha, can be important locations for N removal [18–21]. However, many reservoirs with
large contributing watersheds have low retention times and thus relatively low capacity to substantially
change N flux.
We explore the extent of potential N removal by reservoirs associated with dams through a
case study focused on all reported dams (>14,000) in the New England region (area approximately
200,000 km2 ) of the Northeast USA. The region has a high density of dams—many constructed decades
or centuries ago—on coastal watersheds that drain to estuaries threatened or degraded by N loading.
These coastal watersheds are essential to the life cycle of fish that migrate between marine and
freshwater. Interest in dam removal is accelerating, motivated by concerns for both improved fish
passage and safety. These dams are located on streams of varying sizes and many are run-of-river
dams that do not have impoundments (i.e., reservoirs). We focused our study on situations where dam
removal may create a marked change in the watershed N to downstream waters. Modeling [17,22]
and empirical [23,24] studies have demonstrated that N can be removed from free flowing rivers, but
here we examined dams with reservoirs that altered the retention time within a given stream reach
and thus create a localized hotspot of N removal [18–21] that should exceed the N removal associated
with the unaltered, free flowing river reach.
Where reservoirs exist, the ponded area can range from several hectares to several thousand
hectares. The many combinations of stream order, watershed area, land use and ponded area suggest a
widely varied set of N loading, depths and hydraulic retention times—thus a large range in N removal
associated with reservoirs. Following the suggestion of Poff and Hart [7] on the need for regional-scale
ecological classifications of dams, we used widely available geospatial databases to examine the extent
and locations of dams with potential for N removal. Finally, we link our results to state and regional
data that identify specific dams as safety risks or severe impediments to migratory fish passage to
signal tradeoff situations where additional site specific studies, including additional N abatement
approaches or alternatives to removal, may be warranted.
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2. Approach
2.1. Assessing N Removal in Reservoirs
We used the geospatial approach developed by Kellogg et al. [25] to evaluate the potential for
New England reservoirs to serve as locations of N removal. Kellogg et al. [25] used lake and reservoir
N removal data compiled by Seitzinger et al. [17] to develop the following relationship between N
removal and the ratio of reservoir depth to hydraulic residence time:
N Removal % = 79.24 − 33.26 × log10 (DT −1 ),

(1)

where D is the average reservoir depth (m) and T is the hydraulic residence time (year).
Data on reservoir depth and hydraulic residence time are not readily available for most
reservoirs [7]. However, this equation can be translated into a relationship of N removal to a ratio of
watershed area to reservoir area by taking advantage of the extensive record of area normalized flow
records for a huge number of gaged watersheds across the United States [26].
To do this requires expressing depth (D) and hydraulic residence time (T) as follows:
D = VAr −1

(2)

T = VQyear −1 ,

(3)

where V is reservoir volume (km3 ), Ar is reservoir area (km2 ), and Qyear is discharge from the reservoir
(km3 ·year−1 ). Equations (1)–(3) give information that negates the need to know either the depth or
volume to estimate % N removal. Equation (1) shows that depth and residence time are inversely
related. Thus, for a given reservoir area, as mean depth increases, the volume of the reservoir increases
(Equation (2)) and the hydraulic residence time will increase in the same proportion (Equation (3)). The
following equation expresses the relationship of DT −1 through the use of reservoir discharge and area:
DT −1 =

V A r −1
VQyear −1

×1000 = Qyear Ar −1 ×1000.

(4)

One additional relationship then enables us to relate % N removal entirely with widely available
geospatial and hydrologic data:
Qyear = 0.031536 × Aw Qnorm ,

(5)

