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Abstract
From October 1, 1999, through September 30, 2009, 

water-quality samples were collected, and discharge was 
measured at 13 streamgages within the Catskill and Delaware 
watersheds of the New York City water supply system. The 
Catskill and Delaware watersheds supply about 90 percent 
of the water needed by 9 million customers. On average, 
59 water-quality samples were collected at each station during 
each year of the study and analyzed for major ions and nutri-
ents. At six stations, suspended-sediment samples were col-
lected during 2001–09, and turbidity samples were collected 
during 2003–09. Surficial geology exerted a strong influence 
on the water quality of streams in the region. Stations in the 
Cannonsville Reservoir watershed, which has a high percent-
age of glacial till, had circumneutral stream water, whereas 
stations in the Neversink Reservoir watershed, which has a 
high percentage of sedimentary bedrock outcrops, had acidic 
stream water. All stations showed significant decreases in 
stream water sulfate concentrations during the study period; 
however, only the most acidic watersheds showed decreases 
in hydrogen-ion concentration. Two of the most acidic sta-
tions, East Branch Neversink River northeast of Denning and 
Rondout Creek above Red Brook at Peekamoose also had 
significant decreasing trends in inorganic monomeric alumi-
num concentrations, a form of aluminum that is toxic to some 
aquatic biota at concentrations greater than 0.05 milligram per 
liter. Three stations in the Neversink Reservoir watershed had 
inorganic monomeric aluminum concentrations that commonly 
exceeded 0.05 milligram per liter during the study period. At 
the West Branch Neversink River at Winnisook Lake near 
Frost Valley station concentrations of inorganic monomeric 
aluminum exceeded 0.3 milligram per liter at the beginning 
of the study, but never exceeded that level during the last 
2 water years of the study. The East Branch Neversink River 
northeast of Denning and Rondout Creek above Red Brook 
at Peekamoose stations also showed decreases in inorganic 
monomeric aluminum concentrations during the study. The 
reduction in inorganic monomeric aluminum concentrations 
were the result of reductions in stream acidity. The reduc-
tions in stream acidity were driven by reductions in sulfate 

concentrations in precipitation in response to emission regula-
tions included in title IV of the Clean Air Act Amendments of 
1990 (42 USC §7651).

Results indicated increasing trends in sodium and 
chloride concentrations for all stations with high road density 
relative to other stations included in the study, which could be 
a future water-quality concern in the region. The Town Brook 
watershed southeast of Hobart, the only study watershed that 
contained dairy farms, had a significant decreasing trend in 
total dissolved phosphorus concentration that may have been a 
result of agricultural best management practices implemented 
on farms by the Watershed Agricultural Program. The water-
shed with the second highest total phosphorus and total dis-
solved phosphorus concentrations was a completely forested, 
but previously agricultural, watershed (Town Brook tributary 
southeast of Hobart) that had not been actively farmed in 
about 80 years. The phosphorus concentrations at the Town 
Brook tributary southeast of Hobart station indicated that pre-
viously agricultural watersheds may continue to leach phos-
phorus to streams for many decades after farming has ceased.

At six of the study watersheds, samples of suspended-
sediment and turbidity were also collected. The watersheds 
with the highest suspended-sediment concentrations and 
turbidity also had the strongest relations between discharge 
and suspended-sediment concentrations. In general, the 
relations between discharge and turbidity were not as strong 
as the relations between discharge and suspended-sediment 
concentrations. Results indicated strong relations between 
suspended-sediment concentrations and turbidity levels at each 
station; however, relations were less strong in the agricultural 
watersheds. Suspended-sediment concentrations appeared 
to decrease at the Stony Clove Creek below Ox Clove at 
Chichester station following a stream stabilization project 
completed during the study period. However, we were unable 
to directly attribute the decrease to the stabilization project; 
there were many complicating variables that made a direct 
attribution difficult, such as a series of large storms shortly 
after the stabilization project was completed and differences 
in flow conditions before and after the project. However, the 
results have led to additional monitoring within the water-
shed specifically designed to determine the effectiveness of 
stream stabilization projects for reducing suspended-sediment 
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concentrations and turbidity in the upper Esopus Creek water-
shed, the primary source of water to the Ashokan Reservoir. 
Water quality in the Catskill and Delaware watersheds is 
generally improving, and although sodium and chloride 
concentrations increased at some of the stations from 1999 to 
2009, the concentrations in 2009 were still well below U.S. 
Environmental Protection Agency drinking water standards.

Introduction
The New York City water supply system provides 

daily drinking water to 9 million customers (New York 
City Department of Environmental Protection, 2020). 
Approximately 90 percent of the water is supplied by the 
Catskill and Delaware watersheds, which include six surface-
water reservoirs in the Catskill Mountains in southeastern 
New York (fig. 1). The Catskill and Delaware watersheds are 
two of only a few of their size in the United States to provide 
drinking water from an unfiltered surface-water source (Pires, 
2004). The New York City Department of Environmental 
Protection (NYCDEP) has obtained a series of filtration avoid-
ance determinations from the U.S. Environmental Protection 
Agency (EPA) and the New York State Department of Health, 
the most recent renewal issued in December 2017 (New York 
State Department of Health, 2017). The initial filtration avoid-
ance determination was issued in 1997 as a memorandum of 
understanding between New York City, New York State, the 
EPA, numerous local governments, and environmental organi-
zations and laid out a watershed management plan that is the 
basis for continued filtration avoidance (Pires, 2004). The pri-
mary objectives of the watershed management plan were land 
acquisition, water supply rules and regulations, and watershed 
protection and partnership programs.

The watershed protection and partnership programs 
include whole farm plans and forest management plans 
enacted by private landowners with assistance from the 
Watershed Agricultural Council. The plans include best man-
agement practices that are aimed at reducing water-quality 
degradation from agriculture and timber harvesting. More 
than 90 percent of eligible farms in the Delaware watershed 
part of the Catskill and Delaware watersheds participate in an 
agricultural best management practices program (Kratzer and 
others, 2006).

A key to maintaining high quality water in the Catskill 
and Delaware watersheds is the relation between water qual-
ity and land use and land cover (referred to as land use for 
the purposes of this report) in the watersheds that drain into 
the Catskill and Delaware water-supply reservoirs. A better 
understanding of the relation between water quality and land 
use will help land managers implement the watershed manage-
ment plan.

Water quality in the Catskill and Delaware watersheds is 
affected by the percentage of agricultural and developed land 
use in the watersheds (Mehaffey and others, 2005; Dow and 
others, 2006; Kratzer and others, 2006). Nutrient concentra-
tions in streams have a significant positive relation with the 
percentage of agricultural land use, and chloride and potas-
sium have a significant positive relation with the percentage 
of agricultural and developed land use (Mehaffey and others, 
2005; Dow and others, 2006). As the percentage of agriculture 
in the watersheds has decreased over time, by approximately 
5 percent between the mid-1970s and late 1990s, the influence 
of agriculture on water quality has also lessened (Mehaffey 
and others, 2005). The remaining agricultural land tends to 
be concentrated along stream channels in the Catskill and 
Delaware watersheds, as are developed areas (Arscott and 
others, 2006).

Streams draining forested watersheds tend to have lower 
nutrient and major-ion concentrations than streams drain-
ing agricultural or developed land use but are not immune to 
water-quality degradation from human activities. Streams in 
the Neversink watershed (fig. 1) are episodically and chroni-
cally acidic, with elevated nitrate and inorganic monomeric 
aluminum concentrations caused by long-term inputs of acidic 
deposition (Lawrence, 2002). In addition, nitrate export from 
forested watersheds is associated with variation in tree species 
composition (Lovett and others, 2002). For example, forests 
dominated by sugar maple (Acer saccharum) leach more 
nitrate than forests dominated by northern red oak (Quercus 
rubra) or red maple (Acer rubrum).

Suspended-sediment concentrations (SSC) and turbidity 
levels are also water-quality concerns within the Catskill and 
Delaware watersheds. Agricultural land use, glacial lacus-
trine deposits, and bedrock type are all potential sources of 
suspended sediment and turbidity to streams. Bank erosion 
in streams that contact glacial lacustrine deposits can account 
for 60 percent of the sediment load of those streams, and 
watersheds underlain by shale bedrock tend to have higher 
bank erosion rates than those underlain by sandstone bedrock 
(Nagle and others, 2007).

Previous studies of water-quality and land use relations 
in the Catskill and Delaware water supply system focused on 
base-flow sampling and short-term sampling surveys. This 
study employed a sampling strategy that targeted sampling 
during all seasons and through the range in discharge at each 
sampling station. Samples were collected at fewer stations 
than in previous short-term sampling surveys in the region 
(Dow and others, 2006; Kratzer and others, 2006); however, 
sampling was more frequent and for a much longer period 
(13 stations for a period of 10 years). These data can be used 
to investigate patterns in stream solute concentrations among 
sampling stations, the influence of land use on water quality, 
and trends in water quality caused by changes in atmospheric 
deposition, climate, and land use.
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Figure 1.  Water-quality stations on selected streams in the Catskill and Delaware watersheds in New York.
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4    Water Quality in the Catskill and Delaware Water-Supply Watersheds, N.Y., 1999–2009

The purpose of this study was to evaluate water chemis-
try data from the Catskill and Delaware water-quality network 
during October 1, 1999, through September 30, 2009 (water 
years1 1999 through 2009). The study objectives were to:

•	 evaluate the effects of land use on the water quality of 
streams in the network.

•	 identify potential sources of stream water-quality 
impairment.

•	 quantify trends in water quality throughout 
the network.

•	 quantify SSC and turbidity levels at six water-quality 
and streamflow stations in the Catskill and Delaware 
watersheds.

•	 evaluate the relations between turbidity and SSC at 
each station.

Catskill and Delaware Water-Quality Network 
Description

In the mid-1990s, the U.S. Geological Survey (USGS), 
in cooperation with the NYCDEP and other agencies, oper-
ated a network of 40 streamgages throughout the New York 
City water supply system’s Catskill and Delaware water-
sheds. The network was used to quantify the amount and the 
timing of water entering the reservoirs. In 1997, 13 of the 
stations were selected for a water-quality network to provide 
water-quality data at locations throughout the Catskill and 
Delaware watersheds (table 1). The water-quality network 
used a nested design with small, forested watersheds (upper 
nodes) nested in larger multiple land-use watersheds (lower 
nodes). The effect of land use on water quality can be assessed 
by examining differences in water quality between the upper 
and lower nodes as affected by the intervening land use. The 
Rondout Creek above Red Creek at Peekamoose, N.Y. station 
(USGS station number 01364959) is a headwater upper node 
without a corresponding lower node. Water-quality stations 
were located in five of the six Catskill and Delaware reservoir 
watersheds (fig. 1). The period of record for water-quality 
sampling differed among the water-quality stations. Some 
stations had been sampled since the early 1980s or 1990s as 
part of the EPA’s Long-Term Monitoring Network, whereas 
the NYCDEP stations were added from 1997 to 1999. For 
the purposes of this report, a common period of record of 
October 1, 1999, through September 30, 2009, was used for all 
stations. Hydrologic and water-quality data for the 13 stations 
discussed in this report are available from the USGS National 
Water Information System (NWIS) database (U.S. Geological 

1A water year is the 12-month period from October 1 through September 30 
and is designated by the year in which it ends.

Survey, 2011). All percent land use and land cover values 
provided in this report are taken from the 2001 National Land 
Cover Database (Homer and others, 2007).

Catskill and Delaware Watersheds
Bedrock in the Catskill region consists primarily of 

nearly flat-lying siltstone, shale, conglomerate, and sandstone 
and is relatively consistent in composition throughout the 
region (Rich, 1934; Arscott and others, 2006). Unconsolidated 
deposits include alluvial deposits, outwash and kame sand and 
gravel, glacial-lake silt and clay, and till (fig. 2; Rich, 1934; 
Nagle and others, 2007). Alluvial deposits, outwash, kame 
deposits, and till moraines primarily are along stream chan-
nels. Bedrock outcrops are most often in the southern part of 
the study area, and glacial till are in the western part. Soils are 
primarily moderately to highly acidic Inceptisols (Arscott and 
others, 2006).

