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GLOSSARY

The following is a list of definitions of selected terms used in the Executive Summary of the

report.
Abundance - the number of organisms per unit area or volume.

Acid neutralizing capacity (ANC) — the equivalent capacity of a solution to neutralize strong
acids. The components of ANC include weak bases (carbonate species, dissociated organic
acids, alumino-hydroxides, borates, and silicates) and strong bases {primarily, OH™). In the ERP,
as well as in most other recent studies of acid-base chemistry of surface waters, ANC was

measured by the Gran titration procedure.

Acidic deposition — transfer of acids and acidifying compounds from the aimosphere to terrestrial

and aquatic environments via rain, snow, sleet, hail, cloud droplets, particles, and gas exchange.

Acidic episode — an episode in a water body in which acidification-of surface water to an ANC

level less than or equal to 0 occurs.

Acidification — the decrease of ANC in water or base saturation in soil caused by natural or

anthropogenic processes.

ANC depression — the decrease of ANC that occurs from the beginning of an episode to the .

minimum ANC during the episode.

Atmospheric deposition — the transfer of natural and anthropogenic compounds from the atmos-
phere to terrestrial and aquatic environments via rain, snow, sleet, hail, cloud droplets, particles,

and gas exchange.

Automated pumping sampler — a device that collects water samples at predetermined times ‘or

stream stage levels.
Base cation — an alkali or alkaline earth metal cation (Ca2*, Mg?*, K*, Na™).

Base flow - streamflow during periods between hydrologic events.
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Biomass — the total quantity of organic matter in units of weight or mass.

Chronic acidification — the decrease of ANC in a lake or stream on a seasonal or longer time

frame.

Data logger — a computerized device that stores.data collected by remote sensors or measuring

devices.

Dissolved organic carbon (DOC) - organic carbon that is dissolved or unfilterable in a water

sample.

Density — the number of individual organisms per unit area. In this report, each study stream was

sampled to estimate the average number of brook trout per unit area of stream.

Discharge — the volumetric flow of water. Equivalent to streamflow. Units are volume per unit

time. -

Electrofishing — capture of fish using an electrical current to stun (but not kill) fish, which are

then usually collected using a hand-held net.

Electroshocker — a fish samplihg apparatus, which produces an electrical current in water to stun

(but not kill) fish. The stunned fish are then usually collected with a hand-held net.

Episodes — a subset of hydrological phenomena known as events. Episodes, driven by rainfall
or snowmelt, occur when acidification takes place during a hydrologic event. Changes in other

chemical paramesters, such as aluminum and calcium, are frequently associated with episodes.

Episodic acidification — the short-terrn decrease of ANC from a lake or stream. This process

has a time scale of hours to weeks and is usually associated with hydrological events.
Gauging station — a stable location on a stream where stage and discharge are measured. In
the ERP, the gauging stations were also the locations of the automated pumping samplers and

other instrumentation.

Hydrologic event — an increase in water flow or discharge resuiting from rainfall or snowmelt.




In situ bioassay — measurement of the response of an organism or group of organisms upon’
exposure to environmental conditions in place (in situ) within the natural setting. In this report,
fish were held in small cages in each study stream; we recorded the number (and percentage) of
fish dying over time in relation to chemical conditions in the stream, in particular the occurrence
and severity of episodic acidification.

l3+

Inorganic aluminum (Al,)) — the sum of free aluminum ions (AI*™) and dissolved aluminum

bound to inorganic ligands; operationally defined by labile monomeric aluminum,
lon — an atom or group of atoms carrying an electric charge.

Major episode — an episode with severe episodic chemistry. In this report, the five episodes in '

each stream with the lowest ANC levels were identified as the major episodes.

Nonreference stream - an ERP study stream that experienced episodic chemistry that was
anticipated to have adverse effects on fish. Biological studies in these streams provided data for

examining the effects of episodic acidification of fish. There were eight nonreference streams.

Organic acids (A7) — acids possessing a carboxyl (-COOH) group or phenolic (C-OH) group;

includes fulvic and humic acids.

pH - the negative logarithm of the hydrogen ion activity. The pH scale runs from 1 (most acidic)
to 14 (most alkaline); a difference of one pH unit indicates a tenfold change in hydrogen ion
activity.

Radiotag — a small device that transmits radio signals. Radiotags can be surgically. implanted or
inserted into a fish’s stomach. A remote receiver is used to identify the location of the radiotag
and, thus, the location of the fish. Each radiotag is often set at a unique frequency to track the

movement of individual fish.

Radiotelemetry — a method for tracking the movement of fish (as well as other animals). A
radiotag, which transmits radio signals, is surgically implanted or inserted into a fish's stomach.
The location of the radiotag (and fish) is determined using a remote receiver set at the

appropriate frequency.
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Reference stream — an ERP study stream with stream chemistry (relatively stable pH, low Al

concentrations) that was anticipated to have little, if any, adverse effects on fish bopulations.
Biological studies in these streams were used as a comparison for biological studies in streams
that experienced more severe episodic chemistry (see nonreference stream). There were five

reference streams.

Refugia — areas or zones in aqualic ecosystems in which environmental conditions are relatively

nonstressful for biological organisms.

Snowpack — an accumulation of snow from multiple show storms that lasts for a period of weeks

1o months.

Snowmelt - the melting of a showpack. The melt may occur in response to warm temperatures

or rainfall.
Stage — the height of a stream water surface above a datum (reference point). In the ERP,
relationships were developed between stream stage and stream discharge. These relationships

were used to estimate discharge throughout the study.

Sum of base cations (ECp) — refers to the equivalent sum of Ca®*, Mg?*, Na*, and K*. The -

term specifically excludes cationic AI"* and Mn2*.
Yearling (fish) - fish between one and two years of age (age 1+).

Young-of-the-year (fish) — fish less than one year old (age 0+).

XXVii







EXECUTIVE SUMMARY

Episodic acidification is the process by which streams or lakes experience short-term decreases
in acid neutralizing capacity (ANC), usually during high streamfiow associated with large rain-
storms or snowmelt (Figure 1). An episode, then, is any occurrence of a short-term decrease in
ANC; in an acidic episode, acidification to an ANC level of < 0 ueq/L occurs. If a stream or lake
experiences an episode, typically there are accompanying changes in the concentrations of other
chemical ions, such as base cations, nitrate (NO5"), hydrogen ion (H™) and inorganic aluminum
(Al,)). Exposures to low pH and elevated Al can cause significant stress and increased mortality

in fish and other aquatic biota.
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Figure 1. Variation of streamflow and ANC during example episodes in Biscuit Brook, New
York. ‘

The Episodic Response Project (ERP) was funded by the U.S. Environmental Protection Agency
(EPA) as part of the Aquatic Effects Research Program (AERP), which was established to study
the effects of acidic deposition on aquatic ecosystems. Prior to the ERP, EPA research
concentrated on chronic acidification, that is, long-term changes in surface water acid-base
chemistry and their associated effects on biological communities. The ERP was conducted to

address uncertainties about the occurrence, nature, and effects of episodic acidification.
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Project Objectives

The objectives of ERP field research were to:

® Determine the magnitude, duration, frequency, and characteristics of episodic chemical
changes that accompany hydrological events (rainstorms and snowmelt) in streams.

e Evaluate the effects of episodic acidification on fish populations in streams.

& Define key characteristics of episodes that determine the severity of effects on fish
populations.

Episodic acidification occurs in both lakes and streams, but ERP research efforts were conducted
only in streams, for three reasons. First, the available évidence suggested that episodes were
likely to have more significant impacts on fish populations in streams than in lakes. Episodes in
lakes are often accompanied by a high degree of spatial variability that may mitigate the effects
on fish and other biota. Second, sampling episodic chemical conditions and biological responses
to episodes is much more difficult in lakes than in streams, because of the spatial variability in
lakes, as well as the safety problems associated with collecting samples during spring snowmelt
on lakes with thin ice covers. Third, episodic responses iﬁ streams are more directly linked to
watersheds. Therefore, understanding episodic acidification in streams is a necessary precursor

to understanding the more complex episodic responses of lakes.

The ERP did not directly address the regional extent of episodic acidification. To aid in decisions
regarding acidic deposition controls, we would eventually like to know the number, area, and geo-
graphic distribution of waters that experience episodes severe enough to cause significant
adverse biological effects. As part of the ERP planning process, however, we decided that (1) not
enough information was available to determine what characteristics of episodes were most impor-
tant in controlling biological effects and, therefore, most important to measure, and (2) regional
surveys of episode chemistry, similar to the National Surface Water Survey (NSWS) assessment of
chronic acidity, are not logistically feasible because of the transient nature of episodes. For these
reasons, the ERP was designed as an intensive study at a relatively small number of selected

sites, rather than an extensive regional survey.

A fourth objective of the ERP was to develop and calibrate regiohal models of episodic chemistry,
based on the ERP fleld data, that link atmosphetic deposmon to biologically relevant chemistry
during episodes. Models provxde an alternatlve to reglonal surveys for estimating the regional
extent of biologically 5|gnlf|cant episodes. Results from these model development efforts are not

included in this report, but will be described in subsequent journal articles.




Study Areas

” Episodié acidification is of concern in all regions of the United States susceptible to adverse
impacts on aquatic ecosystems because of acidic deposition. The ERP was conducted in three
priority areas, the Adirondack Mountains of New York, the Catskill Mountains of New York, andv
the Northern Appalachian Plateau of Pennsylvania (Figure 2), selected because of the importance
of their stream resources, the likely occurrence of acidic episodes, and the high probability that

episodes are an important factor affecting the current status of fish populations in these areas.

Four or five study streams were selected in each region based on the following criteria:

® Range of baseflow chemistry, but focusing on streams likely to be adversely affected by
‘episodic acidification, that is, those with ANC between 0 and 100 ueq/L during baseflow.

® Range of expected episode severity, based on existing data or preliminary water
chemistry samples collected during site selection.

e Physical suitability for fish survival and reproduction, and similar size and quality fish
habitat.

o Indigenous fish populations, of the species of interest, present in at least some part of the
stream system at some time of the year.

® At least one reference stream per region, with similar physical and baseflow chemical
characteristics as the other streams, but with relatively stable pH during events and no
anticipated adverse effects on fish populations in the stream.

® Logistical considerations, because of the intensity of field activities, including ease and
availability of access, ease of installing chemical and hydrological monitoring equipment,
ease of fish sampling and monitoring, proximity to central research facility or field station,
and proximity of sites to each other, to minimize travel times between sites.
The sites selected for the ERP are considered geherally representative of other streams in the

region with baseflow ANC between 0 and 100 ueq/L. Table 1 summarizes some of the important
characteristics of the 13 ERP streams.

Project Organization

The ERP was a cooperative research effort involving scientists from several different institutions

and agencies. Field research was conducted by three regional cooperators:
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1. The Adirondack Lakes Survey Corporation (Walter A. Kretser and Howard A. Simonin,
principal investigators) in the Adirondack Mountains of New York.

2. The U.S. Geological Survey (Peter S. Murdoch, principal investigator) in the Catskill
Mountains of New York. )

3. The Environmental Resources Research Institute at Pennsylvania State University (David
R. DeWalle, principal investigator) in the Northern Appalachian Plateau of Pennsylvania.

The U.S. EPA Environmental Research Laboratory in Corvallis, Oregon (ERL-C), served as the
project lead. The U.S. EPA Environmental Monitoring Systems Laboratory in Las Vegas, Nevada
(EMSL-LV), developed and guided the ERP quality assurance/quality control (QA/QC) program.
EMSL-LV also developed the field-based data management system. ERL-C performed central
database management functions. The Pacific Northwest Laboratory designed and coordinated
deposition monitoring for the project, working in cooperation with the U.S. EPA Atmospheric

Research and Exposure Assessment Laboratory, Research Triangle Park, North Carolina.

Table 1. Characteristics of Episodic Response Project Study Streams

Stream | Watershed Lake/Pond | Wetland
Region/Stream Order | Area (km?) Vegetation Present Present
%w

Adirondacks
Bald Mountain Brook 1 1.8 Maple, birch, beech, No Yes
Buck Creek 2 3.1 some conifers v No Yes
Fly Pond Outlet 1 0.9 Yes Yes
Seventh Lake Inlet 2 6.4 Yes Yes
Catskills
Biscuit Brook 2 9.8  |Maple, birch, beech No No
Black Brook 1 3.7 No No
East Branch Neversink

River 3 23.1 No No
High Falis Brook 2 71 No No
Pennsylvania
Baldwin Creek 2 5.3 Oak, mixed hard- No No
Benner Run 2 11.3 woods No No
Linn Run 2 10.0 No No
Roberts Run 2 10.7 No Yes
Stone Run 2 11.6 No No
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Methods

Each stream was monitored intensively from fall 1988 through spring 1990. A gauging station
was located on each of the study streams where discharge was measured continuously, using
either a pressure transducer connected to a data logger or strip chart, or a water level recorder.
An important part of the ERP field effort was to thoroughly characterize rapidly changing
chemistry during episodes. For this reason, and the fact that it is very difficult to predict when
episodes will occur, automated pumping samplers, located at the discharge gauging stations,
were used to collect water samples for chemical analysis during hydrological events. Automated
samplers were programmed to collect water samples at fixed time intervals (2-6 hours) or at
specified changes of stage levels (i.e., increase or decrease in streamflow discharge).. Field
crews also collected water samples manually on a weekly basis, as well as, to the degrze

possible, during episodes when problems occurred with the automated samplers.

Water samples were analyzed for ANC, pH, total dissolved aluminum (Al,,), dissolved organic
carbon (DOC), sulfate (8042_), nitrate (NO3"), chloride (CI"), calcium, magnesium, potassium, and
sodium. In addition, a subset of samples were analyzed for inorganic aluminum (Al ), the
fraction of aluminum considered most toxic to fish. Regional cooperators analyzed samples in-
their own laboratories. Standard procedures and rigorous QA/QC measures were employed for
field sampling and chemical analyses to produce high-quality data that were comparable among

the three regions.

Assessments of the biological effects of episodes in the study streams involved three major
activities: ‘
1. In situ bioassays to quantify the toxic effects of episodic acidification on fish.

2. Radiotelemetry and fish traps to track fish movements during episodes and thus deter-
mine whether fish can behaviorally avoid exposure to toxic chemical conditions during
episodes by moving into areas with higher pH and lower Al,,, concentrations.

3. Surveys of fish community composition and the density and biomass of brook trout to
evaluate fish population status.
In situ bioassays and radiotelemetry studies were conducted each fall and spring (fall 1988,
spring 1989, fall 1989, spring 1990). Test periods were selected to coincide with the expected
timing of spring snowmelt and fall rainstorms. Experiments in the spring were often dela-yed,_‘
however, by the difficulties caused by high flows and/;ar ice cover on the streams. Brook trout

(Salvelinus fontinalis) was selected as the ERP target fish species. Brook trout is the sportfish
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most widely distributed in the small headwater streams in the Adirondacks, Catskill's, and
Pennsylvania that are most susceptible to epi‘sodic as well as chronic acidification. All 13 of the
ERP streams supported at least some brook trout. Bioassays involved young-of-the-year and
yearling brook trout; adult trout wefre used for radiotelemetry tracking of fish movements. In situ
bioassays were also conducted with at least one forage fish species, in addition to brook trout, in
each stream. The forage species varied among regions and streams because of differences in
native fish fauna. Blacknose dace (Rhinichthys atratulus), a highly acid-sensitive fish species, was
used for bioassays in the Adirondacks; slimy sculpin (Cottus cognatus) were used in the Catskills;
and either slimy sculpin or mottled sculpin (Cottus bairdi) were used in Pennsylvania, dépending
on the stream. All fish used in bioassays and radiotelemetry studies were wild strains, collected

by electrofishing from local streams with similar habitats.

Fish communities were surveyed 4-8 times in each stream, using a backpack electroshocker, to
quantify the density and biomass of brook trout and occurrence of other fish species. Some
streams had distinctly lower fish biomass than others. To ensure that differences among streams
were not related to problems with fish access (e.g., natural fish barriers), additional brook trout
and forage fish (blacknose dace or sculpin) were transplanted into each study reach to achieve

an initial, comparable level of fish censity per stream.
Characteristics of Episodes

Episodes were common occurrences in all three regions. We recorded from 19 to 33 episodes in
each of the study streams (Figures 3-5). Episode durations rahged from less than 1 day to more
than 10 days. Acidic episodes occurred in at least some of the streams in all regions and were
common when ANC values were < 50 peqg/L immediately before the episode. When acidic epi-
sodes occurred, they were accompanied by depressed pH levels and elevated Al | concentra-
tions. The study streams were‘divided into six ranked classes of chemical severity, based on
ANC, pH, and Al behavior during episodes and low-flow periods.

1. The East Branch of the Neversink River was chronically acidic (median ANC = 0) and

had strong episodic ANC and pH depressions. It had the longest sustained durations of
severe chemical conditions (low pH and ANC and high Al,,)) among the ERP streams.