where Aw is the watershed area of the reservoir (km2 ), Qnorm is the estimated discharge normalized by
watershed area (m3 ·s−1 ·km−2 ), and 0.031536 is used to convert from m3 ·s−1 to km3 ·year−1 .
Combining Equations (3)–(5) then yields a relationship for DT −1 that can be substituted into
Equation (1):
DT −1 = Qyear Ar −1 × 1000 = Qnorm Aw Ar −1 × 31.536.
(6)
To estimate % N removal provided by reservoirs, we used Equation (6) with a Qnorm value of
0.021 m3 ·s−1 ·km−2 for all dams with reservoirs (2915) denoted by the United State Geological Survey
(USGS) NHDPLUSV2 data set for the study area (see Section 2.2 for details on reservoir identification).
The selected Qnorm flow value represents the long term daily mean flow of USGS gaging data
of 61 unaltered streams in southern New England. These streams are located from Southern NH and
VT (at 43.154 N latitude) to Long Island Sound [27].
Although free flowing river reaches have been found to remove N, substantial travel distances are
often needed to achieve suitable retention times, given the required combinations of velocity and depth
associated with many free-flowing rivers [17,28,29]. Here, we focused on highly localized changes in N
removal within a given reach due to the loss of a reservoir. We did not include all reservoirs with dams
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in our analyses of N removal associated with dams—we wish to differentiate reservoirs with marked
changes
time from free-flow river systems. In addition, the empirical database we used
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2.2. Assessing Dams and Associated Geospatial Data of Atlantic Watersheds in New England
2.2. Assessing Dams and Associated Geospatial Data of Atlantic Watersheds in New England
We created a comprehensive geodatabase with multiple attributes associated with all known
We created a comprehensive geodatabase with multiple attributes associated with all known
dams in New England. ArcGIS Version 10.3.1 [30] was used to perform all Geographic Information
dams in New England. ArcGIS Version 10.3.1 [30] was used to perform all Geographic Information
System (GIS) analyses. We obtained a comprehensive list of all known dams in New England from
System (GIS) analyses. We obtained a comprehensive list of all known dams in New England from
databases maintained by each of the six New England states (Table 1). These combined databases
databases maintained by each of the six New England states (Table 1). These combined databases
included the geospatial locations and hazard classifications for 14,291 dams—well in excess of the 4075
included the geospatial locations and hazard classifications for 14,291 dams—well in excess of the
New England dams estimated from the 2013 U.S. Army Corps’ National Inventory of Dams
4075 New England dams estimated from the 2013 U.S. Army Corps’ National Inventory of Dams
(http://nid.usace.army.mil/cm_apex/f?p=838:1:0::NO), which focuses on dam safety [31]. We compiled
(http://nid.usace.army.mil/cm_apex/f?p=838:1:0::NO), which focuses on dam safety [31]. We compiled
these state‐based databases into one feature class in a geodatabase.
these state-based databases into one feature class in a geodatabase.
Table 1. New England Dam and Geospatial Data Source Information.
Table 1. New England Dam and Geospatial Data Source Information.
Data Layer
Data Layer
Rhode
Island
Dams Dataset
Rhode
Island

Source
Source
Rhode Island Geographic Information System
(RIGIS). Available online:
http://www.rigis.org/data/dams
(accessed
on 15 December
[32].
Rhode
Island Geographic Information
System (RIGIS).
Available 2015)
online:
Dams Dataset
http://www.rigis.org/data/dams
on 15 December
2015) [32].
The Massachusetts Office of Dam(accessed
Safety. MassGIS
Data. Available
online:
Massachusetts
http://www.mass.gov/anf/research‐and‐tech/it‐serv‐and‐support/application‐serv/office‐of‐geogr
Dams Dataset The Massachusetts Office of Dam Safety. MassGIS Data. Available online:
Massachusetts
aphic‐information‐massgis/datalayers/dams.html (accessed on 15 December 2015) [33].
http://www.mass.gov/anf/research-and-tech/it-serv-and-support/application-serv/office-ofDams Dataset
geographic-information-massgis/datalayers/dams.html
on 15
December
2015) [33].
Connecticut Department of Energy & Environmental(accessed
Protection.
Available
online:
Connecticut
http://www.ct.gov/deep/cwp/view.asp?a=2698&q=322898&deepNav_GID=1707
(accessed on
Connecticut
Department of Energy & Environmental Protection. Available online:
Dams
Dataset
Connecticut
http://www.ct.gov/deep/cwp/view.asp?a=2698&q=322898&deepNav_GID=1707
(accessed on
15 December 2015) [34].
Dams Dataset
December
2015) [34].
New Hampshire 15New
Hampshire
Granit: New Hampshire’s Statewide GIS Clearinghouse. Available online:
Dam Inventory
http://www.granit.unh.edu/data/search?dset=damsnh (accessed on 15 December 2015) [35].
Vermont Center for Geographic Information (VCGI), Department of Environmental
Vermont Dam
Conservation. Available online: http://vcgi.vermont.gov/opendata (accessed on
Inventory
15 December 2015) [36].
Maine Office of Geographic Information Systems (MEGIS). Maine Office of GIS Data Catalog.
Maine Dam
Maine Impoundments and dams. Available online: http://www.maine.gov/megis/catalog/
Dataset
(accessed on 15 December 2015) [37]
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Table 1. Cont.
Data Layer
New Hampshire
Dam Inventory
Vermont Dam
Inventory
Maine Dam
Dataset

Source
New Hampshire Granit: New Hampshire’s Statewide GIS Clearinghouse. Available online:
http://www.granit.unh.edu/data/search?dset=damsnh (accessed on 15 December 2015) [35].
Vermont Center for Geographic Information (VCGI), Department of Environmental Conservation.
Available online: http://vcgi.vermont.gov/opendata (accessed on 15 December 2015) [36].
Maine Office of Geographic Information Systems (MEGIS). Maine Office of GIS Data Catalog.
Maine Impoundments and dams. Available online: http://www.maine.gov/megis/catalog/
(accessed on 15 December 2015) [37]

NHDPlusV2

USGS. Available online: http://waterdata.usgs.gov/nwis/ (accessed on 20 December 2015) [26]

HUC-8 WBD

USGS and USDA-NRCS. Geospatial Data Gateway. Available online:
https://gdg.sc.egov.usda.gov/GDGOrder.aspx (accessed on 10 May 2016) [38].