Prior to European settlement, the majority of the study 
area had been covered by mixed hardwood and hardwood-
conifer forests (Arscott and others, 2006), but by the mid-
1800s, up to 90 percent of the area had been cleared for 
agriculture (Kudish, 2000). When New York State began to 
acquire land in the late 1800s and the forest preserve was 
established in 1885, much of the cleared land was returned 
to forest (Kudish, 2000). In 2001, the Catskill and Delaware 
watersheds were approximately 85 percent forested (fig. 3). 
Mixed oak forests dominated by northern red oak were the 
primary forest type at elevations below 1,640 feet (ft; Lovett 
and others, 2000). The midlevel elevations (1,640 to 3,445 ft) 
were dominated by northern hardwoods such as sugar maple, 
yellow birch (Betula alleghaniensis), red maple, American 
beech (Fagus grandifolia), black cherry (Prunus serotina), and 
some eastern hemlock (Tsuga canadensis) stands. Ridge tops 
at elevations greater than 3,445 ft were dominated (Lovett and 
others, 2000) by balsam fir (Abies balsamea), red spruce, and 
interspersed with paper birch (Betula papyrifera). Small areas 
of first growth forest primarily were located at high elevations 
or in deep gorges in the headwaters of the Ashokan Reservoir, 
Neversink Reservoir, and Schoharie Reservoir watersheds 
(Kudish, 2000).

Schoharie Reservoir Watershed
Two water-quality stations were on Batavia Kill that 

drains to Schoharie Creek about 3 miles (mi) upstream from 
the Schoharie Reservoir (fig. 1; table 1). The lower node sta-
tion was Batavia Kill at Red Falls near Prattsville, N.Y. (USGS 
station number 01349950, abbreviation RF), and the corre-
sponding upper node station was Batavia Kill near Maplecrest, 
N.Y. (USGS station number 01349840, abbreviation BV). For 
the purposes of this report, the Batavia Kill at Red Falls near 
Prattsville, N.Y. station will be referred to as the Red Falls sta-
tion, and the Batavia Kill near Maplecrest, N.Y. station will be 
referred to as the Batavia Kill station.



Table 1.  Characteristics for water-quality stations in or associated with the U.S. Geological Survey Catskill and Delaware water-quality network in the Catskill Mountains in 
New York.

[Land use percentages were calculated using the 2001 National Land Use and Land Cover Database (Homer and others, 2007). In July 2007, the Stony Clove Creek near Phoenicia, N.Y. station (USGS 
streamgage 01362380) was moved upstream and renamed Stony Clove Creek below Ox Clove at Chichester, N.Y. (USGS streamgage 01362370); this revised name is used in this table. mi2, square mile; ft, 
foot]

Station name
USGS 

streamgage 
number

Station 
abbreviation

Node  
designation

Latitude Longitude
Area 
(mi2)

Elevation 
(ft)

Land use, as percentage of total

Forest Agriculture Grassland Residential Other

Batavia Kill at Red Falls 
near Prattsville, N.Y.

01349950 RF Lower node 42°18′30″ 74°23′25″ 68.6 1,260 85 6 4 3 2

Batavia Kill near Maplecrest, 
N.Y.

01349840 BV Upper node 42°17′22″ 74°06′59″ 2.03 2,160 100 0 0 0 0

Stony Clove Creek below 
Ox Clove at Chichester, 
N.Y.

01362370 SC Lower node 42°05′53″ 74°19′03″ 31.5 900 98 1 0 1 0

Hollow Tree Brook at 
Lanesville, N.Y.

01362342 HT Upper node 42°08′32″ 74°15′55″ 1.95 1,480 100 0 0 0 0

Town Brook southeast of 
Hobart, N.Y.

01421618 LT Lower node 42°21′40″ 74°39′45″ 14.3 1,670 64 26 8 1 1

Town Brook Tributary south-
east of Hobart, N.Y.

01421614 TW Upper node 42°20′58″ 74°36′41″ 0.76 1,900 100 0 0 0 0

East Brook east of Walton, 
N.Y.

01422747 EB Lower node 42°10′22″ 75°07′18″ 24.7 1,240 64 25 7 2 2

Wolf Creek at Mundale, N.Y. 01422738 WC Upper node 42°15′34″ 75°02′32″ 0.61 1,760 68 14 13 4 1
Neversink River near 

Claryville, N.Y.
01435000 MB Lower node 41°53′24″ 74°35′25″ 66.6 1,522 98 1 0 0 1

Biscuit Brook above Pigeon 
Brook at Frost Valley, 
N.Y.

01434025 BS Upper node 41°59′43″ 74°30′05″ 3.72 2,060 100 0 0 0 0

West Branch Neversink 
River at Winnisook Lake 
near Frost Valley, N.Y.

01434021 WN Upper node 42°00′40″ 74°24′53″ 0.77 2,680 100 0 0 0 0

East Branch Neversink River 
northeast of Denning, N.Y.

0143400680 TS Upper node 41°58′01″ 74°26′54″ 8.93 2,140 100 0 0 0 0

Rondout Creek above Red 
Brook at Peekamoose, 
N.Y.

01364959 RC Upper node 41°56′13″ 74°22′30″ 5.36 1,740 100 0 0 0 0 Introduction  
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Figure 3.  Land use and land cover in the Catskill and Delaware watersheds in New York in 2001; data from Homer and others (2007).
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8    Water Quality in the Catskill and Delaware Water-Supply Watersheds, N.Y., 1999–2009

The Red Falls station, which began operation in 
October 1997, is in Greene County, 2.2 mi southeast of 
Prattsville (fig. 1). The Batavia Kill at Red Falls watershed 
ranges in elevation from approximately 1,260 to 4,000 ft and 
covers 68.6 square miles (mi2). The watershed is 85 percent 
forested, of which 52 percent is deciduous, 26 percent is 
coniferous, and 7 percent is mixed forest types (fig. 3; table 1). 
Agricultural land accounts for 6 percent of the total land 
use within the watershed and consists primarily of pasture. 
Grasslands account for 4 percent of the watershed area. 
Residential and commercial areas, primarily in the town of 
Windham, account for 3 percent of the land use within the 
watershed. Water and wetlands account for less than 2 per-
cent, and other land uses, such as the Windham Ski Resort 
and the Windham Country Club golf course, account for less 
than 1 percent of the land use in the watershed. The surficial 
geology of the watershed consists of 45 percent glacial till, 
33 percent bedrock, 17 percent kame deposits, and 5 percent 
outwash sand and gravels and till moraines (fig. 2).

The Batavia Kill station, which also began operation 
in October 1997, is in Greene County 4.1 mi northeast of 
Maplecrest, N.Y. (fig. 1). The Batavia Kill near Maplecrest 
watershed ranges in elevation from approximately 2,160 to 
4,000 ft and covers 2.03 mi2. The watershed is 100 percent 
forested, most of which is designated as New York State forest 
preserve, and consists of 63 percent deciduous, 28 percent 
coniferous, and 9 percent mixed forest types (fig. 3). The sur-
ficial geology of the watershed consists of 56 percent bedrock 
and 44 percent glacial till (fig. 2).

Ashokan Reservoir Watershed
There were two water-quality stations in the Ashokan 

Reservoir watershed (fig. 1). The lower node station was 
Stony Clove Creek near Phoenicia, N.Y. (USGS station 
number 01362380); however, after July 2007, the lower node 
station was moved to Stony Clove Creek below Ox Clove at 
Chichester, N.Y. (USGS station number 01362370, abbrevia-
tion SC; fig. 1; table 1). The discharge data for the stations 
are considered equivalent records. The corresponding upper 
node station was Hollow Tree Brook at Lanesville, N.Y. 
(USGS station number 01362342, abbreviation HT; fig. 1; 
table 1). For the purposes of this report, the Stony Clove Creek 
below Ox Clove at Chichester, N.Y. station will be referred 
to as the Stony Clove station, and the Hollow Tree Brook at 
Lanesville, N.Y. station will be referred to as the Hollow Tree 
Brook station.

The Stony Clove Creek station, which began operation 
in February 1997, is in Ulster County approximately 1.3 mi 
upstream from Phoenicia, N.Y., and about 1.5 mi upstream 
from the confluence of Stony Clove Creek and Esopus 
Creek (fig. 1). The station was moved 0.5 mi upstream in 
August 2007 because of streambank instability. Based on 
the watershed area after the station was moved, the Stony 
Clove Creek watershed ranges in elevation from approxi-
mately 900 to 4,000 ft and covers 31.5 mi2. The watershed 

is 98 percent forested, of which 68 percent is deciduous, 
25 percent coniferous, and 5 percent mixed forest types. The 
remaining 2 percent of the watershed includes agricultural 
land, grasslands, residential and commercial areas, open water, 
and wetlands. The surficial geology of the watershed consists 
of 86 percent bedrock, with the remaining area covered by 
kame deposits, outwash sand and gravel, and glacial till. A 
streambank stabilization and restoration project was completed 
along a 1,700-ft reach in Stony Clove upstream from the sta-
tion in 2005.

The Hollow Tree Brook station, which began operation 
in October 1997, is in Greene County 1 mi upstream from 
the confluence of Hollow Tree Brook and Stony Clove Creek 
(fig. 1). The Hollow Tree Brook watershed ranges in elevation 
from approximately 1,480 to 4,000 ft and covers 1.95 mi2. The 
watershed is 100 percent forested, and consists of 60 percent 
deciduous, 34 percent coniferous, and 6 percent mixed forest 
types (fig. 3). The surficial geology of the watershed consists 
of 92 percent bedrock and 8 percent glacial till (fig. 2).

Cannonsville Reservoir Watershed
There were four water-quality stations in the 

Cannonsville Reservoir watershed (fig. 1). Two of the sta-
tions were in the headwaters: the lower node Town Brook 
southeast of Hobart, N.Y. (USGS station number 01421618, 
abbreviation LT; fig. 1; table 1) and the upper node station 
Town Brook tributary southeast of Hobart, N.Y. (USGS sta-
tion number 01421614, abbreviation TW). Further down the 
West Branch Delaware River valley in Delaware County, East 
Brook enters the West Branch Delaware River in the village 
of Walton, N.Y. The two water-quality stations in the East 
Brook watershed are the lower node station East Brook east of 
Walton, N.Y. (USGS station number 01422747, abbreviation 
EB) and the upper node station Wolf Creek at Mundale, N.Y. 
(USGS station number 01422738, abbreviation WC). For the 
purposes of this report, the Town Brook southeast of Hobart, 
N.Y. station will be referred to as the Town Brook station, the 
Town Brook tributary southeast of Hobart, N.Y. station will be 
referred to as the Town Brook tributary station, the East Brook 
east of Walton, N.Y. station will be referred to as the East 
Brook station, and the Wolf Creek at Mundale, N.Y. station 
will be referred to as the Wolf Creek station.

The Town Brook station, which began operation in 
October 1997, is in Delaware County 1.4 mi upstream from 
the confluence of Town Brook and the West Branch Delaware 
River (fig. 1). The Town Brook watershed ranges in elevation 
from approximately 1,670 to 3,200 ft and covers 14.3 mi2. The 
watershed is 64 percent forested, which consists of 49 per-
cent deciduous, 11 percent coniferous, and 4 percent mixed 
forest types (fig. 3). Agriculture accounts for 26 percent and 
grasslands 8 percent of the land use in the watershed. The 
agriculture is associated with small family-owned dairy farms 
and consists of pasture, row crops, and hay. In the Town Brook 
watershed, there are many residences, which account for 
1 percent of the land use, but no towns or villages. Water and 
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wetlands account for less than 1 percent of the land use in the 
watershed. The surficial geology of the watershed consists of 
66 percent glacial till, 26 percent bedrock, and 8 percent kame 
deposits and outwash sand and gravel (fig. 2).

The Town Brook tributary station was 0.3 mi upstream 
from the confluence with Town Brook; the Town Brook 
watershed ranges in elevation from approximately 1,900 
to 3,000 ft and covers 0.76 mi2 (fig. 1). The watershed is 
100 percent forested, which consists of 94 percent deciduous, 
2 percent coniferous, and 4 percent mixed forest types (fig. 3). 
Past agricultural land use is evident in the watershed, but 
there has been no farming for about 80 years. A small water 
supply reservoir that has been completely silted-in was less 
than 100 yards downstream from the station on Town Brook 
Tributary. The surficial geology of the watershed consists of 
83 percent bedrock and 17 percent glacial till (fig. 2).

The East Brook station, which began operation in 
October 1998, is 0.55 mi upstream from the mouth of the 
stream and within the village of Walton (fig. 1). The East 
Brook watershed ranges in elevation from approximately 
1,220 to 2,300 ft and covers 24.7 mi2. The watershed is 64 per-
cent forested, which consists of 54 percent deciduous, 7 per-
cent coniferous, and 3 percent mixed forest types (fig. 3). Land 
use in the watershed consists of 25 percent agricultural land. 
Most of the agricultural land is used for pasture, 7 percent is 
grassland, 2 percent is residential, and 1 percent is water or 
wetlands. The surficial geology of the watershed consists of 
83 percent glacial till and 17 percent alluvium, kame deposits, 
and bedrock (fig. 2).