2. Stone Run and Roberts Run were also chronically acidic, but pH and Al,  levels were not
as exireme as in the East Branch of the Neversink River. These streams experienced
severe episodes with low pH and high Al . During summer low-flow periods, ANC levels
were positive.
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Figure 3. Box plots of (a) initial ANC, (b) minimum ANC, and (c) ANC change, for episodes
in ERP streams. Line in box indicates median; upper and lower borders of box
show 25th and 75th quartiles; whiskers indicate 10th and 90th percentiles; circles
represent observations beyond 10th and 90th percentiles.
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median; upper and lower borders of box show 25th and 75th quartiles; whiskers
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3. Buck Creek and Linn Run were not chronically acidic but had severe acidic episodes with
low pH and ANC and high Al for long durations.

4. Bald Mountain Brook and Seventh Lake Inlet had episodes of moderate severity (low pH
and ANC, but moderate Al levels) and duration. '

5. Biscuit Brook and Benner Run experienced acidic episodes but they were of short
duration with moderate pH levels and relatively low Al , concentrations.

6. Fly Pond Outlet, Black Brook, High Falls Brook; and Baldwin Creek were classified. as

nonacidic (with ANC always > 0, except for one brief excursion below 0 in Baldwin

Creek) and had relatively high pH and low Al, | throughout the study period.
The ERP was designed to examine the chemical and biological responses of streams to episodic
acidification. The study ideally would have been conducted during a period when snowmelt and
rainstorms generated hydrologic events with normal or above normal flows. In practice, the
hydrologic conditions during the study varied from region to region. lnvthe Adirondacks, winter -
conditions allowed significant snowpacks to develop during both winters of the ERP. |n each
case, snéwpacks > 50 cm developed, with meltwaters contributing to episodes during late winter
and early spring periods. Spring and fall rainstorms also generated hydrologic events. In the
Catskills, below normal snowpacks developed during both winters. Most of the episodes were
generated by rainstorms. A similar situation developed in Pennsylvania. No significant snow-
packs accumulated in either of the winters during the ERP. Because of the small snowpacks in
. Pennsylvania and the Catskills, episodic conditions in these regions may not have been as severe
during the ERP as during years with normal snowpack accumulations. However, large rainstorms

during the spring and late winter did produce high streamflows and major episodes.
lonic Controls on ANC Depressions

Episodic; ANC depressions result from complex interactions of multiple ions that are controlled by
natural processes and acidic deposition. The importance of major ions in determining the mini-
mum ANC during episodes varies among tegions and among streams (Table 2). In the-Adiron-
dacks, base cation decreases and organic acid (A") increases most consistently contributed to
ANC depressions during episodes. Nitrate increases were also very important contributors to
episodes in Adirondack streams. In the Catskills, base cation decreases, NO;" increases, and A~
increases were all consistently important contributors to episodic ANC depressions. For most of
the Catskill streams, base cation decreases were the highest ranked contr_ibutdrs, NO;  increases
were the second most important contributor, and A~ increases were the third most important ion

changes. In the Pennsylvania streams, 3042” increases and base cation decreases frequently
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Table 2. Number of Episodes for Which lon Changes Contributed to ANC Depressions and
Mean Rank of lon Change Contributions (1 = most important) to ANC Depressions

No. Episodes lon Changes Mean Rank of Importance® of lon
Contributed to ANC Depressions Changes to ANC Depressions

No. ~ 2-| - -c d 2- - - d] pse
Region/Stream Episodes® SO, | NOg~ | CIF | A° | ZCg" | A1} SO, | NO4~ | CIT | A¢ |2C | Al
Adirondacks :
Bald Mountain Brook 14 10 5§ | 9|12 14 |0 26 | 24 |89]22| 1.4}]-
Buck Creek 18 10 18 12| 17 17 |1 3.1 | 24 [|43|19] 1.8|3.0
Fly Pond Outlet 21 18 11 81| 14 21 |4 2.3 2.8 |36}(28] 1.0}4.0
Seventh Lake Inlet 18 o | 18 |8|16] 17|ofl 23 | 23 |s9|18] 20|- |
Catskills |
Biscuit Brook 23 1 20 5| 21 18 |0 80 | 1.5 [3.4]28] 1.7 |~
Black Brook 11 4 9 41 9 11 o ff 3.2 | 22 [385]26] 1.1]-
East Br. Neversink River 20 7 20 91t} 1510 34.] 22 |84]|19]| 18-
High Falls Brock 25 5 18 | 7| 22 232 20 | 19 |34]|24] 1.2]35
Pennsylvania -,
Baldwin Creek 13 8 7 6 5 7138 1.1 24 |3.0|26] 13|23
Benner Run 21 19 4 3] 18 1012 1.1 3.0 |20]23| 19]3.0
iLinn Run 25 15 12 7117 24 |1 2.3 3.2 |3.0128} 1.1]|20
IRoberts Run 24 10 | 10 | 7} 20| 21|38 21 | 28 |381][22] 1.1[3.0
iStone Run 23 20 11 11 ] 19 » 1112 15 | 838 |34]126] 15|35(

& With enough fon measurements to perform analysis. .
b Mean rank for episodes in which ion changes made contributions to ANC depressions.
¢ A~ = organic acids.

d ZCg = sum of base cations.

® . = no episodes measured in which Al ion changes contributed to ANC depressions.




made strong contributions to episodic ANC depressions. Organic acids, on average, were the

third most imhortant contributor to ANC depressions in all Pennsylvania streams. Nitrate and CI”

increases made minor contributions to ANC depressions in the Pennsylvania streams.

From a biological perspective, the greatést concern is about major episodes—those that generate
low pH and ANC and high Al for relatively long periods of time (days to weeks). lon behavior
that controlled ANC depressions during major episodes recorded in each stream was not neces-
sarily the same as the ion changes most important'to smalier, more frequént episodes. in the
Adirondacks, the only region to have major snowpacks, the most severe episodes generally
occurred during spring showmelt. Nitrate was a more important contributor to ANC depressions
during the major showmelt episodes than during the other episodes recorded. During major
Adirondack episodes, base cation decreases were usually the most important contributors to ANC
depressions, and A” and NO;~ changes contributed to episodes and had similar ranks (2 or 3) of
importance to ANC depressions (Table 3). One Adirondack stream experienced a major snow-
melt episode in which an increase in NO;~ was the most important ion change. Three of the four
Catskill streams experienced one episode influenced by snowmelt in which NO,™ pulses were the

first ranked contributor and base cation decreases were the second ranked ion change (Table 4).

Within regions, the major episodes generated by rainstorms had more variable ionic controls than
did snowmelt episodes. The large rain-induced Adirondack episodes occurred in the spring and
fall (Table 3). In these episodes, increases in A~ and decreases in base cations were the most
important ion changes to ANC depressions. In major rain-driven spring episodes in the Catskills,
decreases in base cations or increases in NO,~ were typically the first or second ranked ion
changes contributing to ANC depressions (Table 4). For the major episodes in Pennsylvania,
base cation decreases and 3042" increases were usually the most important or second most
important ion changes contributing to ANC depressions (Table 5). Two Pennsylvania streams
experienced major rain-induced episodes in which A™ increases were the most important ion
changes. Nitrate pulses were the second ranked ion change in two major episodes in another

Pennsylvania stream.

Acidic deposition, as evidenced by stream water SO42“ and NO;™ during episodes, contributed
significantly to the occurrence of acidic episodes with low pH and-high Al levels in all three study
areas. Although base cation decreases were frequently the most important ion change that

occurred during episodes, base cation decreases alone cannot create acidic stream water condi-
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Table 3. Rank (1 = most important) of lon Changes Contributing to ANC Depressions
During Episodes with Lowest Minimum ANC Values in Adirondack Streams

Rank of lon Changes Contributing to
ANC Episodic ANC Depressions
Hydrologic | Minimum 1€ ¢ 3¢ 49
Stream Start Date® | Stimulus® (ueq/L)
Bald Mountain Brook 8/12/90 Snowmelt -21 ZCy NO4~ A -
3/27/89 Snowmelt 20 ZCg A NO3~ cr
5/16/90 Rain -13 ZCB A~ — —
9/20/89 Rain 13 2Cg 80, A -
11/16/89 Rain -6 ZCg A” crr _
Buck Creek 11/16/89 Rain -30 A~ NO4~ 2Cy cr
8/12/90 Snowmelt -29 NO;~ 3Cy A” —
4/1/90 Snowmelt 28 nCg A" NO;~ CI-
5/16/90 Rain 26 A” =Cg NO;~ -
4/3/89 Snowmelt 25 2Cg A Al cr
Fly Pond Outlet 3/27/89 Snowmelt 17 ZCy NO,~ A” -
3/12/90 Snowmelt 19 ICg A" NO;™ —
4/10/90 Snowmelt 25 2Cg A” S0, -
4/4/89 Snowmelt 31 ICy 80,2 | NOs7/A”
4/3/90 Snowmelt 39 XCg SO2 | NOg7/A”
Seventh Lake Inlet 3/12/90 Snowmelt -20 2Cg NO,~ A" -
3/27/89 Snowmelt -18 ICy A" NO4~ -
11/16/89 Rain -9 A NO;~ 2Cg -
5/16/90 Rain -9 A" ICg NO,™ | —
5/6/89 Rain -8 A” ZCg NGO~ or

® Episodes with incomplete ion chemistry not included in analysis.
P snowmelt includes rain-on-snow events.

¢ ZCy = sum of base cations; A~ = organic acids.

4 _ = noion change that contributed to ANC depression.
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Table 4. Rank (1 = most important) of lon Changes Contributing to ANC Depressions
During Episodes with Lowest Minimum ANC Values in Catskill Streams

Rank of lon Changes Contributing to
|1 ANC Episodic ANC Depressions
Hydrologic | Minimum 4¢ ¢ 3¢ 49
Stream Start Date® |  Stimulus® (zeq/L)
Biscuit Brook 4/10/90 Rain -6 NO;~ ZCy A -
5/5/89 Rain -2 ZCy NO,~ A -
1/25/90 Snowmelt 2 I NO; A" ICy -
9/19/89 Rain 2 A” NO,~ 2Cq -
8/12/90 Rain 2 NO,~ A” - _
Black Brook 10/17/89 Rain 17 2Cq NOg” A -
5/5/89 Rain 18 ZCq NO;~ A" —
4/10/90 Rain 25 2Cqy NOs" A” -
9/18/89 Rain 36 2Cg A" NO5™ -
11/16/89 Rain 36 2Cg | NO, A _
East Branch 10/18/89 Rain -45 AT ZCg NO4~ -
Neversink River 9/19/89 Rain -39 A 2Cg SO | NOg~
4/10/90 Rain -37 NO,~ 2Cq A~ -
1/25/90 Snowmelt 34 NO4~ A~ ZCg —
10/31/89 Rain " ap A" . 3Gy NOgZ~ 3042-
High Falls Brook 5/5/89 Rain 12 3Cg NO;~ A~ -
10/19/89 Rain 21 xCg NO,~ A" —
1/25/90 Snowmelt 25 NO5~ ICg A" -
2/22/90 Rain , 27 ZCg NO,~ A~ _
4/10/90 Rain 28 2Cg NO,;~ A" _

 Episodes with incomplete ion chemistry not included in analysns.
P Snowmelt includes rain-on-snow events.

¢ ECB = sum of base cations; A~ = organic acids.

4 _ = noion change that contributed to ANC depression.
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Table 5. Rank (1 = most important) of lon Changes Contributing to ANC Depressions
During Episodes with Lowest Minimum ANC Values in Pennsylvania Streams

Rank of lon Changes Contributing to
ANC Episodic ANC Depressions
Hydrologic | Minimum 4b ob gb 4°
Stream Start Date® Stimulus (ueq/l)
Baldwin Creek 3/30/89 Rain -1 3Cg crr —_ —
5/6/89 Rain 4 3Cg NO,~ cr -
6/20/89 Rain 4 A NO,~ cr -
3/24/89 Rain 5 80,2 Al cr _
2/15/89 Rain 6 =Cq 80,2 - _
Benner Run 11/16/89 Rain - 15 80, A - -
5/14/89 Rain -10 80,% A - -
5/9/89 Rain 9 80,2 2Cq A” -
. a-
2/2/90 Rain s ZCg 80O, - _
2/15/90 Rain 5 80,2 A %Cq _
Linn Run 3/4/89 Rain -17 ZCq NOg™ 80,* A”
4/17/89 Rain -15 ZCy — - -
11/16/89 Rain -13 =Cg NO,~ A" cr
2/14/89 Rain 11 2Cg 80,2 NO,” -
4/1/90 Rain 10 80,% %Cg A NO,”
Roberts Run 6/20/89 Rain -52 ZCq A" - -
6/3/89 Rain -45 2Cg S0, A" cr
6/25/89 Rain -39 2Cq A NO,~ -
2/2/90 Rain a3 ZCg A Al -
3/29/89 Rain 28 ZCqg A _ -
Stone Run 6/3/89 Rain -41 80,2 =Cg A -
1/16/90 Rain -38 80,2 2Cy A -
2/2/90 Rain 33 A S0, - -
2/15/90 |  Rain 31 80, 2Cq NO,~ -
4/10/90 Rain 25 ZCq So,* - _

* Episodes with incomplete ion chemistry not included in analysis.
b ICg = sum of base cations; A~ = organic acids.
¢ _ = no ion change that contributed to ANC depression.
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tions during episodes. Organic acid pulses, a natural source of acidity, also were important
contributors 1o ANC depressions in Adirondack streams and, to a lesser extent, in the Catskill and
Pennsylvania streams. However, 3042‘ or NO,;™ pulses during episodes in study streams from all
three regions augmented the base cation decreases and organic pulses to create episodes with
lower pH and ANC and higher Al concentrations than would have occurred from natural proc-
esses alone. In addition, large baseline concentrations of 80,2 and NO,™ reduced episodic

minimum ANC, even when these ions did not change during episodes (Figure 6).

We examined episodic acidification in 13 streams that were specifically selected for the ERP. Itis
not poésible to make direct regional estimates of episodic acidification from these data. However,
the results should be reasonably representative of episodic acidification responses and processes
in similar streams in the Catskills, the Adirondacks, and the Northern Appalachian Plateau of

Pennsylvania.
Effects on Episodic Acidification on Fish Populations in Streams

Results from the ERP clearly demonstrate that episodic acidification can have long-term adverse
effects on fish populations. Streams that experienced episodic acidification had significantly

(p < 0.05) lower levels of brook trout density and biomass than nonacidic streams. Differences in
trout abundance between episodicalrly and chronically acidic streams were not statistically
significant (p > 0.05). Brook trout density and biomass were also significantly (p < 0.001)
correlated with the qualitative rankings of stream chemical sevetity (r = 0.83 for brook trout
density and 0.92 for biomass; Figure 7). With one exception, acid-sensitive fish populations
occurred only in ERP streams with median weekly pH > 6.0 (Black Brook, High Falls Brook,
Biscuit Brook, Benner Run, Baldwin Run) and were absent from streams that were chronically
acidic or that experienced moderate io severe episodic acidification (Bald Mountain Brook,
Seventh Lake Inlet, East Branch Neversink River, Linn Run, Stone Run, Roberts Run). Likewise,
young-of-the-year brook trout were abundant (indicative of successful reproduction during the
study period) in Fly Pond Outlet, Black Brook, High Falls Brook, Biscuit Brook, Benner Run, and
Baldwin Creek, but were absent or rare in Bald Mountain Brook, Buck Creek, Seventh Lake Inlet,

East Branch Neversink River, and Linn Run.
In situ bioassays demonstrated that fish exposed to episodic acidification can experience signifi-
cant mortality. Fish mortality during bioassays was significantly (p < 0.05) lower in reference

streams (Fly Pond Qutlet, Black Brook, High Falls Brook, Baldwin Run, Benner Run) than in
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Figure 6. Anion concentrations for (a) Adirondack, (b) Catskill, and (c) Pennsylvania streams at the beginning of episodes,

and anion concentrations for (d) Adirondack, (e) Catskill, and (f) Pennsylvania streams at the time of minimum ANC.
Organic acid (A") concentrations are estimates. Line in box indicates median; upper and lower borders of box show
25th and 75th quartiles; whiskers indicate 10th and 90th percentiles; circles represent observations beyond 10th
and 90th percentiles.
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nonreference streams. Mortality rates were significantly higher in bioassays with acidic episodes.
than in bioassays with ANC > 0, but similar to bioassays that had chronically acidic conditions

(ANC = 0). Results were consistent across all fish species (Figure 8).

Chemical conditions toxic to fish occurred at some time during the study in all ERP streams
except the five reference streams. Maximum observed mortality rates were generally highest in
those streams with the most severe chemical conditions: > 80% in East Branch Neversink River,
Stone Run, Buck Creek, and Linn Run; between 40% and 50% in Roberts Run and Bald Mountain
Brook; 20% to 30% in Seventh Lake Inlet and Biscuit Brook; and < 20% in all five reference
streams. Because bioassays were not conducted during periods with the most severe chemistry
in each stream, these results provide only a qualitative indicator of the toxicity of ERP streams. All
streams also had at least one bioassay with low mortality (< 10%), indicating that toxic conditions

do not occur throughout the year.