NLCD

National Land Cover Database, 2011. Available online: http://www.mrlc.gov/nlcd2011.php
(accessed on 18 March 2016) [39].

NCAT

Northeast Aquatic Connectivity. Available online:
http://rcngrants.org/content/northeast-aquatic-connectivity (accessed on 24 May 2016) [40].

NPDES

EPA Geospatial Data Access Project. Available online:
https://www.epa.gov/enviro/geospatial-data-download-service (accessed on 21 August 2016) [41].

USGS NHDPlusV2 [26] was then used to augment the attributes obtained from state-based
databases on New England dams. Because the state-based point locations of the dams were obtained
from different data sources than NHDPlusV2, we performed a “Snap” analysis within ArcGIS to align
the data to the rivers (i.e., flowlines) within 60 m of each dam. Dams that were not within 60 m of the
NHDPlusV2 flowlines were eliminated from the dataset. Martin and Apse [40] used a similar approach
with a 100 m tolerance range to associate dams to the NHDPlus. We took a more conservative approach
to minimize incorrectly identifying dams associated with small tributaries that might be adjacent to
one of the streams depicted on the 100,000 scale hydrography.
Once we obtained the full set of dams associated with NHDPlusV2 flowlines, we used ArcGIS
to perform a “Near” analysis using NHDPlusV2 data to determine if a reservoir identified by the
NHDPlusV2 data was within 30 m of the dam. Dams without a reservoir within 30 m were eliminated
from our geodatabase. Watersheds of each dam were delineated with National Hydrography Dataset
USGS NHDPlusV2 Basin Delineator software (horizon-systems.com); watershed area was calculated
for each watershed. For points that failed to process using Basin Delineator, we used ArcHydro version
1.4 tools in conjunction with ESRI’s ArcMap 10.2.2 geographic information system [30]. Watersheds
were checked for accuracy using the NDHPlusV2 catchments. We also obtained pond area, stream
order, USGS Hydrologic Unit Codes [38] and other attributes from NHDPlusV2 for each dam and its
associated reservoir. This dataset was then manually curated to eliminate duplicate entries and sites
with obvious anomalies, such as no recorded watershed area.
We focused our analyses on watersheds that drained directly to coastal estuaries along the Atlantic
Coast. We therefore eliminated New England dams in watersheds that drain to Lake Champlain.
Lake Champlain is a large (1127 km2 ) freshwater lake between New York and Vermont. Phosphorus
loading, rather than N loading, is the focus of efforts to reduce eutrophication within this lake [42].
For these dams with reservoirs, we then incorporated dam-specific data on safety hazards,
potential improvements to anadromous fish (i.e., fish that hatch and have a juvenile period in
freshwater, but mature and migrate to the ocean) habitat and extant hydropower. We used ranking
criteria from the Northeast Aquatic Connectivity Tool (NCAT) [40] to represent the ecological benefits
to anadromous fish restoration that would be derived from eliminating the dam barrier and thus
reconnecting aquatic habitats at the dam site. The tool creates a weighted metric based on a number
of different habitat, hydrographic, connectivity and biotic attributes. Each dam in the database is
grouped into one of 20 tiers (e.g., top 5%, 5%–10% of all dams), representing the relative benefits
to anadromous fish restoration of eliminating the barrier relative to all dams in the Northeast U.S.

Water 2016, 8, 522

6 of 16

In New England the ranking system is skewed towards rivers that drain to the Atlantic coast of the
New England states. The NCAT tier information was incorporated into our dam geodatabase by
joining the tables based on dam name, latitude and longitude. We were then able to search for dams
within the highest tiers. Similarly, we identified dams with primary usage of hydropower from the
NCAT database [40]. We also used the state-based data to identify the N removal dams that are
classified as high or significant safety hazards [32–37].
2.3. Estimating Nitrogen Loading to Dammed Reservoirs
We estimated N loading (kg N ha−1 ·year−1 ) to each reservoir. Details on the assumptions,
attributes and N loading rates can be found in Table 2. For rural lands we used the Nitrogen
Loading Model (NLM), with minor modifications, on the areas of each rural land use class in
the reservoir watershed [43,44]. We obtained land use class areas from the National Land Cover
Dataset (NLCD) using ArcMap 1.2.2 and the ArcMap add-on, Hawth’s Tool Geospatial Modeling
Environment Tools [30]. NLM provides both N inputs and transport/retention coefficients to obtain
loading to each reservoir [43] that were applied to all land use categories except for open water.
Atmospheric N deposition on open water and non-residential impervious cover was not subject to
retention [43]. The NLM recommended inputs were modified for lawn area at different residential
densities [45] (Table 2). Inputs from atmospheric N deposition were based on wet and dry deposition
for different subregions within New England [46]. For NLCD high density urban land use classes (e.g.,
Developed, medium and high intensity), we used N loading derived from urban runoff studies [47]
(Table 2). We assumed that these developed areas relied on sewers and municipal wastewater treatment
facilities [43] and added the N loading from municipal treatment facilities that discharged into the
watershed of a reservoir when applicable [48] (Table 2). NLCD wetlands were not assigned N loading
values as they are considered a N sink.
Table 2. Assumptions and rates for watershed nitrogen computations to reservoirs.
A. Characteristics and Assumptions of Rural Residential Land Use Categories
Persons per
Home [43]