The Wolf Creek watershed in the headwaters of East 
Brook ranges in elevation from approximately 1,760 to 
2,250 ft and covers 0.61 mi2 (fig. 1). The Wolf Creek station 
was 8 mi northeast of Walton, about 0.3 mi from the mouth of 
Wolf Creek. The Wolf Creek watershed is 68 percent forested, 
which consists of 60 percent deciduous, 5 percent coniferous, 
and 3 percent mixed forest types (fig. 3). Agricultural land 
accounts for 14 percent, and grasslands account for 13 percent 
of the land use in the Wolf Creek watershed. Wolf Creek sta-
tion is the only upper node station with more than 3 percent 
agricultural land use. The surficial geology of the watershed 
consists of 100 percent glacial till (fig. 2).

Neversink Reservoir Watershed
There were four water-quality stations in the Neversink 

Reservoir watershed (fig. 1). The lower node station is 
Neversink River near Claryville, N.Y. (USGS station num-
ber 01435000, abbreviation MB; fig. 1; table 1). The three 
upper node stations are Biscuit Brook above Pigeon Brook at 
Frost Valley, N.Y. (USGS station number 01434025, abbrevia-
tion BS), West Branch Neversink River at Winnisook Lake 
near Frost Valley, N.Y. (USGS station number 01434021, 
abbreviation WN), and East Branch Neversink River north-
east of Denning, N.Y. (USGS station number 0143400680, 
station abbreviation TS). For the purposes of this report, the 
Neversink River near Claryville, N.Y. station will be referred 

to as the Neversink River station, the Biscuit Brook above 
Pigeon Brook at Frost Valley, N.Y. station will be referred to 
as the Biscuit Brook station, the West Branch Neversink River 
at Winnisook Lake near Frost Valley station will be referred 
to as the Winnisook station, and the East Branch Neversink 
River Northeast of Denning station will be referred to as the 
Tisons station.

Water-quality sampling at the Neversink River station 
began in 1952. The station is 2.2 mi downstream from the 
confluence of the East and West Branches and about 3.2 mi 
upstream from the Neversink Reservoir (fig. 1). The Neversink 
River watershed ranges in elevation from approximately 
1,520 to 4,100 ft. The Neversink River watershed includes 
the highest peak in the Catskill Mountains, Slide Mountain, 
and also 11 of the Catskill High Peaks (mountains higher than 
3,500 ft). The watershed is 66.6 mi2 and 97 percent is forested, 
which consists of 69 percent deciduous, 22 percent coniferous, 
and 6 percent mixed forest types (fig. 3). The remaining 3 per-
cent of the land use in the watershed consists of agriculture; 
water or wetlands; a few residences; and a 6,000-acre residen-
tial camping, environmental education, and conference center. 
The surficial geology of the watershed consists of 64 percent 
bedrock, 28 percent glacial till, and 7 percent outwash sand 
and gravel and alluvium (fig. 2).

The three upper node watersheds associated with the 
Neversink River near Claryville lower node station are 
100 percent forested. The Biscuit Brook station has been in 
operation since 1983 and is within the 6,000-acre residential 
camping complex, 0.6 mi upstream of the mouth of the brook 
(fig. 1). The Biscuit Brook watershed ranges in elevation from 
approximately 2,060 to 3,600 ft and covers 3.72 mi2. The for-
est types within the watershed consist of 72 percent decidu-
ous, 22 percent coniferous, and 6 percent mixed forest types 
(fig. 3). The surficial geology of the watershed consists of 
61 percent bedrock and 39 percent glacial till (fig. 2).

The Winnisook station, which has been in operation 
since 1991, is about 4.5 mi northeast of the Biscuit Brook 
station (fig. 1). The Winnisook watershed ranges in elevation 
from approximately 2,680 to 4,100 ft and covers 0.77 mi2. 
The station measures drainage from the northern face of Slide 
Mountain. The forest in the Winnisook watershed consists of 
10 percent deciduous, 84 percent coniferous, and 6 percent 
mixed forest types (fig. 3). The surficial geology of the water-
shed consists of 98 percent bedrock and 2 percent glacial till 
(fig. 2).

The Tisons watershed drains the headwaters of the East 
Branch Neversink River, including the southern slopes of 
Slide Mountain. The Tisons station has been in operation since 
1990 and is 9.6 mi upstream from the confluence of the East 
and West Branches (fig. 1). The watershed ranges in elevation 
from approximately 2,140 to 4,100 ft and covers 8.93 mi2. The 
forest in the Tisons watershed consists of 47 percent decidu-
ous, 46 percent coniferous, and 7 percent mixed forest types 
(fig. 3). The surficial geology of the watershed consists of 
87 percent bedrock and 13 percent glacial till (fig. 2).
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The Neversink watershed is the only watershed in the 
network that has multiple upper node stations associated 
with one lower node station. The Neversink watershed has 
been a focus of acid rain research since the early 1980s and 
is the most acidic of the Catskill and Delaware Reservoir 
watersheds. The three upper node stations in the Neversink 
watershed also are part of the Long-Term Monitoring Network 
operated by the USGS, in cooperation with the EPA. Data 
from the Long-Term Monitoring Network are used to measure 
changes in water quality of streams in response to reductions 
in acidic deposition as a result of title IV of the Clean Air Act 
Amendments of 1990 (42 USC §7651). The additional data 
collected for the Long-Term Monitoring Network were added 
to the data collected for the Catskill and Delaware water-
quality network. As a result, baseline water-quality data in the 
Neversink watershed have been well characterized, and trends 
in water quality caused by trends in atmospheric deposition 
or changes in the climate are well documented. Wet-only 
atmospheric deposition is collected at a National Atmospheric 
Deposition Program (NADP) collector 0.14 mi from the 
Biscuit Brook station (fig. 1). Samples are collected weekly 
and shipped to the NADP Central Analytical Laboratory for 
analyses of major ions and nutrients (National Atmospheric 
Deposition Program, 2014).

Rondout Reservoir Watershed
The station in the Rondout Reservoir watershed, Rondout 

Creek above Red Brook at Peekamoose, N.Y. (USGS station 
number 01364959, station abbreviation RC; fig. 1; table 1) has 
been in operation since 1996. The Rondout Creek watershed 
ranges in elevation from approximately 1,740 to 3,800 ft and 
covers 5.36 mi2. The watershed is 100 percent forested and is 
on New York State forest preserve land. The forest consists of 
85 percent deciduous, 12 percent conifer, and 3 percent mixed 
forest types (fig. 3). The surficial geology of the watershed 
consists of 100 percent bedrock. For the purposes of this 
report, the Rondout Reservoir watershed, Rondout Creek 
above Red Brook at Peekamoose, N.Y. station will be referred 
to as the Rondout Creek station (fig. 2).

Climate Summary

From 1971 to 2000, at the Slide Mountain meteorologi-
cal station (on Slide Mountain, at elevation 2,647 ft), the 
30-year mean annual temperature was 41.4 degrees Fahrenheit 
(°F), and the mean annual (water year) precipitation was 
63.8 inches (in.); during the same period, at the Delhi meteo-
rological station (in Delhi, N.Y., at elevation 1,417 ft), the 
mean annual temperature was 45.0 °F, and the mean annual 
precipitation was 43.3 in. (National Climatic Data Center, 
2011). The Slide Mountain meteorological station is in the 
Neversink Reservoir watershed, and the Delhi meteorologi-
cal station is in the Cannonsville Reservoir watershed. During 
the study period, the mean annual air temperature at Slide 

Mountain was 43.0 °F; the coolest water year was 2003 at 
41.2 °F, and the warmest water years were 2006 and 2008 at 
43.5 °F. The mean annual total precipitation was 66.9 in., and 
mean annual total snowfall was 103.5 in.; water year 2003 was 
the driest with 44.9 in. of precipitation, and water year 2006 
was the wettest with 84.6 in. of precipitation. The most snow 
(134.6 in.) fell during water year 2009, and the least snow 
(59.1 in.) fell during water year 2000.

In 2006, there was a severe flood in the study area begin-
ning June 26 and lasting through June 29. The Slide Mountain 
and Delhi meteorological stations recorded storm totals of 
more than 7.8 in. of rainfall, and the East Brook station, within 
the Cannonsville watershed, recorded a storm with more than 
13 in. of rainfall (Suro and others, 2009). The peak discharge 
measured at many stations across the network exceeded the 
1 percent annual exceedance probability discharge (100-year 
flood) and set a new period of record maximums for discharge 
at the time.

Methods
This section presents a description of the field, labora-

tory, and statistical methods used for this study. Water-quality 
samples were collected at each station every 2 weeks and 
during storms. During the 10-year study period, an average 
of 59 samples were collected annually at each station. During 
water year 2001, sediment monitoring was added to the water-
quality parameters collected at each study station; however, 
the monitoring was discontinued after 1 year at seven of the 
stations because little sediment was detected at the stations. 
Suspended-sediment monitoring continued at six of the sta-
tions, and turbidity monitoring was added to those stations at 
the end of March 2003 (table 2).

Field Methods

All water-quality sampling and field data collection were 
by USGS personnel following standard USGS data collection 
protocols (U.S. Geological Survey, variously dated). Stream 
stage was recorded at 15-minute intervals using a data logger 
and discharge measurements were made at 8-week intervals 
and during high flow. Stage-discharge relations were devel-
oped for each station to compute the discharge (Rantz and 
others, 1982a, b).

Water-quality samples were collected every 2 weeks 
at each station. Grab samples were collected in 1-liter acid-
washed polypropylene bottles from the center of the channel 
or from the streambank. The bottles were rinsed three times 
with stream water, filled, and stored on ice until delivered to 
the Soil and Low-Ionic-Strength Water-Quality Laboratory 
where samples were refrigerated at 4 degrees Celsius until 
analyzed. Each station also was equipped with a stage-
activated automated sampler that collected water-quality 
samples during storms and winter thaws. In general, five to 



Table 2.  Median suspended-sediment concentration and turbidity for selected stations within the U.S. Geological Survey Catskill and 
Delaware water-quality network in the Catskill Mountains in New York.

[The period of record for sediment monitoring was during October 1, 2001, through September 30, 2009; the period of record for turbidity monitoring was from 
March 2003 through September 30, 2009. SCC, suspended-sediment concentration; mg/L, milligram per liter; NTU, nephelometric turbidity unit]

Station name
USGS 

streamgage 
number

Station 
abbreviation

SSC 
(mg/L)

Turbidity 
(NTU)

Batavia Kill at Red Falls near Prattsville, N.Y. 01349950 RF 15.0 10.0
Batavia Kill near Maplecrest, N.Y. 01349840 BV 2.0 1.1
Stony Clove Creek below Ox Clove at Chichester, N.Y. 01362370 SC 34.0 30.5
Hollow Tree Brook at Lanesville, N.Y. 01362342 HT 2.0 0.6
Town Brook southeast of Hobart, N.Y. 01421618 LT 9.0 4.9
Town Brook tributary southeast of Hobart, N.Y. 01421614 TW 9.0 4.7
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six samples were collected for the six largest storms each year; 
however, in some cases, storm peak samples were collected 
for smaller storms. When possible, automated samples were 
retrieved and processed within 24 hours of collection; how-
ever, there were times when some samples were processed 
48 hours after collection. All sample filtering and preservation 
was done in the laboratory. Field quality assurance and quality 
control were assessed through collection of triplicate samples.