A net downstream movement of radio-tagged brook trout was observed in all streams and study
periods that experienced stressful chemical conditions (e.g., Figure 9). Little to no net down-
stream movement occurred in streams with relatively high pH (> 5.1-5.2) and low Al levels

(< 150-160 ug/L) throughout the study period. Downstream fish movement either was associ-
ated with chronically acidic conditions at the start of the experiment or coincided with the

occurrence of one or more episodes with Al, | > 160 ug/L for 1.5 or more days. Radio-tagged
brook trout died when exposed to high concentrations of aluminum during an episode in Linn
Run. During the same episode, radio-tagged trout survived if they avoided exposure to peak Al

levels.

All ERP streams except the East Branch of the Neversink River had chemical conditions during
low flow considered suitable for fish survival and reproduction (pH = 6.0; Al,,, < 60 ueq/L). Thus,
stream assessments based solely on chemical measurements during low fiow do not accurately

predict the status of fish communities in small streams.
Episode Characteristics that Determine the Severity of Effects on Fish

Inorganic aluminum was the single best predictor of fish mortality during in situ bioassays.
Calcium, pH, and DOC were also important predictors of brook trout mortality; at a given Al, .
concentration, lower mortality occurred in bioassays with lower minimum pH, higher calcium, and

higher DOC.
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Brook trout density and biomass in' ERP streams were significantly (p < 0.05) correlated with both
stream pH and Al,,, concentrations, although rank correlations were slightly higher for pH than for
“Al,. Because pH and Al,,, are highly correlated, it is difficult, based on field data alone and given

the small number of study streams, to distinguish the relative importance of pH and Al

The relationships between Al and pH, and between Al | and ANC, varied among ERP streams.
High levels of Al (> 200 ug/L) commonly occurred in Linn Run at pH < 5.4, but only at.pH

< 5.2 in Stone Run, Bald Mountain Brook, Buck Creek, and Seventh Lake Inlet, and at pH < 5.0
in Roberts Run and East Branch Neversink River. [No Al,, levels above 200 ug/L occurred in the
remaining six ERP streams.] Thus, predictions of potential effects on fish based solely on pH or

ANC may be misleading.

In general, fish exposed for longer periods of time to high Al levels had higher mortality rates.
However, the single best predictor of brook trout and sculpin mortality was the time-weighted
median Al concentration during the 20-day bioassay period, as opposed to more complex

expressions of chemical exposure incorporating peak levels and duration.

Blacknose dace are more sensitive to high Al than brook trout or sculpin. Dace mortality was
best predicted by an integrated function of duration and Al; . concendrations. . High mortality is

expected to occur with Al, . > 250 ug/L for two or more days.

During radiotelemetry studies, some brook trout were able to move downstream or into alkaline
microhabitats and avoided exposure to low pH and high Al during episodes. However, in most
cases, the majority of radio-tagged fish were exposed to relatively high, potentially lethal Al levels
(Figure 10).* Fish behavioral avoideince and the occurrence of refugia can partially, but not
entirely, mitigate the adverse effects of episodic acidification on fish populations. Recolonization
from groundwater seeps and more alkaline tributary streams can maintain low densities of fish in
streams that experience toxic episodes, but is not sufficient to sustain fish densities or biomass at

levels near those expected in the absence of adverse acid-base chemistry.

Brook trout are fairly mobile, frequently moving more than 1 km. Thus, of the fish species
common in small headwater streams, brook trout are best able to take advantage of refugia.
Sculpin, by contrast, generally move only shott distances (e.g., < 10 m in a summer). Sculpin
were as, or more, tolerant of high Alim‘ in bioassays than brook trout. Yet, sculpin populations are

absent from étreams that maintain low densities of brook trout. We hypothesize that toxic
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Figure 10. Median stream total dissolved Al (Al,;) concentration at locations of radio-
tagged fish (triangles; vertical bars = * 1 SE) and Al concentrations of
concurrent samples collected at the Linn Run continuous monitoring station
(broken line) (Source: Gagen, 1991).

episodes have a more severe and long-lasting effect on sculpin populations, compared to brook
trout populations, because of differences in fish mobility.

Major Conclusions

® Episodes were a common occurrence in the study streams of all three regions, and acidic
episodes were common when ANC values were < 50 peg/L immediately before the episode.
When acidic episodes occurred, they were accompanied by depressed pH levels and elevated
Al;,, concentrations.

® Acidic deposition, as evidenced by stream water SO42‘ and NOg4~ during episodes, contributed
significantly in two ways to the occurrence of acidic episodes with low pH and high Al levels in

all three regions. Pulses of SO42' (in Pennsylvania streams) and NO;™ (in Catskill and
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Adirondack streams) during episodes augmented natural processes to create episodes with
lower ANC and pH and higher Al . concentrations than would have occurred from natural
processes alone. In addition, large baseline concentrations of SKO42“ (all regions) and NO;~
(Catskills and Adirondacks) reduced episodic minimum ANC levels, even when these ions did

not change or decreased slightly during episodes.

Episodic acidification can have long-term adverse effects on fish populations. As a result,
stream assessments based solely on chemical measurements during low flow do not accur-
ately predict the status of fish communities in small streams.

Fish exposed to low pH and high AL for longer periods of time experienced higher mortality.
Time-weighted median Al,, concentration was the single best predictor of brook trout
mortality.

Fish behavioral avoidance only paﬂiaﬁy mitigated the adverse effects of episodic acidification
in small streams and was not sufficient to sustain fish- density or biomass at the levels

expected in the absence of acidic episodes.
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SECTION 1
INTRODUCTION

Episodic acidification refers to short-term decreases of acid neutralizing capacity (ANC) that often
accompany rainstorm runoff and snowmelt events (Wigington et al., 1990). Typically, if a strear;m
or lake experiences an episodic ANC decrease—an episode—there are accompanying changes
in the concentrations of other chemical solutes, such as H* and Al. Short-term exposures to low
- pH and elevated Al during episodes can cause significant stress and increased mortality of

aquatic biota {(J. Baker et al., 1990a).

The Episodic Response Project (ERP), originally funded as a component of the U.S. Environ-
mental Protection Agency’s (EPA) Aquatic Effects Research Program (AERP), was designed to

. address major knowledge gaps concerning episodic acidification. With the exception of the ERP,
AERP research focused mostly on chronic acidification, that is, long-term changes in surface
water acid-base chemistry and associated changes in biological communities. The National
Surface Water Survey (NSWS) measured the current, chronic, acid-base chemical status of sur-
face waters in regions of the United States potentially sensitive to acidic deposition (Linthurst et
al., 1986; Landers et al., 1987; Kaufmann et al., 1988). The Direct/Delayed Response Project
(DDRP) projected future changes in annual average surface water chemistry for a range of alter;
native future deposiﬁon scenarios (Church et al., 1989, 1992). Biological responses to chronic
changes in acid-base chemistry were vevaluated as part of the Little Rock Lake whole-lake acidifi-
cation experiment (Brezonik et al., 1986; Watras and Frost, 1989) and other AERP projects.
Because of these and other studies, a relatively sound knowledge base exists regarding chronic

acidification and its effects.

However, many uncertainties remain regarding the occurrence, causes, and biological conse-
quences of episodic acidification. For example, the NSWS used index samples collected at
specific times of the year and specific locations to assess the current chemical status of surface
waters. The DDRP projected future chemical changes based on index chemistry and a variety of
soil and watershed characteristics. These projects yielded valuable research results that were
used to address critically important policy questions related to acidic deposition. However,
assessments based on index conditions have not adequately reflected the influence of episodes.
It has not been possible to accurately estimate the worst-case chemical conditions associated
with epiéodes for the populations of surface waters potentially sensitive to acidic deposition. The

processes and forcing factors controlling episodes have remained poorly quantified. Further-




more, a very important factor is that the degree and severity of biological effects of episodic

acidification, especially population-level effects on fish, has remained uncertain.
1.1 PROJECT OBJECTIVES

The ERP was conducted to address key uncertainties regarding episodic acidification. . The

project objectives were as follows (Thornton et al., 1988):

1. Determine the magnitude, duration, frequency, and characteristics of episodic chemical
changes that accompany hydrological events (snowmelt and rainstorms) in streams.

2. Evaluate the effects of episodic acidification on fish populations in streams.

3. Define key characteristics of episodes that determine the severity of effects on fish
populations.

4. Develop and calibrate regional models of episodic chemistry that link atmospheric
deposition 1o biologically relevant chemistry during episodes.

1.2 PROJECT SCOPE

Episodic acidification is of concern in regions of the United States susceptible to adverse impacts
to aquatic ecosystems because of acidic deposition. The ERP research efforts focused on three
priority areas: the Northern Appalachian region of Pennsylvania and the Catskill Mountains and
Adirondack Mountains of New York. These regions were selected because of three factors: the
importance of their stream resources, the likely occurrence of acidic episodes, and the high
probability that episodes are an important factor affecting the current status of fish populations in
these areas (Thornton et al., 1988; Wigington et al., 1990). Wigington et al. (1990) concluded that
(1) in the United States, acidic episodes occur most often in the Northeast and Mid-Atlantic
regions, including the Adirondacks, Catskills, and Northern Appalachian region of Pennsylvania,
and (2) atmospheric deposition seems to have the greatest influence on minimum ANC and pH of
episodes in these areas. All three regions have a relatively high percentage of chronically acidic
surface waters [14% of the lakes in the Adirondacks and 6% of the upper stream reaches in the
Poconos/Catskills and Northern Appalachian Plateau regions (Linthurst et al., 1986; Kaufmann et
al., 1988)]. In addition, preliminary modeling analyses by Eshleman (1988) estimated that the
numbers of acidic systems in these regions could increase 3-6 times, depending on the region.

Episodic acidification occurs in both lakes and streams. ERP research efforts were conducted

only in streams, however, for three reasons. First, the available evidence suggested that episodes
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probably have more significant impacts on fish populations in streams than in lakes (J. Baker et
al., 1990a). Episodes in lakes are often accompanied by a high degree of spatial variability that
may mitigate the effects on fish and other biota. Second, sampling episodic chemical conditioné.
and biological responses to episodes is much more difficult in lakes than in streams, because of
the spatial variability in lakes as well as the safety problems associated with collectiﬁg samples
during spring snowmeit on lakes with thin ice covers. Third, episodic responses in streams are
more directly linked to the watersheds. Therefore, understanding episodic acidification in streams

is a necessary precursor to understanding the more complex episodic responses of lakes.

ERP field research did not directly address the regional extent of episodic acidification.
Eventually, to aid in decisions regarding acidic deposition controls, we would like to know the
number, area, and geographic distribution of waters that experiencé episodes severe enough to
cause significant adverse biological effects. As part of the ERP planning process, we decided,
however, that (1) insufficient information was available to determine what characteristics of
episodes were most important in controlling biological effects and, therefore, most important to
measure, and (2) regional surveys of episode chemistry, similar to the NSWS assessment of
chronic acidity, are not logistically feasible because of the transient nature of episodes (Thornton
et al,, 1988). For these reasons, the ERP was designed as an intensive study, rather than an
extensive regional survey. Detailed field monitoring and research were conducted at a relatively
small number of selected sites. Five types of monitoring data were collected at the ERP study
sites: (1) atmospheric deposition quantity and quality, (2) stream discharge, (3) stream chemistry,
(4) fish population status and fish responses to episodes, and (5) qualitative information on

stream benthic invertebrates.

Results of the ERP research are presented'in this report. In addition, ERP data are being used to
develop and rgﬂne models with which, together with the NSWS data, it may be possible to esti-
mate the regional extent of biologically significant episodes. The results from these model
development efforts are not included in this report but will be described in subsequent journal

articles.
1.3 PROJECT ORGANIZATION

The ERP was a cooperative research effort ihvolving scientists from a number of different institu-
tions and agencies. Field research was conducted by regional cooperators in three areas of the

United States:




1. The Adirondack Lakes Survey Corporation (Walter A. Kretser and Howard A. Simonin,
principal investigators) in the Adirondack Mountains of New York.

2. The U.S. Geological Survey (Peter S. Murdoch, principal investigator) in the Catskill
Mountains of New York.

3. The Environmental Resources Research Institute at Pennsylvania State University
(David R. DeWalle, principal investigator) in the Northern Appalachian Plateau of
Pennsylvania.

The U.S. EPA Environmental Research Laboratory in Corvallis, Oregon (ERL-C), served as the
project lead. The U.S. EPA Environmental Monitoring Systems Laboratory in Las Vegas, Nevada
(EMSL-LV), developed and guided the ERP quality assurance/quality control (QA/QC) program.
EMSL-LV also developed the field-based data management system. ERL-C performed central
database management functions. The Pacific Northwest Laboratory designed and coordinated
deposition monitoring for the project, working in cooperation with the U.S. EPA Atmospheric

Research and Exposure Assessment Laboratory, Research Triangle Park, North Carolina.
1.4 REPORT SCOPE AND ORGANIZATION

This report describes the major findings of the field component of the ERP and thereby addresses
the first three of the four objectives listed in Section 1.1. The stream chemistry section describes
the occurrence and characteristics of episodes and explains how ion changes during episodes
may indicate the causes of episodic acidification. Biology results include measures of fish
toxicity, behavioral responses, and population status in the study streams in relation to stream
chemistry and selected episode characteristics. An important objective of the repcrt is to compare
these chemical and biological responses among the three ERP regions. More intensive analyses of
the data collected for any one region are being conducted by the individual regional cooperators, for

publication in the peer-reviewed literature,

Funding constraints have hindered completion of a full analysis of the ERP data set. The ERP budget
was reduced substantially in the third and final year of the project (1990), during the final stages of the
original National Acid Precipitation Assessment Program (NAPAP). As a result, most field research
was completed, but few resources were left for data analyses by cooperators or ERL-Corvallis staff.
The analyses presented in this document have been accomplished through the persistent efforts of a
relatively small group of people. Consequently, the report contents reflect very difficult choices
regarding the most critical analyses to be performed and presented. Two criteria guided the prioritiza-
tion of work for the report. First, analyses should address the ERP objectives as directly as possible.

Secondly, the work should be a logical step on which subsequent analyses could be based. Some
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analyses originally planned could not be conducted.. For example, the report provides only a brief
description of deposition characteristics during the ERP study period. However, analyses that
explicitly examine the linkage between acidic deposition and episodic acidification could not be
included. Some of the biology sections rely on summaries of analyses conducted by the field

cooperators, separately for each region, rather than analysis of the integrated data set.

Additional work involving ERP data is continuing. Modeling analyses, to address the fourth ERP
objective, are being conducted by Kéith N. Eshleman (University of Virginia), Trevor D. Davies
(University of East Anglia, UK), Martyn Tranter (University of Bristol, UK}, and P.J. Wigington, Jr.
(ERL-C). Furthermore, both the individual field cooperators and ERL-Corvallis staff are planning future

analyses of the ERP data. Results from these efforts will be published in peer-reviewed journals.

The remaining sections of this report are organized as follows:
®  Chapter 2, Importance of Episodic Acidification, provides a brief review of the current
understanding and uncertainties regarding the extent, severity, causes, and biological
effects of episodic acidification.

¢ Chapter 3, Study Areas, provides a general description of the regions studied as well as the
specific study sites (including information on atmospheric deposition).

o Chapter 4, Methods, provides an overview of the field, analytical, and data analysis
methods used to collect and interpret the ERP data, including procedures for QA/QC.

® Chapters 5 and 6 present and discuss project results, organized by topic area:

—  Chapter 5, Stream Hydrology and Chemistry
—  Chapter 6, Effects on Fish

o Chapter 7, Summary and Conclusions, reiterates the major findings and conclusions of the
ERP.







SECTION 2
IMPORTANCE OF EPISODIC ACIDIFICATION

This chapter provides-a brief overview of our current understanding of the,extent,‘ severity, causes,
and biological importance of episodic acidification in streams. It provides the background infor-
mation necessary for interpreting the results froin the ERP and identifies the key knowledge gaps
and uncertainties that the ERP was designed to address. This summary is based primarily on the
recent NAPAP state of science and technology reports on episodic acidification (Wigington et al,,
1990) and the biological effects of acidification (J. Baker et al., 1990a). |

We define acidification as a decrease in surface water ANC. Acidic waters have no ability to
neutralize strong acids, that is, ANC =< 0. Episodic acidification, therefore, is the process by
which a lake or stream experiences a transient, short-term decrease in ANC, usually during a
hydrologic event, over a time scale of hours to weeks. A hydrologic event is an increase in
stream discharge or flow resuiting from rainfall or showmelt. Thus, episodes make up the gubset

of hydroiogic events during which ANC decreases; during acidic episodes, ANC = 0.

Although acidification and episodes are defined on the basis of a decrease in ANC, changes also
occur in a large number of other water chemistry variables. Of particular concern for aquatic
biota are the decreases in pH and the increases in inorganic ali.]minum that accompany surface
water acidification. Laboratory experiments have demonstrated that both low pH and elevated
levels of inorganic aluminum are toxic té fish and other biota (Schofield and Trojnar, 1980; Baker
and Schofield, 1982; Clarke and LaZerte, 1985; Ingersoll, 1986§ France and Stokes, 1987; Holize
and Hutchinson, 1989).