Septic N
Load per
Person [43]

Impervious
Surface [39]

Home
Density [49]

Lawn
Area [45]

Homes That
Fertilize [43]

Lawn N
Applied [43]

%

ha−1

%

%

kg N ha−1 ·Year−1

Developed,
Open Space

10

1.2

25

34

104

2.4

4.8

Developed,
Low Intensity

35

9.9

15

34

104

2.4

4.8

Land Use [39]

kg N Year−1

B. Characteristics and Assumptions of Non-Rural Land Use Categories
Land Use [39]

Urban Runoff
N Loading [47]

Municipal Wastewater
N Loading, Where Applicable [48]
kg N

Developed, Medium Intensity
Developed, High Intensity
Pasture/Cultivated Crops

7.0
11.0
-

Field N Applied [43]

ha−1 ·Year−1
4.1
4.1
-

136.0

To determine the N loading from municipal treatment facilities, we searched the Environmental
Protection Agency (EPA) Geospatial Data Access Project [41] for Non-point Source Discharge
Elimination System (NPDES) program information that includes discharges from municipal
wastewater facilities (https://www.epa.gov/enviro/geospatial-data-download-service (accessed on
21 August 2016) [41]). The geodatabase contains latitude and longitude of each facility, along with name,
address, and program associated with the facility. We used the Geospatial Modelling Environment
command “countpntsinpolys” to determine which dam watersheds contained municipal wastewater
NPDES points. Once these watersheds were identified, we performed a Spatial Join Analysis in
ArcGIS to select the individual points for further assessment of the location, type and amount of
discharge at each facility. We estimated N loading for all municipal wastewater treatment systems
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that were found to discharge into the dammed reservoir watersheds from data found in EPA Region
1 NPDES permits (Publicly Owned Treatment Works General Permit (POTW GP); Available online:
https://www3.epa.gov/region1/npdes/potw-gp.html accessed on 21–24 August 2016) [50]. Most of
the wastewater treatment plants discharged secondary effluent into surface waters. We estimated
N loading using data from Nixon [48] of annual per capita N loading from 17 secondary treatment
facilities. Several wastewater treatment plants relied on lagoons (23% N removal) [51] followed by
irrigation onto forest lands. In these cases, N inputs onto the irrigated forested lands were handled
with the same transport/retention coefficients outlined for agricultural lands [43].
3. Results
A total of 14,291 of dams were compiled from the combined state-based datasets in watersheds of
the six New England states. Within the New England wide dataset 7578 dams were associated with the
NHDPlusV2 hydrographic river networks. Hereafter we use the value of 7578 as a basis of comparison
when we examine the proportion of “New England dams” with different attributes.
Of the dams on NHDPlusV2 rivers, 2921 dams were associated with reservoirs identified on the
NHDPlusV2 database. Of these, 2915 dams were within watersheds that drained to estuaries, bays
and sounds of New England (i.e., were not tributaries to Lake Champlain). These 2915 locations will
be referred to as “dammed reservoirs” throughout most of the paper.
When we took into account the % N removal attributed to these dammed reservoirs based on
Equation (6), we identified 2206 of the dammed reservoirs draining to the Atlantic with the potential
to serve as N removal sites (e.g., >2.5% N removal, based on Figure 1). These 2206 locations will be
referred to as “N removal dams” throughout the paper. This represents approximately 29% of all
New England dams.
These N removal dams are primarily located on lower-order streams (Figure 2); approximately
91% are located on either first or second order streams. As expected for lower-order streams,
the cumulative watershed areas upstream of most of the N removal dams are relatively small
(median: 3.3 km2 ; interquartile range: 6.3 km2 ) relative to the size of the watershed areas to the major
New England estuaries (range: 1000 to 20,000 km2 ). The % N removal in N removal dams did not
show a pronounced pattern with stream order (Figure 3).
Table 3 compares our results of reservoir N loading (kg N ha−1 ·year−1 ) normalized for watershed
area to the results from 74 small, coastal watersheds in southern New England [43]. The watershed
loading rates to the reservoirs in our study are substantially lower, due to the many reservoirs located
in forested, undeveloped watersheds. Across all N removal dams, undeveloped land cover dominated
(median: 86%) the watersheds (Figure 4)—these land covers generate N loading rates that are orders
of magnitude lower than developed and agricultural lands found within the highly settled watersheds
of southern New England. Nitrogen loading, normalized for watershed area, was highest in first order
streams and declined with increasing stream order (Figure 5).
Based on the NCAT [40], 138 of N removal dams in watersheds draining to New England estuaries
were rated in the upper decile of all Northeast dams based on their ecological value to anadromous fish
restoration that would result from elimination of their barrier (Table 4). These 130 dams represent just
1.8% of New England dams. Dams deemed to be high priorities for barrier elimination, based on value
to anadromous fish, constituted a larger proportion (e.g., >29%) of the dams on higher order streams
(4th–5th order) than lower-order streams (Table 4). When examined for safety hazards, 662 N removal
dams (8.7% of New England dams are classified by the New England States as high or significant
safety hazards. Across a range of stream orders (small to large rivers) safety concerns ranged between
28% and 44%. The majority of N tradeoff dams (>65%) were located on relatively small 1st order
streams, but only 3% of those dams are classified as high value for anadromous fish passage (Table 4).