Laboratory Methods

All analyses were conducted at the Soil and Low-Ionic-
Strength Water-Quality Laboratory, with two exceptions: 
suspended sediment was analyzed at the Sediment Laboratory 
of the USGS Kentucky Water Science Center in Louisville, 
Kentucky, and all phosphorus fractions were analyzed at 
the USGS National Water Quality Laboratory in Denver, 
Colorado. Ion chromatography was used for the analysis of 
chloride, sulfate, and nitrate. Inductively coupled plasma-
optical emission spectrometry was used for the analysis of 
calcium, magnesium, silicon, and total dissolved aluminum. 
Atomic absorption spectrophotometry was used for the 
analysis of sodium and potassium. Dissolved organic carbon 
(DOC) was analyzed with a Dohrmann carbon analyzer. A pH 
electrode was used to determine pH, and an autotitrator was 
used to determine acid neutralizing capacity (Lawrence and 
others, 1995). Total dissolved nitrogen was analyzed using 
an automated colorimetric reaction on a dual-channel flow 
injection analyzer and an inline alkaline persulfate ultraviolet 
digestion and cadmium reduction. Ammonium was analyzed 
using an automated colorimetric reaction on a flow-injection 
analyzer. Turbidity was measured with a Hach Model 2100AN 
turbidimeter, which employs a tungsten-filament lamp. 
Suspended sediment concentration was determined using the 
ASTM International D3977–97 standard test methods for 

determining sediment concentration in water samples (Guy, 
1969; ASTM International, 2013). Speciated aluminum was 
determined by complexation with pyrocatechol violet, accord-
ing to a two-channel flow-injection method (Henshaw and oth-
ers, 1988). The first channel yields total monomeric aluminum 
on an untreated aliquot, and the second channel yields organic 
monomeric aluminum after the sample passes through a cation 
exchange resin. Total phosphorus (TP) aliquots were acidi-
fied with 1 milliliter of 4.5-normal2 sulfuric acid and analyzed 
using semiautomated colorimetry. Total dissolved phospho-
rus (TDP) and orthophosphate (soluble reactive phosphorus 
[SRP]) were filtered through 0.4-micrometer (µm) polycarbon-
ate filters and analyzed using colorimetry (Fishman, 1993). 
DOC samples were filtered through nominal 0.7-µm glass 
fiber filters before analysis. Sample aliquots for major cations 
(calcium, magnesium, sodium, and potassium), major anions 
(chloride, sulfate, and nitrate), and aluminum species (total 
dissolved aluminum, total monomeric aluminum, and organic 
monomeric aluminum) were filtered through 0.4-µm polycar-
bonate filters before analysis. Inorganic monomeric aluminum 
was calculated by subtracting the organic fraction (organic 
monomeric aluminum) from the monomeric fraction (total 
monomeric aluminum).

Laboratory activities at the Soil and Low-Ionic-Strength 
Water-Quality Laboratory were subjected to the qual-
ity assurance and quality control procedures of the USGS 
Watershed Research Program reviewed by the EPA Office 
of Research and Development. The Soil and Low-Ionic-
Strength Water-Quality Laboratory also has been certified by 
the Environmental Laboratory Accreditation Program. The 
laboratory quality-assurance program includes quality-control 
samples, sample blanks, blind-audit samples, and sample 
triplicates. A detailed description of the laboratory quality-
assurance program is detailed in Lincoln and others (2009).

2Normality is the gram-equivalent weight of a solution in a solution.
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Statistical Methods

All statistical analyses were for the same period of record 
(October 1, 1999, to September 30, 2009) for all water-quality 
stations to ensure comparability among watersheds. However, 
not every storm was sampled at every station, and the par-
ticular storms sampled at each station differed based on the 
hydrologic response of each watershed. These factors should 
be taken into account when interpreting the data and making 
comparisons among stations. Median concentrations were 
calculated for each water-quality parameter. For constituents 
that included censored values (values below the laboratory 
reporting limit) medians were estimated using the Kaplan-
Meier statistic if fewer than 50 percent of the values were 
censored (Helsel, 2005). Constituents that included censored 
values were TP, TDP, SRP, and SSC. The maximum likelihood 
estimation method was used if 50 to 80 percent of the data 
were censored (Helsel, 2005). For stations with greater than 
80 percent censored values, no summary statistics were calcu-
lated. Water-quality samples were collected through the range 
in discharge at each station to provide an accurate estimate of 
each water-quality constituent.

Trends in water quality were calculated with the seasonal 
Kendall test (Hirsch and others, 1982), a modification of the 
nonparametric Mann-Kendall test (Mann, 1945; Kendall, 
1975). The test is used to analyze monotonic trends in water-
quality data, which are commonly nonnormally distributed 
and may contain outliers, missing values, and censored data 
(Hirsch and others, 1982). Each year was divided into 12 sea-
sons (months) using the median monthly value for each month 
for each station. Trends were calculated on the residuals of a 
discharge-concentration regression for each constituent using 
either a hyperbolic (Johnson and others, 1969) or a natural log 
fit. Results of the residual trend tests were considered statisti-
cally significant at a calculated probability (p) value less than 
(<) 0.05. When the discharge-concentration relation was not 
significant, trends were calculated on the raw concentrations.

Regression analysis was used to evaluate the relation 
between SSC and turbidity levels at each of the six stations 
where SSC and turbidity levels were measured (table 2). 
Maximum likelihood estimation was used to calculate regres-
sion statistics for stations with greater than 5 percent censored 
values (Helsel, 2005).

A flow duration analysis was completed for each water-
quality station by calculating the exceedance probability for 
every daily mean discharge value for the study period. This 
analysis was used to identify high- and low-flow conditions 
at each station and to determine whether samples were col-
lected through the range in discharge at each station. Low flow 
conditions were defined as the discharge that was exceeded 
90 percent of the time (Q90) and high-flow conditions were 
defined as the discharge that was exceeded 5 percent of the 
time (Q5).

Results and Discussion
The water-quality data discussed in this report consist of 

nutrients, major ions, SSC, and turbidity. The effects of land 
use on water quality are discussed with a focus on the effects 
of agricultural land use on water quality because forest and 
agriculture are the two primary land uses within the study 
watersheds (fig. 3). The effects of land use on water quality 
are also focused on phosphorus concentrations (TP, TDP, and 
SRP) because phosphorus could cause eutrophication of New 
York City water supply reservoirs (New York City Department 
of Environmental Protection, 2006). Trend analyses were 
performed for all nutrients, major ions, and SSC for the study 
period. Turbidity trends were not computed because the data 
collection period for turbidity was only 6 years. Suspended 
sediment and turbidity are discussed separately from other 
water-quality parameters because these two parameters are of 
particular concern for the New York City water supply system. 
Turbidity is one of the critical analytes in the EPA’s surface 
water treatment rule because turbidity is aesthetically unpleas-
ing, reduces the effectiveness of drinking water disinfection, 
and may indicate the presence of bacteria and viruses. As a 
result, turbidity control is directly addressed in New York 
State Department of Health (2017).

The Effect of Land Use on Water Quality

One of the main goals of this study was to examine the 
effect of land use on water quality within the Catskill and 
Delaware watersheds. The NYCDEP has implemented many 
best management practices to minimize the effect of agricul-
tural practices and erosion on the surface-water quality within 
the water supply system. Several studies examined the effect 
of land use and best management practices on water quality 
in the region during the early 2000s (Bishop and others, 2005; 
Mehaffey and others, 2005; Dow and others, 2006; Kaplan and 
others, 2006; Newbold and others, 2006; Bryant and others, 
2008). The current study focuses on the relation between land 
use and select water-quality parameters in the Catskill and 
Delaware watersheds during a much longer period than previ-
ous studies and examines 10-year trends in water quality at 
each station as well.

As described in the “Field Methods” section, grab 
samples were collected every 2 weeks, and storm samples 
were collected using stage-activated automated samplers. 
Flow duration curves were developed for each station for the 
10-year study period. The four stations (Biscuit Brook [period 
of record 1983–2009], Winnisook Creek [period of record 
1991–2009], Tisons Creek [period of record 1990–2009], 
and Neversink River [period of record 1937–2009]) that had 
much longer periods of discharge record were used to put the 
study period into historical context. Flow duration analyses 
for the entire period of record at the four stations showed 
that the study period was somewhat wetter than normal. The 
flow duration analyses for the study period were also used to 
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evaluate how effective the sampling strategy was for captur-
ing samples through the range in discharge. For each sta-
tion, discharge was divided into 10-percent flow exceedance 
classes. The classes are interpreted as the amount of time a 
certain discharge is exceeded at a station; for example, Q90 is 
the discharge at a given station that is exceeded 90 percent of 
the time and thus represents low-flow conditions, whereas Q10 
is the discharge that is exceeded only 10 percent of the time 
and therefore represents high-flow conditions. Samples were 
then divided into each discharge class based on the discharge 
at the time the sample was collected, and the percentage of 
samples collected in each discharge class was tabulated for 
each station (table 3). The results of the flow duration analysis 
indicated that samples were collected through the range in 
discharge; the largest percentage of samples was collected dur-
ing high-flow conditions, which was a target of the sampling 
strategy because high-flow conditions are when the majority 
of sediment and many dissolved constituents are mobilized 
within watersheds. The effectiveness of the sampling strategy 
was also evaluated based on seasonal sampling with the sea-
sons defined as fall (September, October, November), winter 
(December, January, February), spring (March, April, May), 
and summer (June, July, August). Samples were collected 
during every season throughout the study period (table 4). 
The smallest percentage of samples was collected during the 
winter when discharge is typically low and stable compared 
with other seasons. The greatest percentage of samples was 
collected during the spring, which was a target of the sampling 

strategy because spring discharge accounted for an average of 
37 percent of total annual discharge at each station throughout 
the study period (table 4).

Median concentrations were calculated for each water-
quality parameter for each station for the study period. The 
results of the summary statistics describe the general water 
quality of each study watershed and how the watersheds 
compare with one another (table 5). The station water qual-
ity spanned a wide range in acidity from a median pH of 
4.7 at Winnisook to 7.1 at Town Brook and an acid neutral-
izing capacity of −14.6 microequivalents per liter (µeq/L) 
at Winnisook to 354.2 µeq/L at Town Brook (fig. 4). The 
station water quality also spanned a wide range in base cation 
concentrations (fig. 5). The water quality at forested stations 
was consistently more acidic than the watersheds with mixed 
land use or the watersheds with substantial agricultural land 
use (figs. 4 and 5; table 1). Relations between (calcium and 
magnesium) and (calcium and sulfate) were similar among 
the stations (figs. 5 and 6). Forested stations, particularly the 
stations in the Neversink Reservoir watershed, had the lowest 
calcium and sulfate concentrations, whereas stations in the 
Schoharie Reservoir and Cannonsville Reservoir watersheds 
had the highest calcium and sulfate concentrations (fig. 6).

The differences in surface-water base cation concentra-
tions among the stations reflect the differences in surficial 
geology. There is a sharp divide in the surficial geology 
across the region, where the northwestern area of the network 
is dominated by glacial till and the southeastern area of the 
network is dominated by rock outcrops (fig. 2). The difference 

Table 3.  Mean percentage of samples collected in each flow class for all stations in the Catskill and Delaware water-quality network 
in the Catskill Mountains in New York, October 1, 1999, through September 30, 2009.

[Flow classes are defined as the percentage of mean daily discharge values that exceeded a given discharge (Q) value; for example, for Q10, 10 percent of the 
mean daily discharge values exceeded that value during the period of record. Q10 represents high-flow conditions, and Q90 represents low-flow conditions. All 
values except numbers of samples are in percent; totals may not equal 100 percent because of rounding. Stations are defined in tables 1 and 2 of this report. RF, 
Batavia Kill at Red Falls near Prattsville, N.Y.; BV, Batavia Kill near Maplecrest, N.Y.; LT, Town Brook southeast of Hobart, N.Y.; TW, Town Brook tributary 
southeast of Hobart, N.Y.; SC, Stony Clove Creek below Ox Clove at Chichester, N.Y.; HT, Hollow Tree Brook at Lanesville, N.Y.; EB, East Brook east of 
Walton, N.Y.; WC, Wolf Creek at Mundale, N.Y.; MB, Neversink River near Claryville, N.Y.; BS, Biscuit Brook above Pigeon Brook at Frost Valley, N.Y.; TS, 
East Branch Neversink River northeast of Denning, N.Y.; WN, West Branch Neversink River at Winnisook Lake near Frost Valley, N.Y.; RC, Rondout Creek 
above Red Brook at Peekamoose, N.Y.]

Flow class RF BV SC HT LT TW EB WC MB BS WN TS RC Mean

Q10 40 34 38 33 37 27 36 34 45 41 48 48 48 39
Q20 9 10 9 11 9 12 11 11 10 10 8 8 9 10
Q30 9 8 10 7 9 14 9 10 8 7 7 8 7 9
Q40 8 8 7 8 8 6 9 7 7 8 4 6 5 7
Q50 8 8 8 7 7 10 7 7 6 5 7 6 4 7
Q60 6 7 5 7 5 7 5 7 5 6 3 4 7 6
Q70 5 5 6 5 7 6 6 6 6 5 6 6 5 6
Q80 5 6 5 7 6 9 7 7 3 5 4 4 4 6
Q90 6 6 8 7 5 5 5 6 5 6 7 7 5 6
<Q100 5 7 6 7 7 6 5 5 5 6 5 4 5 6
Number of 

samples
575 645 542 595 707 649 575 530 663 848 576 617 514 618



Table 4.  Mean percentage of samples collected during each season for all stations in the Catskill and Delaware water-quality network 
in the Catskill Mountains in New York, October 1, 1999, through September 30, 2009.