2.1 CHARACTERISTICS OF EPISODES

Figure 2-1 presents a hydrograph (representation of discharge over time) and a chemograph
(representation of chemical concentration over time) for an idealized hydrologic event and an
associated episode. It illustrates several important episode characteristics. Episode magnitude
has two components: (1) the maximum change in the concentration of ANC or other chemical
variable of interest, such as pH or inorganic aluminum, represented by the change from point A to
point B alo'ng the Y-axis in the figure, and (2) the absolute minimum value (or maximum, for

variables such. as aluminum that increase during episodes) that occurs during the event (point B).
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Figure 2-1. Variation of streamflow and ANC (or pH) for an idealized episode.

Episode duration is the amount of time that the ANC or pH depression (or elevated aluminum)
lasts, that is, the time from point A to point C along the X-axis. For some purposes, duration is

_ also specified as the amount of time below (or above) a given threshold value, such as ANC

< 0 or biologically significant thresholds of pH and inorganic aluminum. Available information,
discussed further in Section 2.4, indicates that episode magnitude and duration are the two most

important features determining the severity of the toxic effects on aquatic biota.

Aquatic systems rarely behave, however, in the idealized fashion illustrated in Figure 2-1. Multiple
rainstorms or combinations of rain and snowmelt frequently produce complex hydrographs and
chemographs that make it difficult to describe episode magnitude and duration. As a result, one
of the most challenging tasks facing scientists is to select an appropriate index of episode
chemical severity that can be consistently applied to assess the biological significarice and

impacts of episodic acidification in streams.

The nature of the hydrologic events that occur in a watershed provides important information
about the possible characteristics of episodes in that system. For example, the duration of an
event also defines the maximum possible episode duration. In northerly regions, where large

snowpacks accumulate, hydrological events in the spring may last several weeks or more as the

snow gradually melts. Rainstorms, on the other hand, produce hydrological events ranging from




several hours to several days in low-order streams. Thus, episodes in small streams associated
with individual rainstorms are likely to be no more than a few days long. Rainstorm generated
episodes may last several weeks in large rivers. During the spring snowmelt period, shorter,

more severe episodes may be superimposed on longer snowmelt episodes.

Numerous researchers have reported strong correlations between stream discharge and concen-
trations of selected chemistry variables, such as pH, ANC, and sulfate (Johnson et al., 1969;
Lewis and Grant, 1979; Sharpe et al., 1984; Eshlerrian, 1985). In such situations, the stream
hydrograph may also be used to estimate, with quantifiable uncertainty, stream chemistry and
episode magnitude. Several limitations to this approach have been noted, however. In particular,”
concentration-discharge relationships often vary seasonally with differences in antecedent
conditions (e.g., the amount of time since the last storm event) and with the rising and falling limb
of the discharge curve. For example, for a given level of discharge and pH, inorganic aluminum
concentrations are generally higher during the early phases of snowmelt, as water levels rise,
than during later phases of the event (Sullivan et al., 1987; Hooper and S'hoemaker,' 1985).
Possible explanations include changes in hydrological flowpaths over the course of the event (see
Section 2.3) and the redissolution of aluminum from the streambed during the initial pH decline
(Norton et al., 1992). Patterns of chemical changes during events and concentration-discharge
relationships vary among regions as well as among stream systems within a given region
(Wigington et al., 1990).

Frequency refers to the number of occurrences of episodes, of a given magnitude and duration,
Yduring a specified period (e.g., year). Because of their linkage to hydrological events, episodes
are stochastic or probabilistic in nature. Some years are dry and tend to have few significant
hydrological events and therefore few potential episodes. In other years, wetter conditions pre-
vail, allowing a greater opportunity for hydrological events and episodes to occur more frequently.
Only by monitoring episodic acidification in an aquatic system for several years can the full range

of the system’s response be reasonably assessed.

Additional complexity arises from the spatial variability of chemical conditions during episodes.
Seeps, springs, and tributaries that deliver water to streams can create refugia with chemical
characteristics quite different from those in the main body of water. In addition, in most stream
systems, ANC and pH generally increase with increasing distance downstream (Johnson et al.,
1981; Driscoll et al., 1987b; Kaufmann et al., 1988). As stream order and watershed size

increase, the contribution of groundwaters, with higher ANC and pH, to stream baseflow tends to




increase (Winter, 1984; Freeze and Cherry, 1979). 'One would also éxpect episodes to be less
severe in higher order streams, although relatively few studies have been conducted (e.g.,
Hooper and Shoemaker, 1985) on longitudinal trends in episodic chemistry to confirm this

assumption.
2.2 EXTENT AND SEVERITY OF THE PROBLEM

Episodic acidification is widespread. Throughout the United States, Canada, and Europe,
streams and drainage lakes usually experience at least some loss of ANC during hydrological
events (Wigington et al., 1990). Although some exceptions exist, that is, systems that experience
no change or even an increase in pH or ANC during events, these systems or episodes represent

a small proportion of those studied.

Although the occurrence of episodes is almost universal in the United States, episode magnitude
varies widely both among regions and among systems within the same region (Figure 2-2).
According to available studies, streams and lakes in the Northeast most consistently experience
episodes with low minimum values of ANC and pH. Every northeastern state for which data are
available (New York, Vermont, New Hampshire, Maine, and Massachusetts) has streams or lakes
that experience episodes with minimum pH < 5.0 and/or minimum ANC < 0 (with pre-episode
conditions of pH 5.5 or greater). In the southwestern Adirondacks, some streams with baseflow
ANC > 200 ueq/L. may become acidic during snowmelt events (Galloway et al., 1987), and many
Adirondack streams and lakes with pre-episode ANC up to 75 ueq/L. become acidic during epi-
sodes (Colquhoun et al., 1984; Schaefer et al., 1990). Episodes with minimum ANC < 0 or mini-
mum pH < 5.0 have also been recorded in the Mid-Atlantic region, specifically in the Valley and
Ridge area of Pennsylvania and the Atlantic Coastal Plain of Maryland (Lynch et al., 1986; Sharpe
et al., 1984; Correll et al., 1987). Outside the Northeast and Mid-Atlantic regions, most of the

episodes recorded have not resulted in acidic conditions, although only limited data are available.

Despite a large amount of published information, significant knowledge gaps remain concerning
the extent and severity of episodic acidification, primarily because measuring episodic acidi-
fication is a difficult and expensive task. Adequately capturing the temporal dynamics and spatial
variations in chemistry during episodes requires large investmenits in field personnel and instru-
mentation. In many of the existing studies, samples were collected too infrequently to provide

highly accurate data on episode magnitude and duration. Studies that use sampling intervals that
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are long in comparison to the rate of chemical change are likely to underestimate the total
magnitude of the change, the minimum ANC, and, to some degree, the duration of episodes.
Furthermore, variables of interest, such as inorganic aluminum, often were not routinely

measured.

At present, there are not enough data for any region of the United States to estimate the regional
extent, magnitude, duration, and frequency of episodic acidification. In particular, it has proven to
be logistically infeasible to conduct statistically rigorous surveys that would allow for population
estimates of episode chemistry comparable to the regional population estimates of chronic acidity
provided by the National Surface Water Survey (NSWS) (Linthurst et al., 1986; Landers et al.,
1987; Kaufmann et al., 1988).

The best approach for achieving population-level estimates of episodic acidification will probably
be to link improved regional databases with simple modeling approaches. Eshleman (1988) 6on-
ducted a preliminary analysis, using a two-component mii(ing model together with the NSWS
chemistry data, to generate worst-case estimates of the minimum ANC during episodes in
streams In six regions of the eastern United States (Table 2-.1). His results suggest that the
estimated proportion of acidic streams (ANC =< 0) would increase by 40-640%, compared to the
NSWS results in the six regions, if the effects of episodic acidification were {aken into account.
Neither the model nor the model coefficients used by Eshjeman (1988) have been fully validateq,
however. Thus, these results must be considered preliminary. Data from the ERP are being used
to refine and improve these and other models, with the objective of providing improved regional

estimates of the extent and magnitude of episodic acidification.

2.3 CAUSES OF EPISODIC ACIDIFICATION

Several processes and factors influence the nature and severity of episodic acidification. Physical

factors, such as watershed hydrology, as well as chemical interactions are important.

2.3.1 Watershed Hydrology

The changes that occur in water flowpaths through the watershed during hydrological events are
an important determinant of the characteristics of episodes in receiving streams and lakes.
During periods of baseflow, relatively alkaline water is derived from the lower part of the mineral
soil and deeper groundwater storage zones (Velbel, 1985) (see Figure 2-3). During hydrologic
events, on the other hand, water is routed primarily through upper soil layers (Potter et al., 1988;
Chen et al., 1984), which are more acidic because of natural processes or acidic deposition.
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Table 2-1. Population Estimates of the Number and Proportion of Acidic Reaches (ANC

=< 0) Based on Index Conditions and Worst-Case Episodic Conditions
Using the Two-Component Mixing Model (from Eshleman 1988)

Index Conditions Episodic Conditions
(ANC =0 (ANC = 0)
Subregion Node?® Number of | Proportion | Number of | Proportion

Reaches (%) Reaches (%)

| . (lower) 0 0.0 157 | a8
Poconos/Catskills (1D) (upper) 509 6.4 746 230
Southern Blue Ridge (2As) (lower) o° o° 39 2.2
. (lower) o° QP 47 0.3

Valley and Ridge (2Bn) (upper) 636 4.9 1,126 86
Northern Appalachian (lower) 326 3.8 2,379 28.0
Plateau (2Cn) (upper) 499 5.8 3,224 37.2
. (lower) o° o° o° o°
Ozarks/Ouachitas (2D) (upper) ob ob 75 18
‘ . (lower) oP ob 243 4.8
Southern Appalachians (2X) (upper) 121 25 364 7.4
. (lower) oP oP oP oP
Piedmont (3A) (upper) oP oP oP o°
(lower) 772 6.8 1,727 15.3

Chesapeake Area (3B) (upper) | 1,334 11.8 3,132 27.8
. (lower) 225 14.5 520 335
Florida (3C) (upper) 678 39.2 963 55.7

g Preliminary estimates are given for both upper and lower sampling nodes for nine NSWS subregions.
No acidic reaches were sampled; although the best estimate is zero, the upper 95% confidence bound on the estimate
does not preclude a certain number of acidic systems in the target population.
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Figure 2-3.  Episodic acidification conceptual model. I, = direct input; Q,, = event water;

Qpn = pre-event water (from Wigington et al., 1990).
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Differences in the characteristics of these two water sources will determine the degree of episodic

acidification.

A considerable body of literature has demonstrated that streamwater during events is composed
of (1) event water derived directly from the rainstorm or snowmelt driving the Hydrologic event
(flowpaths Qe1-Qe4 in Figure 2-3) and (2) pre-event water residing in the watershed before the
rainstorm or snowmelt occurred (Qp1-Qp4 in Figure 2-3) (Wigington et él., 1990). Results from
natural isotope studies suggest that pre-event water typicélly accounts for 30-90% of the water

transported during hydrological events (Hooper and Shoemaker, 1986; Eshleman, 1988).

As water moves through the watershed system, it may be chemically altered by numerous bio-
geochemical reactions. Basic differences exist between the opportunities for eVent water and for
pre-event water 1o be modified by these biogeochemical processes. By definition, event water
moves rapidly through the system and generally has less opportunity to interact with soils and
rock. For watersheds receiving acidic deposition, this means that event water is less likely to be
neutralized before being delivered to a waterbody (Winter, 1984). Pre-event water resides in the
soil/geologic complex for a longer period of time, increasing the opportunity for neutralization
reactions to take place (Anderson and Bowser, 1986). The combination of the various sources of
event and pre-event water determines the net chemical characteristics of water delivered to a

stream or lake at any moment in time.
2.3.2 Natural Processes that Contribute to Episodic Acidification

Four important natural processes can produce episodes: (1) dilution, (2) nitrification, (3) organic
acid production, and (4) the sea-salt effect. If present, weathering and oxidation of mineral S
within the watershed can also induce episodic acidification. However, we focus our discussion on

the four more commonly important processes.

Dilution occurs when precipitation water of low ionic strength (event) is mixed with higher jonic
strength pre-event water in soil water or in a lake or stiream. For dilution to occur, modification of
the precipitation water by chemical reactions in watershed soils must be limited by either little
physical contact or a short interaction time. Dilution can lower ANC, but dilution alone cannot
cause an acidic épisode. Episodes caused by dilution are characterized by decreases in base
cation concentrations (sodium, pota‘ssium, calcium, and magnesium), which are derived largely

from watershed soils.
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Nitrification is the biological conversion of organic nitrogen and reduced forms of inorganic nitro-
gen, such as ammonium, into nitrate. The end products of these reactions include hydrogen ions
(H*) as well as nitrate anions (NOgZ). Nitrification typically occurs in the organic layers of soils.
Thus, waters moving through these upper soil layers during events are Iiketly to flush out any
accumulations of nitrate and acidity from nitrification. Episodes caused by nitrification are char-
acterized by relatively high nitrate concentrations (Galloway et al., 1987; Peters and Driscoll,
1987).

Organic acids are also produced in soil organic layers, as byproducts of the partial décomposi-
tion of organic matter. A high proportion of the organic acids in wetland systems is exported
directly to surface waters. In forest soils, on the other hand, 6rganic acids generated in the
organic layer tend to be adsorbed onto the mineral surfaces in the lower horizon mineral soils.
When flowpaths bypass these mineral soils, however, as during some events, forest soils also can
export organic acids (Turner et al., 1990). Hence, the production of organic acids in the organic
layer and the minimal adsorption of these acids during transit to the watercourse are prerequisites
for episodes stimulated by organic acids. Episodes caused by organic acid production typically
are characterized by an increase in the streamwater organic anion content and, depending on the
lon exchange characteristics of the organic layer, a possible decrease in base cation concentra-

tions.

The sea-salt effect occurs when base cations from atmospheric deposition displace H™ ions from
the soil complex; these H* ions may then be exported to sireams and lakes. Two conditions are
required for this process to be a significant episode-generating mechanism. First, there must be
an ample supply of neutral salts in wet or dry deposition. Therefore, the sea-salt effect generally
occurs only in areas along oceanic coastlines. Second, H™ ions must be readily available on the
soil cation exchange complex. Thus, the sea-salt effect can cause episodic acidification only in
watersheds with soils that have been chronically acidified by either natural or anthropogenic
factors. The chronic acidification of soils by acidic deposition, therefore, could theoretically lead
1o episodes stimulated by sea salts, or episodes of greater magnitude, in regions where otherwise
the atmospheric deposition of neutral salts would have relatively little impaét on surface water
acidity. In the United States, the sea-salt effect has been documented in coastal streams of
Maine (Health et al., 1992; Kahl et al., 1992); in Europe, there have been numerous examples of
streamwater acidic episodes caused by the sea-salt content of particular rainfall events (Harriman

and Wells, 1985; Langan, 1985, 1987; Howells and Brown, 1987).
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2.3.3 Role of Acidic Deposition

Acidic deposition can contribute to episodic acidification by (1) providing direct inputs of acidic
waters to surface waters, (2) conditioning watersheds, via the accumulation of sulfate and nitrate
anions and H* from atmospheric deposition in the upper layers of watershed soilé during rela-
tively dry periods, and (3) lowering the chronic ANC of some systems and thereby lowering the
minimum ANC values attained during episodes.

™~
Several mechanisms exist through which acidic waters from atmospheric deposition can be
delivered to streams and lakes without significant interaction or neutralization within the
watershed. For example, the snow and ice cover on a lake melts directly into the lake, with ncs
watershed contact. Snowmelt and rain on snow may travel over frozen surfaces to a receiving
stream or lake. Precipitation (or throughfall) may fall directly into a water body, or travel through
macropores in the soil with minimal soil contact. Under certain circumstances, all of these
flowpaths can be important, resulting in a more or less direct transfer of acidic deposition into

episodic acidification.

The second way in which acidic deposition can influence episodes is by conditioning watersheds,
much like the natural processes of nitrification and organic acid production described in Section
2.3.2. Sulfate and nitrate anions and the associated H* ions delivered to a watershed by wet and
dry deposition may be stored in upper soil layers during dry periods and flushed from the system
during especially large hydrological events (Lynch and Corbett, 1989; Turner et al., 1990). By
increasing NH4+ pools in watershed soils, atmospheric deposition of NH4+ may also contribute to
nitrification (Aber et al., 1989).

.Finally, in some watersheds with low pre-episode ANC levels (< 25 ueq/L), chronically high
sulfate concentrations appear to create conditions that allow other processes to create acidic,
high-aluminum conditions with relatively small ANC depressions during episodes (Galloway et al.,
1987). Nitrate pulses, organic acid pulses, and the sea-salt effect are examples of processes that

work in conjunction with high chronic sulfate concentrations to create acidic episodes.

Both natural and anthropogenic processes, therefore, may cause episodic acidification. In some
areas of the United States, especially in the Northeast and Mid-Atlantic regions, sufficient evi-
dence exists to conclude that acidic deposition has significantly increased the severity (minimum

ANC and pH; maximum aluminum) of episodes in some waters (Wigington et al., 1990). The rela-
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tive importance of acidic deposition and other factors varies among regions, among surface

waters, and even among events within a given lake or stream.