New England dams.
These N removal dams are primarily located on lower‐order streams (Figure 2); approximately
91% are located on either first or second order streams. As expected for lower‐order streams, the
cumulative watershed areas upstream of most of the N removal dams are relatively small (median:
3.3 km2; interquartile range: 6.3 km2) relative to the size of the watershed areas to the major New
Water 2016,
8, 522 estuaries (range: 1000 to 20,000 km2). The % N removal in N removal dams did not show a
England
pronounced pattern with stream order (Figure 3).
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Table 3. Comparison of nitrogen loading rates for selected New England estuaries [43] to this study’s
watershed nitrogen loading rates of 2206 N removal dams draining to the Atlantic from New England.
Latimer and Charpentier [43]
This Study
kg N ha−1∙Year−1
kg N ha−1∙Year−1
Number of watersheds
74
2206
Minimum
3.1
0.4
10th percentile
5.6
1.2
25th percentile
7.0
1.9
Median
12.0
3.0
75th percentile
19.0
5.5
90th percentile
31.0to the Atlantic from New 8.5
Figure 2. Number
of 2206 N removal dams draining
England distributed
Figure 2. Number of Maximum
2206 N removal dams draining
to the Atlantic from New
England distributed by
155.0
513.5
by stream order.
stream order.
Mean
19.0
4.4
Summary Statistics

% N removal

Table 3 compares our results of reservoir N loading (kg N ha−1∙year−1) normalized for watershed
9074 small, coastal watersheds in southern New England [43]. The watershed
area to the results from
loading rates to the reservoirs
in our study are substantially lower, due to the many reservoirs
80
located in forested, undeveloped watersheds. Across all N removal dams, undeveloped land cover
70
dominated (median: 86%)
the watersheds (Figure 4)—these land covers generate N loading rates
that are orders of magnitude
lower than developed and agricultural lands found within the highly
60
settled watersheds of southern New England. Nitrogen loading, normalized for watershed area, was
50
highest in first order streams and declined with increasing stream order (Figure 5).
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Table 3. Comparison of nitrogen loading rates for selected New England estuaries [43] to this study’s
watershed nitrogen loading rates of 2206 N removal dams draining to the Atlantic from New England.
Summary Statistics
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This Study
kg N ha−1 ·Year−1

Number of watersheds
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10th percentile
25th percentile
Median
75th percentile
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74
3.1
5.6
7.0
12.0
19.0
31.0
155.0
19.0

2206
0.4
1.2
1.9
3.0
5.5
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4.4

Figure 4. Median land use distribution across 2206 N removal dams draining to the Atlantic from
New England.
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Figure 3. Nitrogen removal (%) of the 2206 N removal dams draining to the Atlantic from New
England distributed by stream order. Outliers are values >1.5 times the interquartile range.
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Figure 5. Watershed nitrogen loading from the watersheds of the 2206 N removal dams draining to the
Figure 5.
Watershed nitrogen loading from the watersheds of the 2206 N removal dams draining to the
Atlantic from New England. Outliers are defined as values >1.5 times the interquartile range. Extremes
Atlantic from New England. Outliers are defined as values >1.5 times the interquartile range. Extremes
are defined as values >3 times the interquartile range. Note that two extremes were removed for
are defined
as clarity
values
>3 times
thekginterquartile
range. Note
that order
two 1extremes
were removed for
viewing
(513.5
and 207.2
N ha−1∙year−1 respectively
for stream
and 2, respectively).
−
1
−
1
viewing clarity (513.5 and 207.2 kg N ha ·year respectively for stream order 1 and 2, respectively).