[Seasons are defined as fall (September through November), winter (December through February), spring (March through May), and summer (June through 
August). Stations are defined in tables 1 and 2 of this report. All values except numbers of samples are in percent; totals may not equal 100 percent because of 
rounding. RF, Batavia Kill at Red Falls near Prattsville, N.Y.; BV, Batavia Kill near Maplecrest, N.Y.; LT, Town Brook southeast of Hobart, N.Y.; TW, Town 
Brook tributary southeast of Hobart, N.Y.; SC, Stony Clove Creek below Ox Clove at Chichester, N.Y.; HT, Hollow Tree Brook at Lanesville, N.Y.; EB, East 
Brook east of Walton, N.Y.; WC, Wolf Creek at Mundale, N.Y.; MB, Neversink River near Claryville, N.Y.; BS, Biscuit Brook above Pigeon Brook at Frost 
Valley, N.Y.; TS, East Branch Neversink River northeast of Denning, N.Y.; WN, West Branch Neversink River at Winnisook Lake near Frost Valley, N.Y.; RC, 
Rondout Creek above Red Brook at Peekamoose, N.Y.]

Season RF BV SC HT LT TW EB WC MB BS WN TS RC Mean

Fall 28 26 29 28 21 25 26 25 27 22 31 28 31 27
Winter 16 17 18 20 18 17 18 17 19 19 15 16 13 17
Spring 33 30 28 28 34 32 33 32 33 31 31 32 23 31
Summer 23 27 25 24 27 27 22 26 21 28 22 24 33 25
Number of 

samples
575 645 542 595 707 649 575 530 663 848 576 617 514 618
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in surficial geology is evident in the streams (figs. 4, 5, and 
6). The highest surface-water base cation concentrations were 
measured at watersheds with the greatest amount of glacial 
till, whereas the lowest base cation concentrations were 
measured at watersheds with the greatest amount of bedrock 
outcrops (fig. 2). These results agree with results from a sur-
vey of 301 streams throughout the Catskills that determined 
the Neversink Reservoir watershed had the largest number of 
acidic streams with the lowest pH, whereas the Cannonsville 
and Pepacton watersheds had the fewest number of acidic 
streams (Siemion and others, 2014). The differences in sur-
ficial geology have also affected soil chemistry. Siemion and 
others (2014) reported the lowest soil calcium concentrations 
and base saturation for the Neversink and Rondout Reservoir 
watersheds based on sampling from 200 soil pits throughout 
the Catskills. Acidic soils have been identified as contributing 
to the decline of sugar maple and red spruce (Picea rubens) in 
the northeastern United States (Shortle and others, 1997; Long 
and others, 2009). Soil calcium depletion and its contribution 
to stream acidification is also a concern because of its nega-
tive effects on fish species distribution (Baldigo and Lawrence, 
2000). Soil calcium depletion has also been determined as a 
cause for high stream inorganic monomeric aluminum concen-
trations and brook trout (Salvelinus fontinalis) mortality fol-
lowing forest harvesting in the Neversink watershed (Baldigo 
and others, 2005; McHale and others, 2007).

Another contrast between forested watersheds and mixed 
land use and agricultural watersheds is shown by the rela-
tion between median sodium and chloride concentrations. All 
lower node watersheds had much higher sodium and chloride 
concentrations than their paired forested upper nodes (fig. 7). 
This seems to indicate that there is an influence of road salt 
on water quality at every lower node station with the small-
est influence within the 98-percent forested Neversink River 
watershed. There was a moderately strong relation between 
road density and median sodium and chloride concentrations 
(coefficient of determination [r2]=0.58). When the Wolf Creek 

at Mundale station was removed from the dataset, the relation 
improved to r2=0.86. Wolf Creek has a high road density rela-
tive to other upper node watersheds because of its small size 
but has low sodium and chloride concentrations most likely 
because several of the roads in the watershed are not paved. 
The Red Falls station had the highest sodium and chloride 
concentrations and the greatest road density. Windham, which 
represents a focus of road salt application, is in the Batavia 
Kill watershed, as are two wastewater treatment plants that 
may be a source of high chloride concentrations measured dur-
ing low flow at the Red Falls station.

High concentrations of nutrients in stream water are a 
main concern related to agricultural land use in the Catskill 
and Delaware watersheds because elevated nutrient concen-
trations in surface waterbodies can cause eutrophication and 
algal blooms. There is a large amount of variability in nitrogen 
concentration throughout the Catskill and Delaware watershed 
(fig. 8). The likely cause of the variability is the variety of 
nitrogen sources across the landscape and the fact that nitro-
gen is highly mobile in its most common oxygenated form 
(nitrate). Disturbances such as forest harvesting and insect 
defoliations as well as point and nonpoint sources such as agri-
culture, lawn fertilization, and wastewater treatment plants all 
affect the concentrations of nitrogen measured in stream water 
and complicate regional interpretation of nitrogen patterns in 
stream water. The watersheds with the highest percentage of 
agricultural land use (table 1) did not have the highest median 
dissolved nitrogen concentrations (fig. 8). Hollow Tree Brook, 
the forested upper node in the Stony Clove watershed, had 
high dissolved nitrogen concentrations throughout the study 
period. There was a marked increase in nitrate concentrations 
of stream water at Stony Clove Creek and Hollow Tree Brook 
during the early to mid-2000s that was caused by a multiyear 
insect defoliation (fig. 9). The Town Brook tributary upper 
node forested watershed had the second highest median nitrate 
concentrations of any in the study, the timing of which coin-
cides with a selective tree harvest within the watershed during 



Table 5.  Median concentrations of chemical constituents for all stations in the Catskill and Delaware water-quality network in the Catskill Mountains of New York, October 1, 
1999 through September 30, 2009.

[See figure 1 for station locations. pH is reported as the negative log of the hydrogen ion concentration; turbidity is reported in nephelometric turbidity units; all other constituents are reported in milligrams per 
liter. Stations are defined in tables 1 and 2 of this report. ANC, acid neutralizing capacity; Ca2+, calcium ion; Mg2+, magnesium ion; K+, potassium ion; Na+, sodium ion; NO3

−, nitrate ion; NH4
+, ammonium ion; 

Cl−, chloride ion; SO4
2−, sulfate ion; DOC, dissolved organic carbon; Si, silicon; Altd, total dissolved aluminum; Almono, total monomeric aluminum; Alorg, organic monomeric aluminum; SSC, suspended-

sediment concentration; TP, total phosphorus; TDP, total dissolved phosphorus; SRP, soluble reactive phosphorus; RF, Batavia Kill at Red Falls near Prattsville, N.Y.; BV, Batavia Kill near Maplecrest, N.Y.; 
LT, Town Brook southeast of Hobart, N.Y.; TW, Town Brook tributary southeast of Hobart, N.Y.; SC, Stony Clove Creek below Ox Clove at Chichester, N.Y.; HT, Hollow Tree Brook at Lanesville, N.Y.; EB, 
East Brook east of Walton, N.Y.; WC, Wolf Creek at Mundale, N.Y.; MB, Neversink River near Claryville, N.Y.; BS, Biscuit Brook above Pigeon Brook at Frost Valley, N.Y.; TS, East Branch Neversink River 
northeast of Denning, N.Y.; WN, West Branch Neversink River at Winnisook Lake near Frost Valley, N.Y.; RC, Rondout Creek above Red Brook at Peekamoose, N.Y.]

Station pH ANC Ca2+ Mg2+ K+ Na+ NO3
− NH4

+ Cl− SO4
2− DOC Si Altd Almono Alorg Turbidity SSC TP TDP SRP

RF 7.08 259.8 6.2 1.3 0.56 7.6 0.75 0.03 12.4 5.6 2.3 1.6 0.02 0.009 0 10.0 15 0.02 0.005 0.002
BV 6.56 71.8 2.5 0.50 0.16 0.70 1.3 0.01 0.44 3.8 2.1 1.5 0.04 0.006 0 1.1 2 0.008 0.006 0.004
SC 6.97 193.4 5.1 0.76 0.28 3.1 1.4 0.02 4.5 4.5 1.7 1.3 0.02 0.01 0 30.4 34 0.02 0.004 0.002
HT 6.84 140.9 4.5 0.71 0.23 0.61 2.6 0.01 0.65 4.9 1.2 1.3 0.01 0.003 0 0.60 2 0.009 0.006 0.005
LT 7.14 354.2 7.8 1.4 1.3 3.2 1.6 0.03 4.5 5.6 3.0 1.6 0.02 0.01 0 4.9 9 0.04 0.02 0.02
TW 6.83 135.5 4.1 0.63 0.26 0.98 1.9 0.02 0.47 4.9 1.7 1.9 0.02 0.005 0 4.7 9 0.02 0.009 0.007
EB 6.98 221.0 5.0 1.5 0.81 3.2 1.2 0.02 5.0 6.2 1.8 1.7 0.02 0.007 0 NA NA 0.02 0.009 0.005
WC 6.77 128.0 3.5 1.1 0.61 1.1 0.79 0.02 1.6 5.4 2.0 1.8 0.03 0.006 0 NA NA 0.01 0.006 0.003
MB 6.25 40.2 2.3 0.55 0.29 1.5 0.98 0.02 2.6 4.5 1.9 0.94 0.06 0.01 0 NA NA 0.004 0.002 NA
BS 6.01 24.1 2.0 0.44 0.18 0.30 1.1 0.02 0.45 4.2 2.1 0.87 0.07 0.02 0.002 NA NA 0.004 0.003 0.001
WN 4.71 -14.6 0.74 0.34 0.17 0.24 1.2 0.02 0.38 4.2 2.6 0.83 0.38 0.21 0.04 NA NA 0.003 0.002 0.001
TS 4.91 -6.2 0.96 0.44 0.21 0.29 1.1 0.02 0.42 4.1 3.1 0.89 0.22 0.11 0.03 NA NA 0.003 NA NA
RC 5.22 2.2 1.2 0.43 0.26 0.31 1.1 0.02 0.45 4.2 2.5 0.93 0.18 0.07 0.02 NA NA NA NA NA
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Figure 4.  Median concentrations of acid neutralizing capacity and pH of selected streams in 
the Catskill and Delaware watersheds in New York, October 1, 1999, through September 30, 2009. 
Two-letter abbreviations represent station names (table 1).
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fall 2006 (fig. 8). Nitrate concentration increased substantially 
after the harvest, but the highest concentrations did not occur 
until 1 year after the harvest in fall 2007 (fig. 10).

In contrast to nitrogen, phosphorus is less mobile and 
patterns in phosphorus concentration are generally easier to 
identify. The amount of phosphorus that is delivered to New 
York City drinking water reservoirs by watershed streams and 
rivers is a particular concern because primary productivity 

in the reservoirs is typically phosphorus limited (Auer and 
others, 1998). Phosphorus inputs to the reservoirs, especially 
during the growing season, could cause an increase in primary 
productivity and subsequent algal blooms within the reservoirs 
(Bott and others, 2006). Algal blooms can cause turbidity, 
unpleasant odors, and anoxia and, by increasing the organic 
matter in the reservoirs, can cause the formation of trihalo-
methanes when the water is chlorinated (Latifoglu, 2003; 
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Figure 6.  Median concentrations of calcium and sulfate of selected streams in the Catskill 
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van Leeuwen and others, 2005). Trihalomethanes are a 
suspected carcinogen (Palmstrom and others, 1988). Sediment 
within freshwater bodies can become a major internal source 
of bioavailable phosphorus in stratified water bodies with 
anoxic hypolimnia (Nürnberg, 1988). This type of feed-
back loop can result in additional algal blooms. Beyond the 
potential effects of eutrophication on drinking water quality, 

degradation of water quality by eutrophication can change the 
composition of aquatic species in a water body and affect the 
services provided such as recreation and therefore have sub-
stantial economic effects (Carpenter and others, 1998; Smith 
and others, 1999).
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In areas of intensive agricultural land use, inputs of 
phosphorus from fertilizer and manure can exceed phosphorus 
requirements for crop and animal production that can result in 
phosphorus loss from fields to streams (Sharpley and others, 
1994; Gburek and Sharpley, 1998). Agricultural land use was 
not intensive in the Catskill and Delaware watersheds; none-
theless, direct discharge of milk-house waste and barnyard 
runoff to streams was creating the potential for high concentra-
tions of phosphorus to be delivered to Catskill streams (Bishop 
and others, 2005). In 1992, the NYCDEP established the 
Watershed Agricultural Program (WAP) because of concerns 
about high phosphorus concentrations in streams. The WAP 
is a voluntary partnership between NYCDEP and farmers in 
the Catskill and Delaware watersheds designed to manage 
nonpoint sources of waterborne pathogens, nutrients, and 
sediment. The WAP has planned and implemented whole farm 
plans and agricultural best management practices on more 
than 85 percent of farms within the watershed (New York City 
Department of Environmental Protection, 2006). A paired 
watershed study in the Cannonsville Reservoir watershed 
demonstrated significant reductions in loads of TP (43 percent) 
and TDP (29 percent) in response to agricultural best manage-
ment practices when implemented on a farm in the watershed 
(Bishop and others, 2005).