Episodes induced by organic acids have been documented or implicated in a number of studies
in the United States, for example, Raven Fork, North Carolina (Jones et al., 1983), Camp Creek,
Washington (Lefohn and Klock, 1985), several small streams near the coast of Maine (Haines,
1987; Haines et al., 1990; Kahl et al., 1992), and wetland and upland streams in the Bickford
Watershed, Massachusetts (McAvoy, 1989), as well as in some catchments in Canada and
Europe (Borg, 1986; Kerekes et al., 1986a,b; Seip et al., 1979). In other instances, organic acids
have been discounted as major contributors to episodes, for example, in Pancake Creek in the
Adirondacks, New York (Driscoll et al., 1987a,c), and in the inlets and outlets to Harp Lake,
Ontario (Servos and Mackie, 1986; LaZerte and Dilion, 1984).

In the United States, nitrate seems to have the greatest influence on episodes in the Northeast,
where it is the anion most consistently associated with episodes, especially during the winter and
spring. For example, Schaefer et al. (1990) concluded that nitrate was an important contributor to
episodic ANC depressions in Adirondack lakes with relatively low pre-episode ANC (< 25 peq/L).
However, the relative contributions of acidic deposition and natural nitrification to these nitrate
pulses are somewhat uncertain. Galloway et al. (1987) calculated that the mass of nitrate accu-
mulated in snowpack was sufficient to account for all of the nitrate transported into two of their
three study lakes in the Adirondacks. On the other hand, studies by Peters and Driscoll (1987)
and Rascher et al. (1987) suggest that in the western part of the Adirondacks, nitrate is generaied

primarily by nitrification within the forest floor.

Aber et al. (1989) proposed a unified theory that accounts for the relative influence of nitrogen
pools within forest systems and nitrogen deposited by atmospheric deposition. They defined
nitrogen saturation as a situation in which the inputs of atmospheric nitrogen exceed the demand
for this element by watershed plants. In addition, Aber et al. (1989) hypothesized that nitrate can
accumulate in forest soils in areas receiving elevated levels of nitrogen inputs from the atmos-
phere that exceed the nitrogen requirements of forests. Atmospheric inputs of nitrogen add to
forest nitrogen pools, including the forest floor. In areas receiving large inputs of nitrogen via
atmospheric deposition, nitrate liberated by nitrification of organic nitrogen stored in the forest
floor, then, is a product both of background nitrogen in the forest and nitrogen introduced by

atmospheric deposition.
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In watersheds with elevated nitrogen deposifion regimes, the transition of forests from a condition
in which virtually all nitrogen received from atmospheric deposition is.retained by the forestl to a
condition in which stream waters draining the forest have high nitrate conCentrétion year round
(nitrogen saturation) can be considered as a series of stages/ (Stoddard, in‘lpre‘ss‘; Kahl et al.,
1993). According to the hypothesis of nitrogen saturation stages, increased nitrate export during

episodes is an indicator of an intermediate stage of nitrogen saturation.

Sulfate pulses have been identified as an important contributor to ANC depressions during epi-
sodes in many of the streams studied in Pennsylvania, the Southeast, and the Upper Midwest
(Jones et al., 1983; Schnoor et al.,, 1984; Lynch and Corbett, 1989; Barker and Witt‘, 1990; ‘Elwood
et al., 1991). In some instances, in the Southern Blue Ridge Province and the Upper Midwest,
these sulfate pulses can be linked, at least partially, to internal mineral sources of sulfate in the
watershed (Elwood et al., 1991; Schnoor et al., 1984). Studies in Penrisylvania, on thé other
hand, suggest that atmospheric deposition is the primary source of sulfate, stored in the water-
shed during relatively dry petiods and then exported during wet periods ( Barker and Witt, 1990;
Lynch and Corbett, 1989).

The importance of various causes of episodic acidification also seems to vary depending on the
pre-episode ANC level in the stream or lake. In the Adirondacks, Schaefer et al. (1990) found that
decreases in base cations (i.e., dilutioh) were very important contributors to episodic ANC depres-
sions in lakes with large initial ANC levels. In lakes with low pre-episode ANC (< 25 ueq/L),
however, nitrate increéses were more important than base cation decreases. Other studies in the
United States and Canada have confirmed this pattern (Kennedy et al., 1989; Molot ef al., 1989).

More research is needed in all regions of the United States and elsewhere to bétter quantify the ‘
effects of acidic deposition and natural processes on episodic acidification. In addition, our cur-
rent understanding of how flowpaths change during episodes is largely qualitative. These uncer-
tainties imply major knowledge gaps that limit our ability to quantitatively‘project episodic acidi-

fication and the importance of acidic deposition. This report is a step in addressing these gaps.
2.4 BIOLOGICAL EFFECTS
In general, we assume that acidic episodes are biologically significant. But definitive, lasting

effects on biological communities resuiting specifically from épisodic acidification, as opposed to

chronic acidification, have been demonstrated in relatively few systems (J. Baker et al., 1990a).
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Many uncertainties remain concerning the biological significance of episodic acidification and the

characteristics of episodes that are most important in determining biological effects.
2.4.1 Evidence for Effects

There is no doubt that fish and other organisms can experience significant mortality when
exposed to adverse chemical conditions for even short time periods. Numerous laboratory
bioassays have demonstrated that, in waters with sufficiently low pH and/or elevated aluminum,
mortalities can occur within 1 to 5 days (Schofield and Trojnar, 1980; Baker, 1981; France and
Stokes, 1987; Holtze and Hutchinson, 1989; Schweinforth et al., 1989). In addition, increased
mortality of fish and benthic invertebrates exposed in situ to episodic acidification has been
observed in several field studies (Hultberg, 1977; Sharpe et al., 1983; Andersson and Nyberg,
1984; Harvey and Whelpdale, 1986; Schofield et al., 1986; Lacroix and Townsend, 1987; Gunn,
1989). In general, the more severe the conditions, the more rapid the toxic response. The more
acid-sensitive the organism, the more likely it is to be significantly affected during short-term

exposures,

Although it is clear from both laboratory and field bioassays that short-term exposures to low pH
and elevated aluminum can increase mortality, examples of studies that definitively link episodic
acidification to population-level effects in the field are relatively rare. This may reflect in part
(1) the difficulty in distinguishing between effects from short-term and long-term acidification,
(2) the complexity of population responses to acidification, and (3) the need to account for the
coincident physical stresses on fish during periods of high discharge, which can have direct
adverse effects and also increase fish sensitivity to adverse chemical conditions. Evidence for the
importance of episodes includes the following:

e Records of fish kills during acidic episodes, although limited primarily to fish kills of

Atlantic salmon and seatrout (sea running brown trout) in Norwegian rivers (e.g.,

Jensen and Snekvik, 1972; Leivestad et al., 1976; Hesthagen, 1989) and fish kills in
hatcheries (Schofield and Trojnar, 1980; Jones et al., 1983). '

® A few observations of changes in biological communities through time that apparently
resulted from episodic acidification, specifically long-term declines in Atlantic salmon
and seatrout populations associated with the fish kills in Norwegian rivers noted above
(Leivestad et al., 1976) and the observed loss of acid-sensitive benthic invertebrates in
stream systems in Sweden (Engblom and Lingdell, 1984) and Ontario (Hall and Ide,
1987) that now expetrience episodic acidification.




®  Whole-system experiments demonstrating the response of benthic invertebrate commu-
- nities (increased drift and loss of acid-sensitive species) and periphyton (increased
periphyton biomass) to short-term pulses of acid and aluminum (Planas and Moreau,
1986; Ormerod et al., 1987; Weatherley et al., 1988; Hall, 1990).

¢ Comprehensive studies combining bioassay. data on species sensitivity with information
on life history dynamics and variations in surface water chemistry 1o estimate the
potential importance of episodes.

— Gunn (1987, 1989) and coworkers evaluated the effects of episodes on lake trout
populations in Ontario lakes and concluded that episodic acidification during
snowmelt did not appear to be a major factor responsible for the observed long-
term decline of some populations. '

— France and Stokes (1987), on the other hand, concluded that observed pH depres-
sions in Plastic Lake, Ontario, were likely to cause significant mortality of the
amphipod Hyalella azteca, severe enough to cause a long-term reduction in popula-
tion abundance.

— Lacroix and coworkers (Lacroix, 1985, 1989a,b; Lacroix et al., 1985; Lacroix and
Townsend, 1987) conducted detailed studies of Atlantic salmon survival and growth
in Nova Scotia rivers. Loss rates of Atlantic salmon parr (age 0+ and age 1+)
increased during periods of minimum pH associated with fall rains and increased
water flow. Mortality rates duting in situ bioassays also increased following pH
declines associated with fall rainstorm events. Based on these results, Lacroix
(1989b) concluded that pH decreases below 4.6-4.7 for periods longer than 20
days, or several days at pH 4.4-4.6, severely reduce parr densities and can
completely eliminate yearclasses of both age 0+ and age 1+ parr in Nova Scotia
rivers.

2.4.2 Episode Characteristics That Influence Biological Response

We wou!d expect the following factors to influence the effects of episodic acidification on aquatic
biota: duration, magnitude, frequency, rate of change, chemical compasition, timing, and spatial
extent and distribution. Unfortunately, the data available to evaluate and quantify these

relationships are quite limited, highly diverse, and difficult to integrate.

Several investigators have concluded that episode duration and magnitude are probably the most

important factors controlling the toxic effects of episodes; for example:

® Curtis et al. (1989) exposed brook trout embryos continuously for 90 days (through the
feeding fry stage) to low pH and to four variations of intermittent cycles. The primary
determinant of fish survival was the peak H* concentration (minimum pH). For inter-
mittent exposures using the same minimum pH, mortality correlated principally with
exposure duration, rather than with the frequency of the pulse or the length of the
recovery period.
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e Gagen and Sharpe (1987a) observed that significant mortality of yearling brook trout in
Linn Run, Pennsylvania, occuired only when total dissolved aluminum exceeded 200
ug/L for at least one day (Figure 2-4). Lower concentrations or shorter durations had
minimal effect on fish survival.

® Schweinforth et al. (1989) found that survival of smallmouth bass and rainbow trout fry
exposed to 4-hour, 12-hour, and 36-hour pulses of acid and aluminum was closely
correlated with measures of both exposure magnitude and duration. In general,
measures of minimum pH and maximum aluminum were better predictors of survival
than were integrated expressions of dose (concentration over time). In all cases, fish
survival was distincily better after brief 4-hour pulses than after 12- or 36-hour
exposures.
Although the results vary among species, life stages, and test conditions, increases in exposure
duration, particularly in the range of 0.5 to 5 days, and in exposure magnitude clearly affect the
severity of biological response. Acidic episodes with ANC < 0 ueq/L and pH < 5.0 (and associ-
ated levels of inorganic aluminum) lasting 2-5 days have been shown to adversely affect a diver-
sity of aquatic biota. Episodes of moderate severity (pH < 5.5 for 1-2 days) may cause signifi-
cant effects on organisms that are relatively acid sensitive, including many species of minnows

and mayflies (J. Baker et al., 1990a).
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The three most.important chemical parameters affecting fish survival in acidified waters are pH -
(the H™ ion), inorganic aluminum, and calcium (Schofield and Trojnar, 1980; Brown, 1982a,b,
1983; Baker and échoﬁeld, 1982; Chester, 1984; Ingersoll, 1986; J. Baker et al., 1990a). During
episodes, concentrations of these three ions often do not chénge in synchrony. For example,
although p|'-I and inorganic aluminum levels generally are highly correlated (Dﬁscoll et al., 1980),
aluminum levels for a given pH have been observed to be higher during the early stages of spring
melt than later in the melt and higher during midwinter thaws than during the major spring melt
(Hboper and Shoemaker, 1985; Hendershot et al., 1986; see Section 2.1). Base cations, calcium
included, often experience an initial brief peak in'concéntraﬁon during events, followed by
substantial dilution and a decline in concentration (Johannesseh et al., 1980). These shifts in the
relative concentrations of H*, aluminum, and calcium through time and among different events

may further complicate attempts to predict episode toxicity.

J. Baker et al. (1990a) present an integrated index, termed the acidic stress index, that expresses
the combined effects of pH, inorganic aluminum, and calcium on fish mortality. Although they
were developed using chronic, constant-exposure bioassays, these functions also may be useful
for interpreting fish responses to episodes. J. Baker et al. (1990a) developed separate indices for
several different fish species of varying acid sensitivity. All are based on laboratory bioassays
with fish larvae soon after swim-up and the initiation of feeding. - The model for brook trout fry, for

example, is as follows:

100

ASI =
1 + exp[-23.49 + 5.35+pH + (2.97 x 10°%)*Ca — (1.93 x 10°%)*Al]

where ASI is the acidic stress index, equivalent to the expected percent mortality of brook trout fry
when exposed to constant levels of pH, inorganic aluminum, and calcium for 21 days. Calcium

(Ca) is expressed in uey/L and inorganic aluminum (Al) in ug/L.

The sensitivity of fish and other organisms.to acidic conditions varies with age and among life
stages. Genera"y, early life stages (eggs and larvae/fry) tend to be more sensitive than older
individuals (Kwain, 1975; Baker and Schofield, 1985). In many cases, these highly sensitive life
stages occur only at certain times of the year and in specific locales. Brook trout, for example,
show a strong preference for spawning in areas of groundwater upwelling with fairly high pH
(Johnson and Webster, 1977). Brook trout eggs and yolk—séc fry may be reared, therefore, in an

environment with pH substantially higher than in the overlying water column. Only after the fry
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emerge from the spawning bed, which occurs during spring or slightly before snowmelt, may
brook trout eatly life stages be exposed to acidic waters and episodes. Thus, the timing and
spatial distribution of episodes relative to the occurrence of sensitive life stages may be critical to

population success.

Some organisms (e.g., adult fish). are able to detect and avoid acidic waters. Avoidance reactions
to potentially lethal waters with low pH and/or elevated aluminum have been demonﬂstrated experi-
mentally in the laboratory (van Coillie et al., 1983; France, 1_985; Gunn and Noakes, 1986; Pedder
and Maly, 1986; Peterson et al., 1989) and observed in some field situations. For exémple, Muniz
and Leivestad (1980) observed behavior of brown trout in a single tributary stream with higher pH
during snowmelt in the River Gjov, Norway. Fish confined in éages in the main river died within
one week. During the reacidification of Cranberry Lake in the Adirondacks, New York, following
an earlier treatment of lime, large numbers of the brook trout that had been stocked in the lake
were collected in the lake outlet emigrating from the lake as the pH dropped from 6.5 to 5.0
during a period of increased discharge (Gloss et al., 1989). More than 50% of the fish in the lake
were lost due to emigration. Finally, several field studies have demonstrated that acid-sensitive
stream benthic invertebrates (e.g., the mayfly Baetis rhodani) often respond to acid or aluminum
stress with dramatic increases in downstream drift (Hall et al., 1980, 1985; Bernard,- 1985;"
Raddum and Fjellheim, 1984; Ormerod et al., 1987; Weatherley et al., 1988; HopkKins et al., 1989).
At least in the initial stages of response, this increase in drift probably reflects behavioral

avoidance by organisms attempting to escape adverse chemical conditions.

Thus, the degree to which episodes affect fish and other biota may be largely a function of (1) the
mobility of the organism, (2) the availability and accessibility of alternate habitats or refuge areas
that are less acidic and otherwise suitable for survival, and (3) the ability of biota to recolonize the
area after the episode without long-term adverse effects on the fish population or biological com-
munity. In streams, refugia may include tributaries with higher pH, areas further downstream

where pH levels are generally higher, or zones of groundwater inflow.

Although theoretically sound, most statements regarding the biological importance of the timing
and spatial extent of episadic acidification have not been specifically tested and proven in the

field. In addition, comprehensive studies of the effects of episodic acidification on fish

communities in streams are lacking. This report begins to address these uncertainties.




SECTION 3
STUDY AREAS

ERP field research took place in three regions, the Adirondack Mountains of New York, the
Catskill Mountains of New York, and the Northern Appalachian Plateau of Pennsylvania. In each
region, we conducted intensive studies of the chemistry and biological effects of episodes at 45
sites (Figure 3-1). Study streams were selected based on the following criteria:

@ Range of baseflow chemistry, but focusing 6n streams likely to be adversely affected
by episodic acidification (i.e., those with baseflow ANC between 0 and 100 ueqg/L).

® Range of expected episode severity, based on existing data or preliminary water
chemistry samples collected during site selection.

® Physical suitability for fish survival and reproduction, and similar size and quality fish
" habitat. . '

® . [ndigenous fish populations, of the species of interest, present in at least some part of
the stream system at some time of the year.