Based on the NCAT [40], 138 of N removal dams in watersheds draining to New England
estuaries were rated in the upper decile of all Northeast dams based on their ecological value to
Table 4. Number
(%) of N removal
dams
within
tradeoff
categories
by stream
order.
anadromous
fish restoration
that would
result
fromdifferent
elimination
of their
barrier (Table
4). These
130
dams represent just 1.8% of New England dams. Dams deemed to be high priorities for barrier
# Dams
with a larger
# Dams
with (e.g., >29%) of the
elimination,
based
on value# Dams
to anadromous
fish,
constituted
proportion
# Dams
with
with
# Dams with
Stream
Safety Concerns †
Safety Concerns †
dams on higher
order streams
examined
Safety
High(4th–5th
Priority order) than lower‐order streams (Table 4). When Extant
Order
or High Priority
and High Priority
‡
Habitat
Hydropower
for safety Concerns
hazards, †662 N Fish
removal
dams
(8.7% of New England
dams are classified
by the New§
‡
‡
for Fish Habitat
for Fish Habitat
England States as high or significant safety hazards. Across a range of stream orders (small to large
1
439 (28%)
(3%)
(31%)
4 (<1%)
rivers)
safety
concerns ranged43between
28% and468
44%.
The majority of12
N(<1%)
tradeoff dams (>65%)
were
2
151 (32%)
51 (11%)
191 (41%)
11 (2%)
7 (1%)
located on relatively small 1st order streams, but only 3% of those dams are classified as high value
3
54 (34%)
31 (20%)
77 (49%)
8 (5%)
4 (3%)
fish passage 13
(Table
4).
4for
& anadromous
5
20 (44%)
(29%)
27 (60%)
6 (13%)
6 (13%)
Total

642

138

763

37

21

Table 4. Number (%) of N removal dams within different tradeoff categories by stream order.
Notes: Dams designated as high or significant safety risk by their State [32–37]; ‡ Dams designated among
the top 10% #inDams
New England
to
the NCAT
[40] for improving
# Damsaccording
with
# Dams
with Safety
# Damsanadromous
with Safety fish restoration by dam
# Dams with Extant
Stream
† or High
removal; § with
Identified
the NCAT
the primary
usage of hydropower.
Priority[40] with
Concerns
Concerns † and High
Safety in High
§
†

Order
1
2
3
4&5
Total

Concerns †
439 (28%)
151 (32%)
54 (34%)
20 (44%)
642

Fish Habitat ‡
43 (3%)
51 (11%)
31 (20%)
13 (29%)
138

Priority for Fish Habitat ‡
468 (31%)
191 (41%)
77 (49%)
27 (60%)
763

Priority for Fish Habitat ‡
12 (<1%)
11 (2%)
8 (5%)
6 (13%)
37

Hydropower
4 (<1%)
7 (1%)
4 (3%)
6 (13%)
21

Notes: † Dams designated as high or significant safety risk by their State [32–37]; ‡ Dams designated
among the top 10% in New England according to the NCAT [40] for improving anadromous fish
restoration by dam removal; § Identified in the NCAT [40] with the primary usage of hydropower.
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Combining those data sets, a total of 763 N removal dams could be high priorities for removal or
alterations due to their potential for improving anadromous fish values or addressing safety issues
(note that removal of some dams will generate benefits for both improved safety and anadromous fish
restoration), though dam removal could represent a loss of their capacity for N removal. These 763 N
removal dams with high priorities for anadromous fish or safety, “N removal tradeoff dams,” represent
10% of New England dams.
Only 21 of the N removal dams are active hydropower sites (0.3% of New England dams) (Table 4).
Where hydropower is extant, tradeoff analyses might consider the potential losses of both N removal
and hydropower versus gains from anadromous fish or safety associated with dam removal.
Table 5 provides the number of N removal dams with potential tradeoffs for anadromous fish
restoration, safety or hydropower in the watershed areas of major estuaries of New England. We have
grouped these dams into the watersheds of different Atlantic estuaries in New England to foster
attention to the receiving waters that may be influenced by changes in N load associated with any dam
removal. The watersheds of Maine Coastal estuaries have the highest numbers of N removal tradeoff
dams with values for anadromous fish restoration. The watersheds draining to Long Island Sound
contain the largest numbers of N removal tradeoff dams where improved safety is a concern.
Table 5. Number of N removal dams in the drainage networks of different New England estuaries
with values for anadromous fish restoration or safety concerns.

Estuary

St. John River
Penobscot River
Kennebec River
Androscoggin River
Maine Coastal
Saco River
Merrimack River
Connecticut River
Charles River
Cape Cod
Blackstone River
Narragansett Bay
Pawcatuck-Wood River
Long Island Sound
(excluding Connecticut River)

USGS
HUC α

State(s)

# Dams with
Safety
Concerns †

# Dams with
High Priority
Fish Habitat ‡

# Dams with
Safety Concerns †
and High Priority
for Fish Habitat ‡

# Dams with
Extant
Hydropower §

010100
010200
010300
010400
010500
010600
010700
0108
01090001
01090002
01090003
01090004
01090005

ME
ME
ME
ME, NH
ME
ME, NH, MA
NH, MA
NH, VT, MA, CT
MA
MA, RI
MA, RI
MA, RI
CT, RI

1
4
16
5
13
25
76
166
28
29
27
44
14

7
16
14
3
40
16
5
8
5
12
0
5
1

1
2
4
1
4
4
1
2
3
5
0
4
1

0
1
1
0
0
0
8
2
0
0
2
1
0

0110

MA, CT, RI

214

8

5

6

Notes: α HUC: Hydrologic Unit Code [52]; † Dams designated as high or significant safety risk by their State;
‡ Dams designated among the top 10% in New England according to the NCAT [40] for improving anadromous
fish restoration by dam removal; § Identified in the NCAT [40] with the primary usage of hydropower.