A previous survey of 30 Catskill and Delaware watershed 
streams at baseflow during a 3-year period determined that no 
single ion or nutrient was a strong indicator of land use within 
the region (Dow and others, 2006). The current study sampled 
fewer streams, but the streams were sampled much more 
intensively and throughout the range in discharge. There was 
a statistically significant positive relation between the median 
TP concentration at each station and the percent agricultural 

land use for each station (r2=0.50; p=0.01; fig. 11). There 
was also a significant positive relation between median TDP 
concentration and percent agricultural land use at each station 
(r2=0.54; p=0.01; fig. 12). The relations were stronger during 
high-flow conditions (samples at or above the 95th percentile 
of mean daily discharge; figs. 13 and 14), but the relations 
were not significant for low flow conditions (samples collected 
at or below the 10th percentile of mean daily discharge [data 
not shown]).

Median phosphorus concentrations were similar between 
upper and lower nodes during low flow conditions at all 
stations (fig. 15). In the forested watersheds, the differences 
between nodes remained small during high-flow conditions; 
however, in the agricultural watersheds, phosphorus concen-
trations increased markedly between the upper and lower 
nodes during high flow. The influence of agricultural land use 
on phosphorus concentrations was evident during all flow con-
ditions; however, the influence was less apparent during low 
flow especially for TP (fig. 15). Total phosphorus is typically 
bound to sediment and therefore is more closely linked to flow 
conditions. The greatest differences in phosphorus concentra-
tions between forested upper node stations and downstream 
lower node stations were measured in the Town Brook water-
shed. Interestingly, the forested upper node within the Town 
Brook watershed (Town Brook Tributary) had the second 
greatest median phosphorus concentrations (TP was 0.018 mil-
ligram per liter [mg/L], and TDP was 0.009 mg/L) measured 
at any of the stations (fig. 16). The Town Brook Tributary 
watershed is 100 percent forested and although there is evi-
dence of past agricultural land use in the watershed (old stone 
walls used to separate fields), the watershed does not appear 
to have been farmed during the past 50 to 80 years. There 
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Figure 9.  Median nitrate concentrations and daily mean discharge at A, Hollow Tree Brook at Lanesville, N.Y. and B, Stony Clove Creek 
below Ox Clove at Chichester, N.Y., October 1, 1999, through September 30, 2009.
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appears to have been a small increase in TP concentrations at 
the Town Brook Tributary station following the 2006 selective 
harvest; however, it also appears that the high phosphorus con-
centrations, relative to other study watersheds, are typical for 
the watershed (fig. 17). During low flow conditions at Town 
Brook Tributary, TP concentrations were similar to the other 
stations, but TDP and SRP concentrations were higher than 
any other stations with the exception of the Town Brook lower 
node station. The results seem to indicate that past agricultural 
land use can affect stream water phosphorus concentrations for 
many decades after agricultural activity has ceased. However, 
the effect in the Town Brook Tributary watershed appeared to 
be confined to TDP and SRP during low flow conditions. For 
example, during high-flow conditions the two stations with the 
greatest amount of agricultural land use (Town Brook and East 
Brook) had the greatest TDP and SRP concentrations and the 
Town Brook Tributary station had concentrations similar to the 
other stations (fig. 15).

Legacy phosphorus, phosphorus stores that have accu-
mulated in watershed soils and water bodies during years of 
agricultural land use, has been identified as an impediment 
to the effectiveness of best management practices to improve 
water quality in agricultural watersheds in the United States, 
Canada, and Europe (Sharpley and others, 2013). Legacy 
phosphorus can continue to impair water quality of streams 
for years, decades, or even centuries after best management 
practices are implemented or farming has ceased (Jarvie and 
others, 2013; Sharpley and others, 2013). Legacy phospho-
rus is of particular concern for the Catskill and Delaware 
watersheds because the highest concentrations of dissolved 
phosphorus were measured during low flow. Elevated dis-
solved phosphorus concentrations during summer low flows 
can adversely affect water quality in reservoirs by contribut-
ing to algal blooms. At the Town Brook station median TP 
concentrations were 0.13 mg/L, about one half of the median 
TP concentrations measured at agricultural watersheds in other 
areas of the country (0.26 mg/L), and about four times the 
national background concentrations for streams (0.034 mg/L) 
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Figure 10.  Median nitrate concentrations and daily mean discharge at A, Town Brook tributary southeast of Hobart, N.Y. and B, Town 
Brook southeast of Hobart, N.Y., October 1, 1999, through September 30, 2009.
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(Dubrovsky and others, 2010). The phosphorus concentrations 
measured at the Town Brook Tributary station were typically 
less than half of the phosphorus concentrations measured at 
the Town Brook station (fig. 16). The issue of legacy phos-
phorus is especially pertinent in the Catskill and Delaware 
watersheds because of the large amount of previous agri-
cultural land that the NYCDEP has acquired and is actively 
acquiring through a land acquisition program in the Catskill 
and Delaware watersheds.

Although the East Brook watershed has approximately 
the same percentage of agricultural land use as the Town 
Brook watershed, phosphorus concentrations were much 
lower at the East Brook station. The 2001 land use and land 
cover dataset does not distinguish among types of agriculture. 
However, the agriculture within the Town Brook watershed 
is composed mainly of small family-owned dairy farms that 
include a considerable amount of row crops, whereas the agri-
culture within the East Brook watershed is composed of horse 
farms that include mainly pasture and no row crops. Although 

the difference in the type of agriculture is not evident from the 
2001 land use land cover database, the difference in the type of 
agriculture likely has a marked effect on stream water phos-
phorus concentrations between the two watersheds.

In addition to land use, stream discharge also affected 
stream phosphorus concentrations (figs. 13, 14, and 15). 
Discharge had a strong influence on phosphorus concentra-
tions, especially in the agricultural watersheds. For example, 
at the Town Brook station, high-flow median concentrations 
were greater than low flow concentrations by 0.09 mg/L for 
TP, 0.04 mg/L for TDP, and 0.03 mg/L for SRP. Nonetheless, 
the influence of discharge on phosphorus concentrations was 
only a fraction of that resulting from agricultural land use. 
There were two to fivefold increases in median phospho-
rus concentrations between high- and low-flow conditions 
(fig. 15), but median phosphorus concentrations were an 
order of magnitude greater between the 100 percent forested 
Neversink River watershed and the 26-percent agricul-
tural Town Brook watershed. The combined effects of the 
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Figure 11.  Relation between percent agricultural land use and median concentrations of total 
phosphorus for samples from water-quality stations in the Catskill and Delaware watersheds in New 
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(table 1). r2, coefficient of determination; p-value, probability value.
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water-quality stations in the Catskill and Delaware watersheds in New York, October 1, 1999, through 
September 30, 2009. Two-letter abbreviations represent station names (table 1).
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percentage of agricultural land use and discharge produced the 
greatest increases in phosphorus concentrations between upper 
and lower nodes, and the correlations between the percentage 
of agricultural land use and phosphorus concentrations were 
the strongest during high-flow conditions (figs. 13 and 14).

Trends in Water Quality

The purpose of this section is to describe temporal trends 
in water quality at the stations included in this study and 
attribute those trends to changes in land use or changes in 
atmospheric deposition where possible. Previous studies of 
trends in water chemistry at streams in the Catskill Mountains 
have focused primarily on forested stations to minimize influ-
ences from land use activities (Murdoch and Stoddard, 1993; 
Burns and others, 2006; McHale and others, 2017; Siemion 
and others, 2018). Trend analyses in the region have typically 
focused on evaluating the effects of reductions in sulfur and 
nitrogen emissions mandated by title IV of the Clean Air Act 
Amendments of 1990 (42 USC §7651) because the Catskills 
have been subjected to high levels of acid deposition for sev-
eral decades and watersheds in the region are sensitive to the 
effects of acid deposition (Omernik and Powers, 1983; Brakke 
and others, 1988). Trend analyses are often focused on for-
ested watersheds because the relatively small changes in dis-
charge and water chemistry caused by changes in climate and 
reductions in acid deposition are difficult to distinguish from 
the much larger trends caused by human activity in watersheds 
with substantial human influence (Murdoch and Stoddard, 
1993; Burns and others, 2006; Burns and others, 2007). Of the 
13 watersheds included in this study, nine had forest cover of 

98 percent or greater; three had agricultural land use of 14 to 
26 percent; and although five watersheds had some residential 
land use, none had more than 4 percent (table 1).

Sulfate is an acidic anion that was, and in many areas 
continues to be, the primary cause of acidity in stream water 
in acid-sensitive systems such as the Catskill Mountains. In 
watersheds with low soil calcium concentrations and base 
saturation, soil water acidity can result in aluminum mobiliza-
tion. Inorganic monomeric aluminum is a form of aluminum 
toxic to some aquatic biota, particularly at concentrations 
greater than 0.05 mg/L, and therefore a primary concern 
related to watershed acidity in the Catskills (Baldigo and 
Murdoch, 1997; Baldigo and others, 2005; McHale and others, 
2017). At the three most acidic watersheds stations included in 
this study (Winnisook, Tisons, and Rondout Creeks) inorganic 
monomeric aluminum concentrations commonly exceeded 
0.05 mg/L during the study period. At the Winnisook station 
concentrations of inorganic monomeric aluminum exceeded 
0.3 mg/L frequently early in the study period but did not 
exceed that level during the last 2 water years of the study. The 
Tisons and Rondout Creek stations also showed a decrease 
in inorganic monomeric aluminum concentrations during 
the study period. Although inorganic monomeric aluminum 
concentration exceeded 0.15 mg/L early in the study period at 
those two stations, concentrations remained below 0.15 mg/L 
during the last 3 years of the study. McHale and others (2017) 
reported small but significant decreasing trends in inorganic 
monomeric aluminum at all three stations from water years 
1992 through 2014.
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Figure 17.  Total A, phosphorus and B, dissolved phosphorus concentrations and daily mean discharge and at the Town Brook tributary 
southeast of Hobart, N.Y., station, October 1, 1999, through September 30, 2009.
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All of the network stations showed significant decreas-
ing trends in sulfate (fig. 18). The largest sulfate trends were 
calculated for the Town Brook, Town Brook Tributary, East 
Brook, Wolf Creek, and Hollow Tree Brook stations located in 
the least acidic watersheds. The smallest trends were calcu-
lated for the Red Falls station and the stations in the Neversink 
River watershed (fig. 18). Since data collection began in 1983, 
significant reductions in sulfate deposition have been com-
puted for the Biscuit Brook National Atmospheric Deposition 
Station, but the slope of the trends has decreased through time 
(Burns and others, 2006; McHale and others, 2017). Sulfur 
is not an essential nutrient like nitrogen or phosphorus, and 
sulfur is not added to streams through human activity like 
chloride is through road salting and wastewater treatment 
facilities. Therefore, land use appears to have little effect on 
sulfate concentrations in stream water. The decrease in atmo-
spheric sulfur deposition has resulted in decreases in stream 
sulfate concentrations throughout the Catskill and Delaware 
watersheds.