® . At least one reference stream per region, with similar physical and baseflow chemical

characteristics as the other streams but relatively stable pH during events and no

anticipated adverse effects on fish populations in the stream.
Because of the intensity of field activities, logistical considerations also influenced site selection.
These factors included ease and availabilit)’l of access, ease of installing chemical and hydrologi-
cal monitoring equipment, ease of fish sampling and monitoring, proximity to central research
facility or field station, and proximity of sites to each other, to minimize travel times between sites.
The sites selected for the ERP are considered generally representative of other streams in regions
with baseflow ANC between 0 and 100 ueq/L. Brook trout occurred in all 13 ERP streams." Brief
descriptions of these regions and the physical characteristics of the ERP study streams and

associated watersheds are provided in the following subsections.
3.1 CHARACTERISTICS OF STUDY SITES
3.1.1 Adirondack Mountains

The Adirondack Mountains form a large (24,000 km2) forested upland and mountainous region in
northern New York (Driscoll et al., 1991). Geologically, the Adirondack Mountains are among the
oldest landforms in eastern North America and are similar in origin to the Laurentian Shield of

Canada. The bedrock is predominantly granitic gneisses and metasedimentary rocks. Surficial
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deposits in the region are the result of glacial activity. The soils, developed from this glacial till;
are typically acidic Spodisols. The thickness of the glacial till and soil layers generally decreases

with increasing elevation.

The four ERP study streams are located in the southwestern highlands area of the Adirondacks
(Figure 3-2), where elevations range from 400 to 800 m. All the streams are in the Osvyegathchie-
Black watershed, within 10 km of Eagle Bay, New York. The southwestern Adirondacks and
Oswegathchie-Black watershed, in particular, have the. highest proportion of low pH (< 5.0) and
fishless lakes in the Adirondacks (Kretser et al., 1989). In addition, numerous prior studies have
documented the adverse effects of chronic acidification on fish communities in the area (Driscoil
et al., 1980; Schofield and Driscoll, 1987; J. Baker et al., 1990b).

The study area is surrounded almost entirely by state forest lands within Adirondack State Park
that have not been logged or burned since the late 1800s. The principal forest cover type is a
northern hardwood/conifer mixture, including sugar maple (Acer saccharum), red maple (Acer
rubrum), yellow birch (Betula alleghaniensis), and American beech (Fagus grandifolia) interspersed
with red spruce (Picea rubens), balsam fir (Abjes balsamea), eastern hemlock (Tsuga canadensis),

and eastern white pine (Pinus strobus).

The bedrock, surficial geology, and soil types in the ERP watersheds are typical of the Adirondack
region; differences among the four watersheds appear relatively minor (Kretser et al., in press).
Soils are predominantly well drained, loamy soils overlaying bedrock and sandy glacial till ranging
in depth from 20 to 66 cm. All of these soils are "qﬁite acidic in the upper organic-rich horizons
and low in available nutrients and base saturation. The Fly Pond Outlet and Bald Mountain Brook
watersheds contain the highest percentage of deep soils (Becket and Skerry series). Both water-
sheds contain deep soils to the southeast and thin, rocky, steep terrain to the north and west.

The Buck Creek catchment is characterized by steep terrain with numerous boulders, rock
ledges, and thin soils (Becket-Lyman series). The Seventh Lake Inlet watershed is a combination

of moderately sloping terrain with deep bouldery soils (24% Becket-Skerry) and bedrock outcrops.

Three streams—Buck Creek, Bald Mountain Brook, and Seventh Lake Inlét—are typical first or
second order Adirondack streams (Table 3-1). Minimum watershed elevations range from 560 m
to 570 m bfor the four streams; maximum elevations range from 710 m to 775 m. All of the
Adirondack study streams are relatively small and short (< 2.7 km), compared with the study
streams in the Catskills (3.7-8.4 km) and Pennsylvania (5.0-8.8 km).
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Table 3-1. Physical Characteristics of the Four ERP Study Streams in the Adirondack
Mountain Region, New York

Fly Pond Bald Mountain Seventh Lake
Qutlet Brook Buck Creek Inlet
Stream Gage:
Latitude (N) 43°45'05" 43°45'03" 43°44'39" 43°45'49"
Longitude (W) 74°54'34" 74°54'39" 74°43'20" 74°42'11"
Watershed :
Area (km?) 0.9 1.8 3.1 6.4
Max. elevation (m) 710 715 775 725
Min. elevation (m) 563 570 560 570
l.ake or pond present Yes No No Yes
Wetland present Yes Yes Minor Yes
Soil series Lyman Lyman Becket-Lyman Lyman
Becket Becket Becket-Skerry Becket-Skerry
Becket-Lyman
Adams-Croghan
Stream
Order ' 1 1 2 2
Length (km) 0.8 2.2 2.1 2.7
Gradient (m/km) 9 25 - 50 31

As its name implies, Fly Pond Oullet is the outlet of a small pond. It is the smallest of the ERP
streams, with a watershed area of 0.9 km2, mean stream width of 1.6 m, and mean stream depth
of 6 cm in the intensively studied reach. The stream gradient, 9 m/km, is also the lowest of the
four Adirondack ERP streams. Substrate in the study reach is primarily sand, gravel, and silt. Fly
Pond (2.4 ha), upstream of the study area, is the primary water source for Fly Pond Outlet. '
Several wetland areas also occur in the Fly Pond Outlet watershed above the ERP study reach.
With circumneutral water chemistry, Fly Pond Outlet was the reference stream for ERP biological

studies in the Adirondacks.

Bald Mountain Brook, immediately adjacent to Fly Pond Outlet, is nearly twice as large (watershed
area 1.8 km2, mean width 3.0 m) and more than twice as steep (gradient 25 m/km) as Fly Pond
Outlet. Stream substrate consists primarily of gravel with large amounts of cobble and bouider.
The Bald Mountain Brook study reach, at 143 m long, is the shortest of the ERP study reaches. A
natural falls at the upper end of the study reach restricts fish movements further upstream.

Immediately below the study reach, Bald Mountain Brook and Fly Pond Outlet join, flowing from
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this point 1.2 km downstream before draining into West Lake. Extensive wetland areas occur in

the upper portions of the Bald Mountain Brook watershed.

Buck Creek and Seventh Lake Inlet drain directly into Seventh Lake; the ERP chemistry study
sites were located 100 m and 700 m upstream from the lake in Buck Creek and Seventh Lake
Inlet, respectively. Seventh Lake Inlet is the largest of the Adirondack ERP streams, with a
drainage area of 6.4 km? and mean width of 5 m in the study reach. Three small ponds and
numerous beaver ponds occur in the upper watershed. Gravel and boulder are the major sub- -
strate types; the numerous boulders in the study reach provide excellent cover for fish. Buck
Creek drains an area of 3.1 km2. The mean width at the study reach was 3.1 m, with a relatively
steep gradient of 50 m/km. The pool/riffle ratio (53%) was the highest among the four Adirondack

study streams. Gravel is the major substrate type, with large amounts of cobble and boulder.

3.1.2 Catskill Mountains

The Catskill Mountains, which form the northeastern end of the Appalachian Plateau, are the
uplifted remnants of a massive Devonian delta that fed into a shallow inland sea to the west
(Stoddard and Murdoch, 1991). The high ridges are predominantly erosional remains, and the
physiography suggests that the relief is due largely to stream action. The bedrock consists of
sandstone and interspersed conglomerates (60%) and mudstone or siltstone (40%). Soils are

generally Entisols and inceptisols.

Surface waters within the Catskills are almost entirely streams; ponds and lakes are rare,
especially in the upper watersheds. Precipitation, stream discharge, and stream chemistry have
been monitored in a number of Catskill streams since the early 1980s (Murdoch, 1988; Stoddard
and Murdoch, 1991; Murdoch and Stoddard, 1992). However, relatively few studies have been
conducted on the potential effects of acidification on stream biota. Although many streams in the

region exhibit ANC =< 0 during high-flow events, few are chronically acidic (Murdoch, 1988).

Four first, second, or third order streams were selected for the ERP: the upper reaches of the
East Branch of the Neversink; Biscuit Brook and High Falls Brook, both of which are tributaries to
the West Branch of the Neversink; and Black Brook, a tributary to the Beaverkill (Ranalli et al.,
1998) (Figure 3-3). Black Brook and High Falls Brook are relatively well buffered. Both streams
were considered reference streams for the ERP, although High Falls Brook can experience large

ANC declines during major storms.
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Low-order basins in the Catskills are generally characterized by steep gradients; thin, glaciated
soils with extensive bedrock outcrop; and bedrock or large cobbles in stream channels. Stream
gradients tend to be steeper than in comparable Adirondack Mountain streams, and Catskill
streams typically flow through fewer wetlands and ponds than Adirondack streams. In general,
the Catskill ERP study streams drained larger watersheds (3.7-23.1 km2), occurred at higher
elevations (591-1,280 m), and were substantially longer (3.7-8.4 km) than the Adirondack E'RP
study streams (Tables 3-1 and 3-2). The East Branch of the Neversink was the largest stream
studied in the ERP.

Surficial deposits in the headwater valleys of the Catskills are a combination of continental-glacier-
derived deposits oriented in the direction of regional ice movement and reworked or secondarily
scoured alpine-glacier deposits oriented perpendicular to the valley. Rich (1934) reported thick till
and thinner ground moraine from repeated glaciations in most of the upper Beaverkill and upper
East Branch Neversink valleys and pockets of thick drift in the lower High Falls and Biscuit Brook
basins. Morainal loops, consisting of unstratified till deposited at the end of local valley glaciers,
occur midway up the Biscuit Brook basin and in the headwaters of the East Branch Neversink
and Beaverkill basins. Many glacial deposits in the headwaters are thin, and many streams are

incised to bedrock.

Surficial material in the Catskills consists primarily (at least 90%) of local rock and sediment. The
percentage of exotics, particularly carbonate-bearing sediments, varies locally and could be a sig-
nificant factor explaining chemical differences among streams. Way (1972) found calcite and

pyrite in the shale along Route 17 to the south of the study area and along Route 28 to the north-

east. However, no evidence of pyrite has been found in the ERP watersheds.

Soils in the Catskills are generally categorized in the Arnot-Oquaga-Lackawanna association,
which are excessively drained to well-drained soils mainly on steep slopes (Ranalli et al., 1993).
Soils in the ERP study area are varied, but are predo;ninantly shallow boulder soils on steep
slopes and are conducive, therefore, to rapid precipitation runoff; they are also moderately to
extremely acidic. The Lackawanna soils in the East Branch of the Neversink watershed contain a
fragipan of very low permeability at depths of 45 cm to 90 cm. Runoff from these soils is rapid.
The Biscuit Brook and High Falls Brook watersheds contain mainly Arnot and Oquaga soils, wel
drained and moderately permeable with no fragipan; these soils range in thickness from 35 cm 1o -
60 cm. The Black Brook watershed contains Wellsboro soils on gentle slopes near the stream

channel; these are deep, bouldery loam soils that contain a fragipan below a depth of 50 cm.
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-Table 3-2. Physical Characteristics of the Four ERP Study Streams in the Catskill
Mountain Region, New York.
Black High Falis Biscuit East Branch
Brook Brook Brook Neversink
Stream Gage:
Latitude (N) 42°00'42" 41°58'40" 41°59'43" 41°58'01"
Longitude (W) 74°36'13" 74°31'21" 74°30'05" 74°26'54"
Watershed
Area (km?) 3.7 7.1 9.8 23.1
Max. elevation (m) 1,140 1,170 1,120 1,280
Min. elevation (m) 681 591 628 651
Lake or pond present No No No No
Wetland present No No No - No
Soil series Wellsboro Arnot Arnot Lackawanna
Oquaga Oquaga
Stream ‘
Order 1 2 2 3
Length (km) 3.7 49 45 8.4
Gradient (m/km) 45 60 45 26

Alluvial deposits are present in the flood plains of Black Brook and the East Branch Neversink

near the ERP chemistry monitoring sites.

All the ERP Catskill watersheds are covered largely by northern hardwood forest, including
American beech (Fagus grandifolia), sugar maple (Acer saccharum), and yellow birch (Betula
alleghaniensis) (Stoddard and Murdoch, 1991). Hemlock (Tsuga canadensis) also occur through-
out the region, primarily along stream banks. The upper watersheds became a state preserve in

1870, and many of the Catskill watersheds contain first-growth forests at elevations above 730 m.
3.1.3 Northern Appalachian Plateau in Pennsylvania

Most of the western portion of Pennsylvania falls within the Northern Appalachian Plateau, an area
of high hills and low mountains ranging in elevation from 180 m to more than 1,000 m. Forest
cover of oak and mixed northern hardwoods dominates the landscape in areas of high elevation
and high relief. More than 90% of the stream basins in the region are underlain by sandstones,
shales, and siltstones (L. Baker et al., 1990). Unlike the Adirondack and Catskill regions, the
Northern Appalachian Plateau areas in Pennsylvania were not glaciated during the late

Wisconsinan era.
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Five streams were studied for the ERP: Linn Run and Baldwin Creek in the Laurel Hill area- of
southwestern Pennsylvania and Roberts Run, Stone Run, and Benner Run in the northcentral part
of the state (Figures 3-4 and 3-5). Several prior studies have evaluated episodic acidification and
the toxic effects of episodes on fish in streams in the Laurel Hill area (Sharpe et al., 1983, 1984;
Gagen and Sharpe, 1987a,b). Periodic fish kills of trout stocked in the spring have been reported
in Linn Run, on the western slope of Laurel Hill, since the early 1960s (Sharpe et al., 1984). Linn
Run State Park pumped well water ifito Linn Run during the periods April 7 to June 27, 1989, and
April 3 to June 22, 1990. The pumping, which was below the sampling station, was done to
maintain trout that were stocked 0.5 km below the ERP study reach on Linn Run during these
periods. Baldwin Creek and Benner Creek in southwestern and northcentral Pennsylvania,

respectively, served as reférence streams for the ERP in the two areas.

All the ERP study streams in Pennsylvania are second order (DeWalle et al., 1993). Baldwin
Creek drains an area of 5.3 km?; watershed areas for the other four streams are similar, ranging
between 10.0 km? and 11.6 km? (Table 3-3). Watershed elevations range from maximum eleva-
tions of 701-893 m in the five watersheds 1o 439-582 m at the ERP 'stream gages. Stream gradi-
ents are moderate in the three northcentral streams (35-39 m/km), but steeper in the two Laurel
Hill streams (58 m/km in Linn Run and 112 m/km in Baldwin Creek). Except for Linn Run, the
stream channels appear stable, with stones ranging from 20 cm to 60 cm commonly covering the
bottom. Areas with sandy deposits and exposed bedrock also occur. The stream bed in Linn
Run consists of boulders, smaller rocks, and gravel, similar in size to the substrate in the other

study streams, but not well anchored and less stable.

Both the northcentral and sc;uthwestern study areas are underlain primarily by sandstone with

some shale bedrock. Dinicola (1982) provided additional detail on the geology of Laurel Hill, an
anticlinal mountain (oriented northeast-southwest) within the Allegheny Mountain system. Major
rock units exposed in the Laurel Hill study area include Allegheny group sandstones and shales,

Pottsville group sandstones, Mauch Chunk shale, Loyalhanna limestone, and Pocono sandstone.

Soils in the region are acidic, and are composed of residual material weathered 'from noncal-
careous bedrock of sandstone and shale (DeWalle et al., 1993). Soils on the upper part of the
study basins, which approach 30% slope, are sandy loam in texture and exiremely rocky. Major
soil series in the Laurel Hill watersheds are Calvin, Gilpin, Dekaib, and Cavode. Hazleton and
Clymer soils occur in the three northcentral study watershéds; Cookport soils also occur in the

Roberts Run and Stone Run watersheéds in northcentral Pennsylvania.
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Table 3-3. Physical Characteristics of the Five ERP Study Streams in the Northern
Appalachian Plateau, Pennsylvania
Benner Roberts Stone Baldwin Linn
Run Run Run Creek Run
Stream Gage:
Latitude (N) 40°56'04" | 41°10'12" 41°05'52" 40°21'05" 40°08'40"
Longitude (W) 78°01'22" | 78°24'22" 78°26'48" 79°03'04" 79°12'37"
Watershed
Area (km?) 1.3 10.7 11.6 5.3 10.0
Max. elevation (m) 749 733 701 832 893
Min. elevation (m) 582 509 494 439 573
Lake or pond present No No No No No
Wetland present No Yes No No No
Soll series Hazleton Cookport Cookport Calvin Calvin
Clymer Hazleton Hazleton Gilpin Dekalb
Clymer Clymer Cavode -
Stream
Order 2 2 2 2 2
Length (km) 5.4 8.1 . 6.4 5.0 8.8
Gradient (m/km) 36 39 35 112 58

The five basins are completely forested with large pole-sized to mature deciduous tree species

predominating (DeWalle et al., 1993). The stands on the study watersheds appear to have

regenerated from logging conducted early this century. Some timber cutting has been conducted
on several of the basins. Salvage logging of scattered trees killed by gypsy moth defoliation was
conducted in some of the upland areas of the Roberts Run catchment during the period of data
collection. Tree defoliation and mortality, caused by gypsy moths, was also observed on the
Stone Run watershed. However, no salvage logging was performed during the study periods. In
1973 and 1974, clearcuts were made in the uplands of Benner Run, which cover approximately
12% of the total watershed area. No detailed forest inventory exists for the study watersheds.
However, red oak (Quercus rubra), scarlet oak (Quercus coccinea), chestnut oak (Quercus
prinus), red maple (Acer rubrum), and black cherry (Prunus serotina) are common species of
deciduous trees. Eastern hemlock (Tsuga canadensis) are common in the riparian areas of the

streams. Eastern white pine (Pinus strobus) is scattered in the uplands. Extensive wetland areas

exist in the Roberts Run watershed.
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3.2 DEPOSITION

As discussed in Section 1.4, we were unable to perform analyses to evaluate the role of atmos-
pheric deposition characteristics on episodic acidification in the study streams. This section pro-

vides a brief summary of wet deposition measured at ERP deposition stations.