4. Discussion
4.1. Strategic vs. Opportunistic Views of N Tradeoff Dams
In our assessment of the value of reservoirs created by dams draining to New England estuaries,
we demonstrated that lower-order streams had the highest number of dams that create changes in
the river reach that can enhance N removal compared to an undammed state at the same location.
Reservoirs with dams in lower order streams were more likely to create a substantial increase
(compared to the free-flowing reach) in either depth or hydraulic residence time than those in larger
order streams. Dammed reservoirs in higher order streams can generate substantial removal if the
reservoir covers a large area. For example, David et al. [18] found 58% of total nitrate-N input was
removed from a 4400 ha reservoir with a higher order, 273,000 ha watershed. David et al. [18] concluded
that the increase in retention time generated by the creation of the reservoir was responsible for the
large mass of N removed. The ratio of watershed area to reservoir area (Aw :Ar ) was 62—a value in the
range of elevated N removal in our model.
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The number of these dams of interest to decision makers in New England becomes fairly limited
if a “strategic” approach to dam removal is assumed to govern dam removal decisions. We selected
two widely accepted values—reduction of safety hazards and improvements in anadromous fish
habitat—to screen for locations where the benefits of dam removal need to be weighed against
potential estuarine degradation due to increased N flux. If we were to assume that dam removal
decisions were based solely on a strategic analyses that weighed tradeoffs using the specific regional
and state data incorporated into our analyses (10% of New England dams), we would conclude that
New England has only a small set and that dam removal tradeoffs primarily occur between N removal
and reductions in safety hazards.
But, dam removal decisions do not necessarily follow this type of strategic approach.
Magilligan et al. [53] found that “opportunistic” or “ad hoc” decision-making drove dam removal
decisions in many of the 127 dams removed in New England over a 21 year period (1990–2011).
Rather than emerging from a “top down” plan that focused investments in dam removal to gain the
greatest benefits for safety, restoring anadromous fish passage or other societal values, dam removal
frequently occurred because a particular dam owner was motivated by personal economic liabilities or
specific environmental concerns. Other values such as improved connectivity that enhance resident
fish habitat (e.g., trout) also influence dam removal decisions.
In those cases where dam removal might eliminate the N removal function from a particular
reservoir, site specific analyses are warranted that focus on changes in the mass of N delivered to
the downstream estuary—and the consequences of potential habitat degradation of the downstream
coastal estuary. A number of approaches are under development to evaluate the susceptibility of
estuaries to nutrient enrichment [10]. More specific analyses related to dam removal decisions should
include (i) improved estimates of the mass of N delivered to downstream estuaries if the dam is
removed and (ii) alternatives to dam removal that can retain the reservoir while enhancing fish passage
and safety.
Given the thousands of watersheds assessed in this study we did not estimate retention of N
through wetlands, riparian zones, lakes, beaver ponds and lower-order streams [15,21,23,54]. Instead,
we followed the approach of Latimer and Charpentier [43] and used the terrestrial retention and
transport coefficients of the NLM model that captures vegetative uptake, and denitrification and/or
immobilization in soil, the vadose zone and groundwater aquifers. N inputs from terrestrial systems
can be removed in aquatic N sinks upgradient of a given reservoir and the initial application of the
NLM in the Waquoit Bay watershed estimated substantial N retention in the ponds upgradient of the
estuary [44].
We note that the vast majority of N removal dams in our study were found on lower-order
streams. Given the hierarchical, nested pattern of watersheds, reservoirs on higher order streams
receive most their inputs from lower-order watersheds that serve as “pre-processing” units, resulting
in N loading to higher order reservoirs that is markedly reduced compared to the loading we generated
based on terrestrial inputs. In addition, a number of denitrification models of aquatic systems
use first order kinetics to describe reaction rates with N loss proportional to N concentrations [16].
Since the area-normalized N loading (and resulting N concentrations) tend to be higher in lower-order
(1st through 3rd order) reservoirs (Figure 5)—higher removal rates are expected within the lower-order
reservoirs compared to the higher order reservoirs.
The approach used to value the N removal function of a given dam to a downstream estuary
deserves consideration. For smaller estuaries, with limited drainage areas, the effect of eliminating a
potential N removal dam could generate tangible alterations in the N flux and primary productivity.
In larger estuaries, the N loading inputs to a reservoir is likely to comprise a minor proportion of the
overall area (and N loading). This type of “cumulative effect” valuation may give little value to the N
removal functions of any given reservoir. However, a different conclusion is likely to be reached if the
N removal associated with the dam is compared to the costs associated with replacing that level of
N removal through improvements in stream restoration, septic system technologies or agricultural