Reductions in stream sulfate concentrations might be 
expected to result in reductions in hydrogen ion concentrations 
and increases in acid neutralizing capacity, and the most acidic 
streams in the region are most likely to show signs of recovery 
from decreases in acid deposition (Driscoll and others, 2001, 
2003; Stoddard and others, 2003; Kahl and others, 2004; 
Burns and others, 2006; McHale and others, 2017; Siemion 
and others, 2018). For the present study, only the most acidic 
streams—Winnisook, Tisons, and Rondout Creeks—showed 
significant decreasing trends in hydrogen-ion concentrations 
(fig. 19). Indeed, the decreased levels of acidity in Tisons and 
Rondout Creeks resulted in reductions in inorganic monomeric 
aluminum (a decrease of 0.08 and 0.07 micromole per liter 
per year (µmol/L/yr) for Tisons and Rondout Creeks, respec-
tively). Base-cation concentrations decreased in streams across 
the region in response to reductions in sulfate concentrations 
(figs. 20 and 21). A similar response has been shown previ-
ously for the Catskill and Adirondack regions of New York 
State (Driscoll and others, 2001; Driscoll and others, 2003; 
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Figure 18.  Slope of significant trends in sulfate concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in New 
York, October 1, 1999, through September 30, 2009.
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Figure 19.  Slope of significant trends in hydrogen ion concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in 
New York, October 1, 1999, through September 30, 2009.
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Figure 20.  Slope of significant trends in calcium concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in New 
York, October 1, 1999, through September 30, 2009.
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Figure 21.  Slope of significant trends in magnesium concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in 
New York, October 1, 1999, through September 30, 2009.
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Stoddard and others, 2003; Burns and others, 2006; McHale 
and others, 2017; Siemion and others, 2018). The reduced lev-
els of acid anions in stream water require fewer base cations to 
balance the acidity. In base poor watersheds like the Neversink 
River watershed, stream water calcium concentrations 
decrease with decreasing sulfate concentrations; however, 
because little calcium is available, the decreases are typically 
small (Burns and others, 2006; McHale and others, 2017). 
The most acidic watersheds (Winnisook, Tisons, and Rondout 
Creeks) with the lowest calcium concentrations showed 
significant, though small, decreases in stream water calcium 
concentrations (fig. 20). The moderately acidic watersheds 
(Biscuit Brook and Batavia Kill near Maplecrest), with moder-
ate calcium concentrations (compared to the other watersheds 
in the network), showed larger decreases in calcium concen-
trations. The least acidic watershed (Town Brook), with the 
highest calcium concentrations, showed no significant trends 
in calcium concentrations (fig. 20). However, calcium trend 
results were mixed among the sites with pH greater than 6.5 
with some showing fairly large downward trends in calcium 
(Stony Clove and Red Falls) and others showing no significant 
trends (East Brook, Wolf Creek, Town Brook Tributary, and 
Town Brook).

During the study period, magnesium responded more 
consistently than calcium to reductions in stream water sulfate 
concentrations, and 12 of the 13 study watersheds showed 
significant decreasing trends in magnesium concentrations 
(fig. 21). Magnesium concentrations were several times 
lower than calcium concentrations in the study region (fig. 5; 
table 5), and the variability of magnesium concentrations was 
also much lower than calcium concentrations. The variabil-
ity of concentrations appeared to have a strong influence on 
whether significant trends were measured at each station. For 
example, although the absolute change in calcium concen-
trations was greater at the stations with the highest calcium 
concentrations, the variability was also greater; therefore, the 
trends were not significant. The stations with lower calcium 
concentrations also had lower variability; therefore, the trends 
were significant. For magnesium, all of the trends decreased 
significantly because all of the stations, with the exception of 
Town Brook Tributary, had low concentrations and low vari-
ability. Stream water calcium and magnesium concentrations 
in the study region were related to surficial geology. The great-
est calcium and magnesium concentrations were measured 
in areas with high percentages of glacial till (Red Falls and 
Town Brook) and the lowest concentrations were measured in 
areas with high percentages of bedrock outcrops (Winnisook, 
Tisons, and Rondout Creeks; figs. 2 and 5).

Acid neutralizing capacity is essentially the sum of all 
inorganic acidifying and buffering processes that take place 
in the watershed and in stream water; therefore, acid neu-
tralizing capacity is often used to measure the recovery of 
acid-sensitive systems to reductions in acid deposition. Acid 
neutralizing capacity and the acidity of stream water (as 
expressed by pH) are related; therefore, the expectation is that 
the stations with trends in hydrogen ion concentration would 

also show trends in acid neutralizing capacity. At Winnisook 
and Tisons Creeks, which were the two most acidic stations 
with the largest decreasing trends in hydrogen ion (H+), acid 
neutralizing capacity increased at a similar rate as the decrease 
in H+ (figs. 19 and 22). Sulfate (fig. 18); calcium (fig. 20) 
and magnesium (fig. 21) all decreased and the sum of those 
changes amounted to an increase in acid neutralizing capacity 
at both stations, likely related to reductions in acid deposition 
in the region as has been suggested previously (Burns and oth-
ers, 2006; McHale and others, 2017). At Stony Clove Creek, 
there was a fairly large decrease in acid neutralizing capacity 
despite a significant decrease in sulfate concentration (figs. 18 
and 22). The decrease in acid neutralizing capacity at the 
Stony Clove Creek station appeared to be caused mainly by a 
significant increase in nitrate and a large decrease in calcium 
(figs. 20 and 23). Magnesium and sulfate also decreased at the 
Stony Clove Creek station although sulfate decreased at three 
times the rate of magnesium that contributed to the decrease 
in acid neutralizing capacity at the station. The cause of the 
nitrate increase was a large insect defoliation centered in the 
eastern Catskills during the mid-2000s. There was a small but 
statistically significant decrease in acid neutralizing capac-
ity at the Batavia Kill station, a completely forested upper 
node (fig. 22). The cause of the decrease is unclear because 
the trends in anions and cations nearly balance one another. 
However, the watershed also experienced a partial insect 
defoliation that contributed to the increasing trend in nitrate 
(fig. 23) and likely also contributed to the decrease in acid 
neutralizing capacity. Wolf Creek showed a large increasing 
trend in acid neutralizing capacity that was coincident with 
a large decrease in chloride concentration; the reason for the 
decrease in chloride is not clear.

There were increasing trends in stream nitrate concentra-
tions in 6 of the study watersheds (fig. 23). The largest nitrate 
trend, which was likely caused by the selective forest harvest 
discussed in the previous section, was measured in the Town 
Brook Tributary watershed. Although the trend is reported for 
the 10-year study period, the increase in nitrate concentra-
tion at the Town Brook Tributary took place during the 3-year 
period following the harvest (2006–9). As discussed previ-
ously, there were also significant trends in nitrate concentra-
tions in the eastern Catskills that coincided with watersheds 
that experienced the greatest amount of insect defoliation 
during the mid-2000s. The nitrate response lasted for about a 
3-year period following the disturbance and was most pro-
nounced at the Hollow Tree Brook and Stony Clove stations 
(fig. 9). The nitrate response coincided with the greatest 
amount of disturbance based on visual inspection of foliage 
throughout the Catskill and Delaware watersheds.

Dissolved organic carbon in surface water can be a con-
cern for several reasons. The first reason is that DOC concen-
trations are related to the formation of carcinogenic disinfec-
tion byproducts when drinking water is chlorinated (Stevens 
and others, 1976). DOC can also affect the color of the water, 
which affects the penetration of light and therefore the primary 
productivity in streams and surface-water bodies (Keller and 
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Figure 22.  Slope of significant trends in acid neutralizing capacity, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in 
New York, October 1, 1999, through September 30, 2009.
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Figure 23.  Slope of significant trends in nitrate concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in New 
York, October 1, 1999, through September 30, 2009.
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others, 2003; Burns and others, 2006). Dissolved organic car-
bon is also a form organic acidity that can affect stream water 
pH and acid neutralizing capacity (Kullberg and others, 1993; 
Burns and others, 2006). Burns and others (2006) documented 
increasing trends in DOC concentrations in the 4 study sta-
tions in the Neversink River watershed and Rondout Creek for 
the period of 1992 to 2001. The mean slope of the DOC trend 
line for the five watersheds was 4.7 µmol/L/yr (Burns and 
others, 2006). In contrast, no significant positive trends were 
detected in DOC concentrations at any of the study stations 
between 1999 and 2009 (fig. 24). In fact, two of the stations 
(Neversink River and Town Brook) showed decreasing trends 
in DOC concentrations during the study. The increasing DOC 
trends reported by Burns and others (2006) appear to have 
been influenced by increasing concentrations early in the study 
period that did not persist.

Results indicated a marked difference in sodium and 
chloride trends between upper and lower node stations 
(figs. 25 and 26). Of the eight upper node stations, seven 
stations showed decreasing trends in sodium concentrations 
and none showed increasing trends. Of the five lower node 
stations, three showed increasing sodium trends (fig. 25), and 
none showed decreasing trends. Similarly, all of the upper 
node stations showed decreasing chloride trends, whereas 
increasing trends were calculated for two of the five lower 
node stations (fig. 26). One lower node station, Town Brook, 
had a significant decreasing trend in chloride. The results 
indicated that background concentrations of sodium and 
chloride, as represented by the upper node stations, decreased 
across the region; however, intervening land use between 
upper and lower nodes generally negated or reversed those 
trends. Increasing trends in sodium and chloride have been 
reported previously for a small rural watershed in the region 
(Kelly and others, 2008). In that small rural watershed, much 
of the increase in concentration through time was attributed to 
a buildup of sodium and chloride in the shallow groundwater 
system. The buildup of sodium and chloride was caused by 
long-term road salt use that contributed to increases in base-
flow concentrations of sodium and chloride rather than by an 
increase in use of road salt through time.

For the watersheds included in this study, the contrast 
between increasing sodium and chloride concentrations at 
lower nodes and decreasing concentrations at upper nodes 
indicates that the trends are also probably caused by road salt 
application. The increasing trends in sodium and chloride 
concentrations at the Neversink River station, where road salt 
application is one of the primary human influences, supports 
this inference. The highest concentrations of sodium and 
chloride for individual samples were measured during low 
flow conditions at the Neversink River and Red Falls stations; 
however, even the highest concentrations of chloride (40 to 
65 mg/L) were well below the EPA drinking water standard 
(250 mg/L for chloride). Sodium concentrations exceeded the 
EPA drinking water standard (20 mg/L) twice during the study 

at the Red Falls station; however, dilution of that stream water 
when it entered the Schoharie Reservoir eliminated any human 
health concern.

There were three statistically significant non-discharge-
adjusted trends for phosphorus concentrations (data not 
shown). The Batavia Kill station had a slightly increasing 
trend in TDP of 0.003 microequivalent per liter per year 
(µeq/L/yr); the Stony Clove station had an increasing TDP 
concentration of 0.03 µeq/L/yr and the Wolf Creek station had 
an increasing TDP concentration of 0.02 µeq/L/yr. Discharge-
adjusted trends in phosphorus concentrations were only 
significant within the Town Brook and the Hollow Tree Brook 
watersheds (data not shown). There was a small, but statisti-
cally significant increasing trend in TDP for the Hollow Tree 
Brook station of 0.006 µeq/L/yr. At the Town Brook Tributary 
station there was an increasing discharge-adjusted trend in 
TP concentration of 0.045 µeq/L/yr. The trend probably was 
related to the selective harvest that mobilized sediment for 
about a year following the harvest (see the “Sediment and 
Turbidity” section). There was no significant trend in TDP at 
the Town Brook Tributary station. Downstream at the Town 
Brook station, there was no significant trend in TP, but there 
was a significant decreasing trend in TDP of 0.022 µeq/L/
yr. The WAP implemented a series of whole farm plans and 
agricultural best management practices within the Town 
Brook watershed during the study period. The farm plans and 
best management practices included re-routing milk-house 
waste from discharging into streams to vegetative filter strips, 
fencing stream corridors to limit livestock access to streams, 
making improvements to barnyards, routing barnyard runoff 
away from streams, better rotation of crops, planting winter 
cover crops in corn fields, and establishing riparian buffer 
strips around streams. The improvements appear to have had a 
positive effect on water quality in the Town Brook watershed. 
A reduction of 0.022 µeq/L/yr equates to 0.007 mg/L during 
the 10-year study period, a reduction of about a third of the 
median TDP concentration in Town Brook.

Sediment and Turbidity

Suspended sediment and turbidity are a particular concern 
for the New York City water supply. The strategies for reduc-
ing sediment loads and turbidity levels in New York City’s 
drinking water reservoirs differ from mitigation strategies for 
other water-quality parameters. New York State Department of 
Health (2017) set specific criteria for NYCDEP to control tur-
bidity within the Catskill water supply watershed (New York 
State Department of Health, 2017). The Ashokan Reservoir is 
a particular focus of concern because of high SSC and turbid-
ity in watershed streams and within the Ashokan Reservoir 
(New York City Department of Environmental Protection, 
2008). The NYCDEP is engaging in several actions to reduce 
turbidity in the upper Esopus Creek watershed that supplies 
water to the Ashokan Reservoir (New York City Department 
of Environmental Protection, 2008, 2017). Turbidity is 
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Figure 24.  Slope of significant trends in dissolved organic carbon concentration, in micromoles per liter per year, for water-quality stations in the Catskill and Delaware 
watersheds in New York, October 1, 1999, through September 30, 2009.
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Figure 25.  Slope of significant trends in sodium concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in New 
York, October 1, 1999, through September 30, 2009.
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Figure 26.  Slope of significant trends in chloride concentration, in microequivalents per liter per year, for water-quality stations in the Catskill and Delaware watersheds in New 
York, October 1, 1999, through September 30, 2009.
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identified as a source of water-quality impairment in the 
Upper Esopus Creek Management Plan (Cornell Cooperative 
Extension Ulster County, New York City Department of 
Environmental Protection, and U.S. Army Engineer Research 
Development Center, 2007) because turbidity is aestheti-
cally unpleasing, reduces the effectiveness of drinking water 
disinfection, and may indicate elevated levels of bacteria and 
viruses. The three sources of turbidity to the upper Esopus 
Creek are The Shandaken Tunnel, which delivers water from 
the Schoharie Reservoir to Esopus Creek; surface runoff from 
terrestrial portions of the watershed; and stream bank and 
stream bed erosion. One of the primary sources of turbidity in 
the Schoharie and Ashokan watersheds is believed to be ero-
sion of clay-rich sediments from glacial lake deposits.