Precipitation sampling began in August 1988 at Biscuit Brook in the Catskills, in December 1988
at Moss Lake in the Adirondacks, and in February 1989 at Linn Run in Southwest Pennsylvania.
Periods of continuous sampling ended in January 1990 at Linn Run, in May 1990 at Biscuit Brook,
and in June 1990 at Moss Lake. Data from the Pennsylvania State University MAP3S site were
collected during the period January 1989 through June 1990.. Figures 3-6 through 3-9 present

monthly ion wet deposition and precipitation water equivalent.

The central and southwest Pennsylvania deposition collection sites received the largest monthly
loadings of H* and 8042‘ and had the greatest monthly variations of these ions (Figures 3-8 and
3-9) (Barchet, 1991). Distinct seasonal fluctuations in ion concentrations were.clearly evident only
at Moss Lake. In general, 3042‘ concentrations were highest during the warmer months and low-
est during the winter months. At the other sites, large month-to-month changes in ion concentra-
tions masked seasonal variation. Sulfate and NOy™ together accounted for more than 80% of the
anions at all sites. Sulfate contributed a higher percentage of the total anion con¢entrations

during summer than in winter.

Wet deposition, which occurs intermittently, is one of two atmospheric pathways for chemical
inputs to watersheds (Barchet, 1991). The other pathway, dry deposition, occurs continuously.
However, the ERP did not attempt to measure dry deposition. Research at NOAA dry-deposition
sites near some of the ERP sites suggests that, over an annual period, dry deposition of S (SO,
and 8042' aerosol) and N (HNO, and NO;’) species is a factor of 0.30 to 1.00 for S and 0.48 to
0.81 for N of the wet deposition rate (Barchet, 1991). As the distance from emission sources
increases, the relative contribution of dry deposition to total deposition decreases. For the ERP,
the Pennsylvania sites would be expected to have higher proportions of dry deposition than the

Adirondack sites, with the Catskill sites intermediate.
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Figure 3-6. Monthly precipitation water equivalent depth and precipitation-weighted
average ion deposition for the Moss Lake wet deposition collection site in the
Adirondacks (adapted from Barchet 1991). Two precipitation values shown
are for rain gage (left) and the greater of rain gage or wet deposition bucket
(right).
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Figure 3-7. Monthly precipitation water equivalent depth and precipitation-weighted
average ion deposition for the Biscuit Brook wet deposition collection site in
the Catskills (adapted from Barchet 1991). Two precipitation values shown

are for rain gage (left) and the greater of rain gage or wet deposition bucket
(right).
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collection site in central Pennsylvania (adapted from Barchet 1991). Two
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Figure 3-9. Monthly precipitation water equivalent depth and precipitation-weighted
average ion deposition for the Linn Run wet deposition collection site in
southwest Pennsylvania (adapted from Barchet 1991). Two precipitation
values shown are for rain gage (left) and the greater of rain gage or wet
deposition bucket (right).
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SECTION 4
METHODS

This section describes the field, analytical, and data analysis methods used to collect the ERP
data. The introductory paragraphs;‘provide an overview of the (QA/QC) program. The sections
that follow briefly summarize the methods for each major component of the ERP: atmespheric
deposition (Section 4.1), stream discharge (Section 4.2), stream chemistry (Section 4.3),
biological effects (Section 4.4), and database management (Section 4.5). Further information on
the ERP methods and QA/QC procedures are provided in the Methods Reports prepared by each
regional cooperator (Kretser et al., in press; Ranalli et al., 1993; DeWéIIe et al., 1993), and in the

ERP qu‘ality assurance project plan (Peck et al., 1988).

The primary purpose of the QA/QC program, an integral part of the ERP, was to maximize the
probability that data collected during the project met or exceeded data quality objectives, and
thus would allow scientifically sound interpretations of the data. Peck et al. (1988) established
objectives for seven data quality indicators (representativeness,. completeness, comparability,
precision, bias, detection limits, and tolerable background Ie\)els). Procedures were established
to (1) ensure that collection and measurement techniques were standardized among all partici-
pants, (2) monitor performance of the various measurement systems being used in the ERP to
maintain statistical control and to provide rapid feedback so that‘ corrective measures could be
taken before data quality was compromised, (3) allow for periodic assessment of the performance
of measurement systems and their components, and (4) verify and validate that reported data are
sufficiently representative, unbiased, and precise so as to be suitable for their intended use.
Appendix B summarizes the performance of ERP water quality laboratories. Additional QA/QC
information is included subsections that follow.

4.1 ATMOSPHERIC DEPOSITION
4.1.1 Wet Deposition
This section briefly summarizes procedures used to collect wet deposition samples. Section 3.2

provides an overview of wet deposition characteristics during the study period. Additional details

on deposition monitoring are described in Barchet (1991). -
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For each of the three study regions, a precipitation sampling site was selected according to stan-
dard criteria for deposition sites (Barchet, 1991). The sites, selected in August 1988, were located
in clearings within deciduous or mixed deciduous-coniferous forests. Site installations, coordin-
ated and supervised by each watershed research group, were completed in early 1989. Most
sites operated through June 1990, except for the Linn Run site, which ceased operation at the
end of January 1990. Field operation procedures were the same as those followed at sites in the
Multistate Atmospheric Power Production Pollution Study (MAP3S) Precipitation Chemistry
Network (Dana, 1982).

Figure 4-1 illustrates the locations of the three wet deposition monitoring sites established
specifically for the ERP in relation to other ERP rainfall measurement and stream chemistry moni-
toring activities being carried out in the vicinity of those sites. A wet deposition monitoring site
that was part of the U.S. Department of Energy’s (DOE) MAPS3S Precipitation Chemistry Network
was used to provide wet deposition data for the central Pennsylvania streams in the Northern
Appalachian Plateau study region [desighated Pennsylvania State University (PSU) site]. The
Moss Lake site in the Adirondacks was located about 6 km southeast of the Big Moose monitor-
ing site in the Electric Power Research Institute’s Operational Evaluation Network (OEN). The -
Biscuit Brook site in the Catskill Mountains study area was co-located along with an NADP site,
which operates on a weekly sampling protocol. Biscuit Brook is 81 km north-northwest of West
Point in the Hudson River valley, which is the only other NADP monitoring site within 100 km.
Linn Run is 5 km east-northeast of the Linn Run ERP watershed, 20 km south-southwest of the
Baldwin Creek ERP watershed, and 45 km north-northeast of a wet deposition monitoring site in
Laurel Hill State Park (elevation 616 m). The PSU site is 15 km north of the Leading Ridge NADP

site.

Each precipitation sampling site was equipped with an Aerochem Metrics automatic wet-only pre-
cipitation collector and a Belfort recording, weighing rain gauge. The collection bucket in the
precipitation sampler was exposed only when rain or snow were detected. Each site was visited
at least once per week (even during dry periods) to check on the operation of the collector and
rain gauge. A daily precipitation sampling protocol was adopted for this study. Samples were
sent monthly to DOE’s Pacific Northwest Laboratory (PNL) for chemical analysis and archiving.

Precipitation samples received by PNL from the ERP sites were merged with other samples being
analyzed as part of the MAP3S Precipitation Chemistry Network. The analytical operations of
PNL's precipitation chemistry laboratory, including data entry and archiving, are described in
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detail in a series of standard operating procedures (SOPs) in Barchet (1991). Table 41" lists the
analysis methods employed. For each analytical procedure, measurements of blanks were used
to assess contaminants; QC standards were used to evaluate accuracy. Duplicate samples were

used to determine the precision of the analyses.
4.1.2 Snow Measurements

Measurements of snowpack water equivalence and chemistry were made as part of the ERP but
are not included in this report. During both winter/spring periods of the ERP, investigators in
each region conducted snow surveys to determine the water equivalent and chemical characteris-
tics of seasonal snowpacks. In the Adirondacks, show core transects were established in the
Bald Mountain Brook and Seventh Lake Inlet watersheds. Snhow cores were collected weekly
during 1989 and biweekly during 1990.' In the Catskills, showpack was sampled biweekly during
the period of accumulation and weekly during spring snowmelt in the Black Brook, Biscuit Brook,
and East Branch Neversink River watersheds. A similar procedure was followed to sample snow-
packs in each of the Pennsyivania watersheds. Additional details regarding snow measurements
are available in DeWalle et al. (1993), Kretser et al. (in press), and Ranalli et al. (1993).

4.2 STREAM DISCHARGE

To allow the continuous measurement of stream discharge, a stream gauging station was located
on each of the study streams. In the Adirondacks and Catskills, stream stage was measured at
15-minute intervals with a pressure transducer connected to a CampbellTM CR-10 data logger.
The transducer was located inside a 2-in PVC pipe that was bolted to bedrock in the stream
channel as close as possible to a nhonrecording staff gauge. A stage-discharge relationship was
established for each stream by measuring discharge over a wide range of stages and plotting the
discharge against the stage at which the discharge occurred. This relationship was used to
convert stage measurements into discharge. Investigators in Pennsylvania used strip chart, water
level recorders instead of pressure transducers to measure stream stage continuously. The
accuracy of automated stream stage measurements was checked routinely by comparing the
stage measurements of the pressure transducers or water level recorders to staff gauges located

nearby in the streams.

1Slncwa this section contains so many tables, we have placed them all at the end of the section, beginning on page 61.
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4.3 STREAM CHEMISTRY ~ ;

This section describes the methods used to collect water samples (Section 4.3.1) and to perforfn
chemical analyses (Section 4.3.2). Section 4.3.3 presents analyses used to estimate inorganic
monometic aluminum for water samples for which aluminum speciation was nbt performed.
Section 4.3.4 briefly summarizes in siftu measurements made during the ERP but not included in -

the report.
4.3.1 Water Sampling

A vital part of the ERP'was collecting water samples often enough o characterize episodes that
occurred during the study period. Because of the uncertain occurrence of episodes, ERP investi-
gators used automated pumping samplers to collect samples during periods of high flow. Con-
trolled by a data logger, the Instrumentation Specialties Company (ISCOTM) pump samplers were
programmed to coliect samples at fixed time intervals (2-6 hours) or at specified changes of
stage level (e.g., 0.05 ft). Water samples generally were retrieved from the pump samplers within
24 hours of collection. During periods of time when problems occurred with the data loggers or
samplers, grab samples were collected by field crews during episodes to the extent possible. In
addition, streamwater samples were collected manually on a wgekly basis when field crews made
visits to service instrumentation. During radio telemetry studies ybf fish movement during epi- -
sodes, additional grab samples were collected. Each day during the telemetry study, a sample

was collected at any location where a tagged fish was observed.

" All water samples were collected in polyethylene botiles with unlined plastic caps. The samples
were packed in ice and transported to laboratories in coolers. In general, one field blank sample

was collected and submitted with each batch of samples to monitor container contamination. -
4.3.2 Laboratory Methods

All the regional cooperators had their own laboratories for analysis of samples collected in their
regions. Sample handling procedures are summarized in Table 4-2. Methods and equipment
used in the analysis of water samples are summarized in Table 4-3. Most samples were analyzed
for the full suite of analytes presented in Table 4-3. However, selected samples associated with
radiotelemetry work (subsection 4.4.2.1) were analyzed only for pH, ANC, and total dissolved

aluminum. Selected episode samples were analyzed for total monomeric and organic monomeric
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aluminum in addition to the other measured variables. Aluminum speciation was based upon the
methods of Barnes (1975) and Driscoll (1984) and is described completely in Pagano (1990). In

the laboratory, blanks, check samples, and performance evaluation samples were routinely used.

Laboratory data verification was also routinely performed using cation/anion halances and
conductivity computation checks. If the measured cation/anion balance did not agree with the
theoretical balance within 10%, or if conductivity calculated from individual ion measurements did

not agree with measured conductivity within 15%, the sample was completely reanalyzed.

On a monthly basis, the ERP laboratories received performance evaluation samples from the EPA
Environmental Monitoring Systems Laboratory in Las Vegas (EMSL-LV). These samples con-
sisted of two natural and three synthetic samples and covered the ranges of ionic values |
anticipated to be measured in the study. In addition, the ERP laboratories participated three’
times a year in a round-robin audit program administered by the Long Range Transboundary Air
Pollution (LRTAP) Program. Water chemiétry performance objectives and performance evaluation

sample results are presented in Appendix B.
4,3.3 Estimation of Inorganic Monomeric Aluminum

As noted, concentrations of inorganic monomeric Al (Ali,;n) were measured in only a subset of the
water samples collected. However, from a biological perspective, it is very ifnportant o include
this chemical parameter in the characterization of‘episodés and biological study periods. There-
fore, regression models were developed to estimate A'im based on other measured chemical and
physical variables. Separate models were developed for each study stream. Separate models
were also evaluated for each season, for streams and seasons with sufficient data (Tables 4-4 and
4-5). Measurements of Al occurred prii'narily during periods of intensive biological studies in the
spring and fall. Thus, season-specific models were considered only for fall 1988, spring 1989, fall

1989, and spring 1990.

Predictor variables considered included discharge, total dissolved Al, ANC, pH, DOC, sulfate,
nitrate, chloride, sum of base cations, and conductivity. The log-transformed and nontransformed

2 analyses with both log- and nontransformed

forms of each variable were included in maximum r
Alj,» to identify sets of variables strongly associated with in-stream variations in Al,;,. Based on
these results, four to ten alternative models were selected for testing, including models with one

or more interaction terms. For streams and seasons with sufficient data (n = 30), the data set
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was randomly divided into two-thirds for model calibration and one-third for model festing. Each
candidate model was calibrated using ordinary least squares regression, and observed and
predicted levels of Al ., were then compared for both the calibration data set and the test data set.

The following criteria and statistics were used to select the final model:

®  Lowest model mean square error, calculated using nontransformed Al data for
consistency among models.

® Lowest mean square error for the test data set (sum of the squared differences
between observed and predicted nontransformed Al divided by one less than the
number of observations).

¢ No statistically significant decrease in fit for the test data set compared to the
calibration data (based on the ratio of the mean square errors for the two data sets).

®  All predictor variables in the model significant at p < 0.1, and preferably p < 0.05.

® Absence of significant autocorrelation, based on the Durbin-Watson D statistic (Neter
and Wasserman, 1974).

® Absence of any highly influential data points, based on visual examination of residual
plots and scatter plots comparing predicted and observed Al ..

® Model well behaved when applied to the full data set (i.e., no unreasonable outliers or
unusually high or low predicted values of Al ), based on scatter plots of predicted Al
versus pH and discharge. ‘

The final model, used 1o estimate Al.__, was calibrated 1o the full data set.

m?
For seasons with enough data (n = 10), the above steps were repeated to select the best model
for estimating Al levels within that season. The need for a season-specific model, as opposed
to the full-data (overall) model, was assessed by:

~ @ Comparing the mean square errors for the season-specific and full-data models,
calculated specifically for Al measurements during that season.

e T-test and signed rank tests to determine whether the full-data model estimates of Al ,
for the season of interest were significantly biased.
If the season-specific model provided a significantly (p < 0.05) better fit than the full-data model,
or if the estimates from the full-data model were significantly biased, then the season-specific
model was used to estimate Al _ levels for that season. For each stream, if any season-specific
model resulted in a significant improvement, then season-specific models were used for all
seasons with enough data to calibrate a season-specific model, as long as the season-specific

model did not perform significantly worse than the full-data model. For all other seasons and
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water samples, Al estimates were based on the full-data model. Fdr those water samples with:
missing observations for one or more of the predictor variables, back-up models were used, that

is, the best possible mode! involving only those predictor variables with no missing observations.

Some A}, values (calculated as the difference between the measured total monomeric Al and
measured organic monomeric Al) were zero or negative. Thus, for models involving log-trans-
formed Al, a constant, 25 ug/L, was added to all inorganic Al observations before model calibra-

tion, and then subtracted from the model predictions.

For analyses of biological effects, the regression models just described were used to estimate
Al only for those water samples where total and organic monomeric Al (required to calculate
Al,) were not measured. However, episode characterization analyses (See Section 6) involved

only predicted Al values.