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practices [55–57]. Many of these abatement techniques can be costly. In addition, N removal dams
constitute a targeted, verifiable practice—an advantage to the development of point/non-point nutrient
trading arrangements [58]. Crumpton and Stenback [59] found that the creation of small reservoirs
targeted to headwater streams draining cropland could reduce N flux substantially when Aw :Ar is <200.
This contrasts to the high costs and uncertainty associated with many voluntary nonpoint abatement
efforts that rely on locations of opportunity—rather than strategic locations where improved practices
will generate the greatest effects on downstream delivery of pollution [60].
4.2. Fish Passage Designs to Minimize Tradeoffs between Dams and Connectivity?
In cases where the N removal functions of a particular reservoir are substantial, considerations
of alternatives to complete dam removal may be warranted. We note that more than 90% of the N
removal tradeoff dams are not priority locations for anadromous fish restoration, so alternatives other
than complete removal might be sufficient to reduce the safety risks. In those N removal tradeoff dams
where connectivity for fish restoration is particularly valuable, there are a growing number of options
for fish passage that can sustain some portion of the reservoir, particularly for lower-order streams.
Nature-like fish passage designs are now being used in New England on smaller dams with relatively
low changes in elevation [61]. These designs typically sustain the reservoir level (and thus the retention
time and depth). The dam is replaced by a long stream reach with a gradual slope and a series of
weirs, notches and pools [62]. These passage ways typically encompass the entire stream width and
use natural materials to create a range of habitats that are intended to encompass the capacities of
multiple species and different life stages. Nature-like passage designs are not without problems.
As with all fish passage measures, site-specific evaluations are required to minimize impediments to
migration, particularly when low flow might impede attraction [63]. Turek et al. [64] have developed
more advanced design guidelines for these nature-like passages based on the biometrics, swimming
and leaping performance of anadromous fish species of Atlantic coastal rivers. Fish passage design
is far from perfect, but this is an active area of research and in some cases may represent a means to
sustain multiple functions [65].
4.3. Other Perspective on Tradeoffs for N Removal Dams
Magilligan et al. [53] note that dams with substantially larger watershed areas (>100 km2 )
accounted for nearly half of the dam removals in New England between 1990 and 2013. They argue
for removal strategies that focus on a small set of dams with high potential to increase the availability
of large tracts of high quality habitats—suggesting that dams with larger watershed areas may
attract more attention for dam removal. Our results support these arguments. Most of the N
removal dams are on lower-order streams and few lower-order dams have regional importance
for improved anadromous fish passage. We found 38 N tradeoff dams that have watershed area
>100 km2 . Over half of the N tradeoff dams have largely undeveloped watersheds (>75% vegetated
cover by area) and 86 of those dams are rated in the upper 10% of all Northeast dams for their potential
for anadromous fish restoration if connectivity is restored. Thus, improved connectivity at these dam
sites might permit access to extensive areas of pristine watershed conditions, potentially tipping the
balance towards dam removal even though N removal is associated with the reservoir.
Our results may not fully capture anadromous fish values of N removal dams that drain
to estuaries of local importance such as shallow coastal embayments or drowned-river valleys.
These estuaries in New England serve as important nurseries and feeding habitat for fish and shellfish,
but are very susceptible to degradation from N loading [11,66,67]. To illustrate the discrepancy between
regional and local priorities, the state of Rhode Island (area approximately 3000 km2 ; Table S1) has
only four N removal dams rated in the upper 10% for their regional importance to anadromous fish
restoration at the scale of the Northeast U.S., an area >500,000 km2 . However, only one of these four
are under consideration (representing top-down decision making) for enhancements for migratory fish
habitat (James Turek, Restoration Ecologist, U.S. National Oceanic and Atmospheric Administration

Water 2016, 8, 522

13 of 16

Restoration Center, 26 June 2016). In addition, other dams that have small watersheds (<6 km2 ) on
lower-order streams are local priorities even though they have a relatively limited amount of upstream
functional habitat which partially accounts for their lower ranking at a regional scale [40]. However,
the removal of barriers to fish passage at these dams still represent important habitat improvements
in comparison to the other opportunities within the state of Rhode Island. Our approach of using a
regional scale for strategic tradeoff analyses may not reflect the values of decision makers empowered
to make these determinations. This argues for attention to local values and possible inclusion of
additional N removal dams beyond the 736 N removal tradeoff dams we identified in our strategic
analyses to ensure that the value of reservoirs for estuarine water quality protection are considered.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/8/11/522/s1,
Table S1: Nitrogen Removal Dams of Rhode Island: Attributes and Tradeoffs.
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