The Stony Clove station consistently had the highest 
SSC and turbidity levels of any of the six sediment monitoring 
stations (figs. 27 to 32). In the Batavia Kill and Town Brook 
watersheds, the forested upper nodes had similar ranges in 
SSC and turbidity to those measured at the lower node sta-
tions (figs. 27 to 30); however, high SSC and turbidity levels 
were measured at the lower node stations more frequently. 
In contrast, the Hollow Tree Brook upper node station had a 
much lower range in SSC and turbidity than the corresponding 
lower node, Stony Clove Creek (figs. 31 and 32). The results 
indicated that much of the sediment and turbidity measured 

at the Stony Clove station is generated within the stream 
valley rather than in the forested uplands. In fact, the Stony 
Clove stream management plan (Greene County Soil and 
Water Conservation District and New York City Department 
of Environmental Protection, 2005) identified several areas 
of considerable bank erosion along Stony Clove Creek that 
prompted the NYCDEP to initiate the Lanesville Stream 
Stabilization Project within the watershed in 2003, which was 
completed in 2005. The goal of the project was to stabilize 
a 1,700-ft-long stream reach and develop a stable channel 
slope to decrease bank erosion and ultimately decrease SSC 
and turbidity in Stony Clove Creek. Minor repairs were made 
to the project in 2008 after a series of large storms and high 
stream discharge took place during 2005–06. A large increase 
in SSC and turbidity was measured at the Stony Clove station 
during 2006–08 (fig. 32). By 2008, concentrations returned to 
pre-2005 levels and continued to decrease in 2009 (fig. 32).

A recent study used dynamic linear modeling and data 
from the upper Esopus Creek watershed, to which Stony Clove 
is a tributary, to investigate the changing relation between 
SSC and discharge through time (Ahn and others, 2017). The 
study concluded that large storms were typically followed 
by periods of months when turbidity was elevated and then 
gradually decreased. The results of that research suggest that 
the decreases in SSC and turbidity in Stony Clove Creek from 
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Figure 27.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge at the Batavia Kill near Maplecrest, N.Y., 
station, October 1, 1999, through September 30, 2009.
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Figure 28.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge for Batavia Kill at the Red Falls near 
Prattsville, N.Y., station, October 1, 1999, through September 30, 2009.
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2006 to 2009 should probably be described as the typical 
response of the watershed after a large storm rather than as a 
result of the Lanesville Stream Stabilization Project. However, 
since the completion of data collection for the current study, 
additional research has shown a significant decrease of SSC 
and sediment loads within the Stony Clove watershed fol-
lowing additional stream stabilization projects within the 
Stony Clove Creek watershed (Siemion and others, 2016). 
Monitoring of SSC and turbidity is ongoing within the Stony 
Clove watershed and throughout the upper Esopus Creek 
watershed and additional stream stabilization projects are 
planned to further reduce SSC and turbidity (New York City 
Department of Environmental Protection, 2017).

Sediment-discharge relations were calculated for the six 
SSC monitoring stations and significant relations (p<0.05) 
were detected at the three lower node stations (Red Falls, 
Town Brook, and Stony Clove). Red Falls and Stony Clove 
had no censored SSC values and Town Brook had only 
13 of 473 censored values or less than 3 percent. The stron-
gest relation was detected at the Red Falls station (r2=0.73; 
p<0.05), for Stony Clove the relation was not as strong 
(r2=0.54; p<0.05), whereas at Town Brook the relation was 
rather weak (r2=0.27; p<0.05). At two of the upper node 
stations, Batavia Kill at Maplecrest and Hollow Tree Brook, 
SSC varied little through a wide range in discharge (figs. 27 

and 31); therefore, no relation between discharge and SSC 
was determined. The Town Brook Tributary and Town Brook 
stations had similar ranges in SSC; however, at the upper 
node Town Brook Tributary station, SSC and discharge were 
poorly related. Before the selective harvest, SSC at the Town 
Brook Tributary was consistently low with only a few samples 
exceeding 500 mg/L. However, after the selective harvest in 
2006, SSC exceeded 500 mg/L more frequently, particularly 
in response to storms, although the effect diminished through 
time (fig. 29). Throughout the period of record, the change in 
the relation between discharge and SSC at the Town Brook 
Tributary station contributed to the poor relation between dis-
charge and SSC. A wide range in SSC during low flow condi-
tions at the Town Brook station probably related to agricultural 
activity in the watershed. Although there were changes in SSC 
at Town Brook Tributary and at all three lower node stations 
during the period of record, no significant trends in SSC were 
detected at any of the stations. These poor relations between 
discharge and SSC (no r2 value greater than 0.73 for any of 
stations) are likely a result of the dynamic relation between 
SSC and discharge through time and in response to natural- 
and human-induced disturbance (Ahn and others, 2017).

Turbidity is a constituent of regulation within the New 
York City water supply; therefore, there is a strong incentive 
to decrease turbidity levels within the Catskill and Delaware 
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Figure 29.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge at the Town Brook tributary southeast of 
Hobart, N.Y., station, October 1, 1999, through September 30, 2009.
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watersheds. Turbidity control, particularly within the Catskill 
watershed, is a primary goal of the Schoharie and Esopus 
Watershed Management Plans (Cornell Cooperative Extension 
Ulster County, New York City Department of Environmental 
Protection, and U.S. Army Engineer Research Development 
Center, 2007). Of the six streams monitored for this study, 
five had significant linear relations between discharge and 
turbidity; however, only Batavia Kill at Red Falls had an r2 
value greater than 0.5 (r2=0.66; p<0.001). The relation was not 
significant for the Town Brook Tributary and the r2 was only 
0.07 at Batavia Kill at Maplecrest. The other three stations 
all had r2 values close to 0.4 (p<0.001). Stony Clove Creek 
had the highest turbidity levels; however, there was not a 
strong relation between turbidity and discharge at the station 
because high turbidity levels were often measured at low flows 
(fig. 32). The frequency that high turbidity levels were mea-
sured at low flows in Stony Clove Creek indicate that there are 
chronic sources of turbidity to the stream that contribute tur-
bidity to the stream during all flow conditions. These sources 
of SSC and turbidity have been identified as stream bank 
failures often related to exposures of glaciolacustrine sedi-
ments in the stream bed and banks (Greene County Soil and 
Water Conservation District and New York City Department 
of Environmental Protection, 2005; Cornell Cooperative 

Extension Ulster County, New York City Department of 
Environmental Protection, and U.S. Army Engineer Research 
Development Center, 2007). The presence of in-stream turbid-
ity sources that act as sources of turbidity during low flow 
make discharge a poor predictor of turbidity levels. Since 
the completion of data collection for this study, eight stream 
stabilization projects have been completed within the Stony 
Clove watershed and decreases in SSC and turbidity have been 
documented at the Stony Clove Creek station (Siemion and 
others, 2016).

The relations between SSC and turbidity were significant 
for every station at p<0.001. The relations were strongest in 
the Batavia Kill watershed. The Batavia Kill at Maplecrest 
station had an r2 value of 0.78 and Red Falls had an r2 of 0.91. 
The relations between SSC and turbidity were also strong for 
the Stony Clove watershed. Hollow Tree Brook had an r2 of 
0.55 and Stony Clove had an r2 of 0.78. The relations between 
SSC and turbidity were significant for the Town Brook sta-
tions; however, the relations were not as strong as the other 
stations. Town Brook Tributary had an r2 of 0.32 and Town 
Brook had an r2 of 0.46. Agricultural land use and forest har-
vesting, which both involve sediment disturbance, may have 
introduced more variability in the relations between SSC and 
turbidity than was measured at the other stations.
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Figure 30.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge at the Town Brook southeast of Hobart, N.Y., 
station, October 1, 1999, through September 30, 2009.
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Figure 31.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge for Hollow Tree Brook at Lanesville, N.Y., 
station, October 1, 1999, through September 30, 2009.
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Figure 32.  Suspended-sediment concentration (SSC), turbidity, and daily mean discharge at the Stony Clove below Ox Clove at 
Chichester, N.Y., station, October 1, 1999, through September 30, 2009.
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Conclusions
Land use cannot be considered independently of other 

factors affecting water quality in the Catskill and Delaware 
watersheds of the New York City water supply system. In the 
Catskill and Delaware watersheds surficial geology exerted 
a strong influence on water quality in streams throughout 
the region. Areas of glacial till are among the most produc-
tive soils in the Catskill region. The amount of agricultural 
land use has diminished in the Catskill region during the last 
100 years and the remaining agriculture has concentrated in 
the Cannonsville and Pepacton Reservoir watersheds which 
contain the most productive soils in the Catskill and Delaware 
watersheds. The results of this study indicate that watershed 
management activities in the Catskill and Delaware water-
sheds have had a positive effect on surface-water quality in 
the region. Stream water TDP concentrations significantly 
decreased during 2000–09 in the Town Brook watershed 
where a series of agricultural best management practices were 
implemented. Results indicate no significant decrease in SSC 
in the Stony Clove watershed based on a seasonal Kendall test. 
A series of large storms during a 2-year period caused a large 
increase in SSC and turbidity in the Stony Clove watershed for 
nearly 2 years and then SSC and turbidity slowly returned to 
pre-storm levels. The decrease in SSC and turbidity following 
those storms could not be attributed to a stream stabilization 
project implemented during the study, but a series of subse-
quent stream stabilization projects appear to have resulted in 
a decrease in SSC, turbidity, and suspended-sediment loads 
(Siemion and others, 2016).

Stream water acidity decreased in the most acidic 
watersheds indicating continued improvements related to 
reduced levels of atmospheric deposition. Stream water sulfate 
concentrations decreased significantly in every study water-
shed; however, only the most acidic streams showed decreases 
in hydrogen ion concentrations. Sodium and chloride con-
centrations increased during the study period in watersheds 
with roads, which may be a cause for concern in the future if 
concentrations continue to increase. There was a wide range 
in steam water chemistry among the forested study water-
sheds that was related to surficial geology and past land use. 
These factors must be taken into account when interpreting 
stream water chemistry even in watersheds that currently have 
the same land use. The 100-percent forested Town Brook 
Tributary watershed had the second highest TP and TDP 
concentrations of any of the study watersheds indicating that 
previously agricultural watersheds may leach phosphorus for 
many decades after farming has ceased. Legacy phosphorus 
leaching from past agricultural watersheds may be a cause for 
concern in the Catskill and Delaware watersheds because there 
is a large amount of previously agricultural land in the region 
and the highest TDP concentrations in Town Brook Tributary 
were measured during low flow. High dissolved phosphorus 
concentration during summer low flows could contribute to 
algal blooms in water supply reservoirs. In general, water 

quality in the Catskill and Delaware watersheds improved and 
watershed management activities appear to have had a positive 
effect on water quality.

Although this study shows the value of targeted monitor-
ing of watershed management activities to evaluate the effec-
tiveness of the management strategies, the study also demon-
strates the value of a more broadly based monitoring strategy. 
Watershed disturbances may or may not be caused by humans, 
are often unexpected, and typically cannot be controlled; for 
instance, insect infestations, fire, large destructive storms, and 
long-term changes in climate. A baseline of water quality must 
be established before the disturbances occur to evaluate the 
effect of the disturbance and the recovery of the ecosystem 
following the disturbance. Although short-term base-flow 
surveys across the Catskill and Delaware watersheds are an 
excellent, inexpensive method to describe the quality of water 
throughout the watershed, long-term storm-based sampling 
was needed to track trends in water quality through time and 
evaluate the effect of land use on water quality through the 
range in discharge experienced in the Catskill and Delaware 
watersheds.
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