Tables 4-6 through 4-8 present the regression models that were used to estimate Al during time
periods for which direct Al, | measurements were not made. When available, a season specific
model was emplayed. Otherwise, an overall model was used. If samples were missing one or
more predictor variables, a simpler, back-up model was used to estimate Alim. Text, tables, and
figures throughout the report identify: whether directly measured Al | or estimated Al is being

reported.
4.3.4 In Situ Measurements

In situ measurements of stream pH, conductivity, water temperature, and air temperature were
made using U.S. Geological Survey (USGS) mini-monitors rented from.the USGS Instrumentation
Facility in Mississippi. The mini-monitor data have not been used in primary data analyses of this
report. In some regions, such as the Adirondacks, regional investigators had gbod success with
the mini-monitor performance and were able to use the data to assist in interpreting biological
results. However, in other regions, the performance of the mini-monitors was more sporadic.

Each regional cooperator will use these data after a case-by-case evaluation of data quality.

4.4 BIOLOGICAL EFFECTS

Assessments of the biological effects of episodes in the study streams involved four major

activities:
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1. Conducting in situ bioassays to quantify the toxic effects of episodic acidification on
fish.

2. Tracking fish movements during episodes using radiotelemetry and fish traps.
3. Monitoring fish population density and biomass.

4, Supplementing the existing pdpulations of fish in the study reaches with transplants
from other nearby stream reaches. )
The methods employed for each of these research components are described in the following

subsections.

Brook trout (Salvelinus fontinalis) was selected as the ERP target fish species. Brook trout is the
sportfish most widely distributed in the small, low-ionic strength, headwater streams in the
Adirondacks, Catskiils, and Pénnsylvania that are most susceptible to episodic as well as chronic
acidification (Pfeiffer and Festa, 1980; Sharpe et al., 1987; Driscoll et al., 1991; Stoddard and
Murdoch, 1981). Although brook trout are relatively acid tolerant (Baker and Christensen, 1991),
this species is one of those mostly widely affected by acidification and acidic deposition, because
of its distribution in a particularly sensitive habitat (J. Baker et al., 1990a). Thus, the status of
brook trout populations and brook trout toxicity were selected as the primary indicators of effects

of episodes on fish.

In situ bioassays were also conducted with at least one forage fish species, in addition to brook
trout, in each stream. The forage species varied among regions and streams because of
differences in native fish fauna. Blacknose dace (Rhinichthys atratulus), a highly acid-sensitive fish
species, was used for bioassays in the Adirondacks; slimy sculpin (Cottus cognatus) were used in
the Catskills; and either slimy sculpin or mottled sculpin (Cottus bairdi) were used in
Pennsylvania, depending on the stream. All fish .species caught during stream surveys (see Sec-

- tion 4.4.8) were recorded and included in the assessment of fish community status in the stream.
4.4.1 In Situ Fish Toxicity

In situ bioassays were conducted in the spring and fall, for a total of four test periods: fall 1988,
spring 1989, fall 1989, and spring 1990. Test periods were selected to coincide with the expected
timing of spring snowmelt and fall rainstorms. Expériments in the spring were often delayed,
however, by the difficulties caused by high flows and/or ice cover on the streams. The test

periods for each bioassay are presented in Tables 4-9 to 4-14.
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All fish used in bioassays were wild strains, collected by electrofishing (see Section 4.4.3) from
local streams with similar habitat. The objective was to test yearling brook trout ~in the spring,
young-of-the-year brook trout in the fall, and adult or yearling forage fish in both periods. How-
ever, fish availability to some degree limited the ages and sizes of fish tested. Thus, the size (and
presumably age) of fish varied (see Tables 4-9 to 4-14). We assumed all fish tested (of a given
species) were equally sensitive; differences in fish size or age were not accounted for in statistical

analyses.

Most tests involved organisms selected from,a common pool; that is, fish of the appropriate
species and size were collected from ohe or more circumneutral streams, combined into a
common pool of fish for that region, and then randomly distributed from this pool into the
bioassay test chambers in each stream in the region. Common pool tests were used to compare
toxic responses among streams, since the groups of organisms tested in each stream presum-
ably were equally sensitive to acid-aluminum stress. In some streams and test periods, bioassays
were conducted with resident fish, collected from the population of fish residing in the stream
(and/or from other study streams that experience episodic acidification). Comparisons between
common pool and resident fish bioassays can be used to determine whether resident. fish may
have adapted to conditions in the stream, and thus be more tolerant of acid-aluminum stress,

than the common pool fish collected from circumneutral streams.

Test fish were held in each stream in 4-L polyethylene jugs with at least two 7 x 12-cm openings,
covered with 1- or 2-mm mesh fiberglass screening, to ensure adequate water exéhange (after
Johnscn et al.,, 1987). The number of fish per jug varied (generally between 4 and 7), depending
on the size of the fish. The total fish weight per container never exceeded 20 g wet mass in the
Adirondacks and Catskills and 35 g in the Pennsylvania streams, to avoid stress from crowding.
In addition, the largest fish in any bioassay container did not exceed the length of the shortest
fish by more than 50%, to minimize problems with cannibalism. Multiple jugs (between 3 and 6)
were used per test, so that at least 20 fish of each species were tested during most bioassays
(see Tables 4-9 to 4-14). The jugs were placed within 0.6-m x 0.5-m x 0.3-m cages constructed of
wood (6 cm x 5 cm) covered with 6.4- or 12-mm plastic screening. These cages were sub-
merged and anchored near the continuous water quality monitoring station in a pool area or
downstream of a large obstruction, such as a large rock, so that the test fish were not subjected
to high current velocities. The jugs further reduced the velocity of the currents to which fish were

exposed.
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The numbers of fish in each bioassay container that weré alive, dead, or visibly stressed (i.e., that
had lost their equilibrium) were counted every 1-5 days. - Generally, fish mortalities were checked
daily during periods of storm or showmelt events when water quality conditions were changing
rapidly. Most tests lasted for a period of 2040 days. Occasionally, tests were terminated after
.< 20 days ff units in acidified waters experienced high levels of mortality (> 50-80%) or if weather
conditions became unsuitable (e.g., in the late fall/early winter). Fish were not fed during the
experiment; therefore, with longer exposure times, fjsh may have been increasingly stressed by

starvation. For this reason, most analyses rely on the percent mortality observed after 20 days.

Percent mortalities are compared to the measured and estimated (see Section 4.3) water chemis- -
try for the stream during the bioassay period, in particular, the hagnitude and duration of epi-
sodes of low pH and elevated Al,, levels. For these response surface analyses, fish mortalities
are expressed as the combined result from all jugs tested within a given stream, for a given
species, fish source, age group, and test period. More detailed analyses, for example, assessing
changes in mortality over time, are being conducted by the cooperating scientists in each region

and will be published in subsequent journal papers.

Continuous records of stream chemistry were required to estimate episode magnitude and dura-
tion and median chemistry during each bioassay period. Two alternative methods were consid-
ered: (1) interpolation between chemistry samplés and (2) concentration-discharge relationships.
Low regression coefficients (r2 < 0.25) indicated poor correlations between Al concentrations
and discharge in some streams and seasons. For this reason, direct interpolation was selected
as the primary basis for estimating the continuous chemical record. Chemical concentrations at
any point in time were estimated from linear interpolation between measured values (both grab
and event samples). Periods with inadequate éhemistry data, for interpolating with reasonable
confidence, were identified by comparing plots of interpolated chemistry over time to the con-
tinuous discharge record. Bioassay periods with inadequate coverage were deleted from subse-
quent analyses (0 = 8, all of which were fall 1988 bioassays in the Catskills). The time-weighted
median value for a bioassay period was defined as the chemical concentration which half the time

was exceeded and half the time concentrations were below, based on the interpolated chemical

record.




4.4.2 Fish Movement

Individual fish movements were tracked using radiotelemetry in each region during the fall and
spring (fall 1989 and spring 1989 and 1990 in all regions; plus fall 1988 in Pennsylvania streams).
In addition, fish traps were used in selected Adirondack streams to monitor upstream and down-
stream fish movements. Both types of information provide insight into changes in fish movement

patterns during episodes and the ability of fish to behaviorally avoid stressful chemical conditions.
4.4.2.1 Radiotelemetry

Miniature radio transmitters (1-3 g) were placed in 6-15 adult brook trout per stream per
experiment. The location of each fish was then determined daily or every other day using a
portable radio receiver. Fish movements were tracked for a period of about 30 days or longer, or
until the experiment was ended because of transmitter malfunction or regurgitation. Studies were
conducted in at least one reference stream and one nonreference stream in each region per
season (spring or fall). The timing and duration of each study, and streams and number and size
of brook trout involved, are summarized in Tables 4-15 to 4-17. Only brook trout movements
were evaluated, because forage fish (blacknose dace and sculpin) in the study streams were too

small to carry the radio transmitters without adverse effects on the fish.

Brook trout for use in the radiotelemetry studies were collected using electrofishing (see Section
4.4.3) from nearby streams of similar size and habitat. In the Adirondacks and Pennsylvania, all
fish collected were combined into a single common pool. and randomly assighed to the study
streams for tracking. Studies in the Catskills in spring and fall 1989 involved both common pool
and resident fish (collected from the study stream). Brook trout weighed 30 g or more (averaging
45-70 g in most studies; see Tables 4-15 to 4-17), so that the transmitter weight never exceeded
5% of the fish's body weight.

Initially, radio transmitters were placed in the stomachs of the fish.. Fish were anesthetized and
the transmitter gradually pushed down the esophagus. Because of problems with regurgitation,
in later seasons (fall 1989 and spring 1990), transmitters were also surgically implanted in some
fish. Fish were anesthetized and transrﬁitters inserted into the abdominal cavity through a

10-15 mm mid-ventral incision, which was then closed with three sutures. Fish were held for at
least one day after ingestion and three days after surgical implantation before being released into

the study streams.
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Patterns of fish - movement were assessed relative to chemical conditions at the ERP stream’
monitor (see Section 4.3) and individual fish locations. When fish moved > 25 m over a 24-hour
period, water samples were collected by hand from both the initial and final fish location, and

analyzed for ANC, pH, and total dissolved Al.
4.4.2.2 Fish Traps

In some Adirondack streams, fish traps were used to monitor the timing and numbers of fish
moving‘ upstream and downstream in relation to stream chemistry. Three bi-directional fish traps
were installed in fall 1988, at the lower end of the study reaches in Fly Pond Outlet and Bald
Mountain Brook and 80 m below the confluence of Fly Pond Outlet and Bald Mountain Brook (see
Section 3). A fourth trap was installed in spring 1989 at the upstream end of the Fly Pond Outletr
study reach. A natural falls at the upper end of the Bald Mountain Brook study reach restricted
fish movement further upstream. All traps extended across the entire stream reach and presum-

ably caught all fish moving either upstream or downstream.

Fish traps were operated mid-October to 10 December 1988, 1 May to 1 December 1989, and.1
" May to 30 June 1990. When in operation, fish traps were checked daily; all fish caught were
checked for fin clips, measured, weighed, and then released in. the direction in which they were

moving, either upstream or downstream of the trap.

Fly Pond Outlet and Bald Mountain Brook were the smallest of the ERP study streams. Fish traps
were not constructed on other streams because of costs and potential operational problems

during petriods of peak discharge.
4.4.3 Fish Community Surveys

Fish communities in each study stream were surveyed to quantify the density of brook trout and
- the occurrence of other fish species. Sampling dates are presented in Table 4-18. Fish were
collected using portable backpack‘ electroshockers (DC battery powered units in the Adirondacks
and battery and gasoline powered AC/DC units using DC current in the Catskills and Pennsyl-
vénia). Study reaches, 100-300 m in length, near the ERP stream chemistry monitor were
isolated with blocking seines and sampled with at least three electrofishing passes. All fish
collected in each pass were identi‘ﬁed‘ to species and counted. Brook trout were individually

weighed and measured for total length. Forage fish™ (blacknose dace and sculpin) were weighed
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individually or as a group. Brook trout and blacknose dace were also checked for identifying
marks; unmarked fish were fin clipped. After all electrofishing passes and fish processing were
completed, the fish caught were redistributed throughout the study reach. |

Brook trout population density (number per unit of stream area) was estimated using the Zippin
removal method (Zippin, 1958; Everhart et al., 1975). Additional electrofishing passes (up to 6)
were conducted until the 95% upper confidence limit was < 20% of the brook trout populatibn
estimate. Population estimates were also calculated for other fish species when sufficient
numbers of fish were caught. Electrofishing efficiency and the accuracy of fish popuiation
estimates were evaluated by stocking and then surveying a known number of marked brook trout
in a separate 50-100-m stream section. Captlure efficiencies l-'anged between 66% and 97%
(Table 4-19). |

Additional, qualitative surveys of fish communities (< 3 electrofishing passes) were conducted at
other stream locations and times. In patticular, longitudinal variations in fish community compo-
sition in Catskill and Pennsylvania study streams were evaluated by sampling at multiple (2-6)
locations in the mainstream as well as nearby tributary streams (in June 1989 in the Catskills and
May 1989 in Pennsylvania). Water chemistry samples were collected by grab sampling at each
site and analyzed for ANC, pH, conductivity, and total dissolved Al. |

4.4.4 Fish Transplants

Some streams had distinctly lower fish biomass than others. To ensure that differences among
streams were not related to problems with fish access (e.g., natural fish barriers), additional brook
trout and forage fish (blacknose dace and sculpin) were transplanted into each study reach to
achieve an initial, comparable level of fish density per stream. Fish density target levels were
selected to be 50% (30%-80% in the Catskills) of densities observed in circumneutrél streams in
the area of similar size and habitat. Brook trout targeig were 2“.0“g‘/‘m“2, 0.9-24 g/m2, and 75
fish/0.1 ha in the Adirondacks, Caitskills, and Pennsylvania, respectively. Table 4-20 shows

transplant dates and the number of fish stocked in each stream.

In most cases, resident fish populations in the study streams were supplemented with additional
fish, as needed, to raise fish density to the desired target. Fish for stocking were collected, using
electrofishing, from other similar nearby streams, combined into a single common pool, and then

distributed randomly among streams. In the Adirondacks, during one fish transplant (April 1989
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for brook trout and September 1989 for blacknose dace) resident populations in the reference
stream (Fly Pond Outlet) were depleted, énd the stream restocked with fish from other streams,
so that reference stream fish experienced a similar level of stocking and handling stress as fish in
nonreference streams. All stocked fish were fin clipped to distinguish common pool transplants
from resident fish. For this report, however, only changes in total fish biomass (by_species,

resident and transplanted fish combined) are presented.

4.4.5 Other Biological Studies

Other biological research conducted as part of the ERP, but not reported on here, includes
special studies in some regions relating to fish reproductive success and quélitative surveys of
benthic macroinvertebrates. The ERP study design does not explicitly address the effects of
episodic acidification on fish reproductive success. However, supplemental studies were con-

- ducted by some cooperators. In the Adirondacks, hatchery-reared brook trout feeding fry were
tested with in situ bioassays in spring 1989 and 1990. In Pennsylvania, brook trout eggs and sac
fry, from wild brook trout artificially spawned in the laboratory, were exposed in situ from October
1989 through March 1990. Spawning surveys were also conducted in Pennsylvania streams in
fall 1989 to identify the occurrence and location of brook trout redds (areas in the substrate where
adult brook trout have spawned and embryos have incubated). Redds were sampled for pH,
ANC, total dissolved Al, dissolved oxygen, and temperature during winter, and then excavated in
mid-February (before fry emergence) to evaluate embryo survival. Because each of these special
studies was conducted in only one region, neither the methods nor the results are described in
this report. Simonin et al. (1993) summarize the' Adirondack brook trout fry bioassays; Fiss (1991)
presents results from the Pennsylvania egg and sac fry bioassays and spawning surveys. No

special studies relative to fish reproduction were conducted in Catskill streams.

Qualitative data were collected on the composition of the benthic macroinvertebrate community in
each ERP stream to provide general information on the suitability of fish food supplies. Each
stream was sampled at least.three times; on each date, five samples were collected from riffle
areas with a 0.1-m? Surber sampler. Organisms were counted and identified to family. Results
from these qualitative surveys are not summarized in this report, but are available within the ERP
database (see Section 4.5.4) and bresented in various reports and papers by the regional cooper-
ators (DeWalle et al., 1991; Kretser et al., 1991; Murdoch et al., 1991).
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4.5 DATABASE MANAGEMENT

The ERP was designed to record a wide variety of data pertaining to episodic acidification in streams,
ranging from simple stage height measurements to complex chemical analyses and biological beha-
vior observations. These data were collected by three different research Qroups in three separate
regions. The database resulting from these activities had to accurately and efficiently store the project
data, and it had to be designed so that the data quality would be readily apparent during future
analyses. Data gathering methods had to be carefully coordinated to ensure that the resulting data
could be pulled together into a single database for analysis. This section describes the methods used

to manage ERP data during the project and those used to develop the final ERP database.

Databases designed to ease the chore of data entry are not necessatrily the best databases for data
analysis. Therefore, the overall ERP database was built in two phases: a data entry phase and a
database construction phase. Data quality was assessed during and after each phase. Software was
developed by the Lockheed Engineering and Science Company (LEMSCO) of Las Vegas, Nevada, to
provide the tools for hand data entry of stream chemistry, biology, and research site characterization
data, to allow the regions to assess the quality of these data, and to apply data quality flags. The
USGS in Doraville, Georgia, also developed software to control USGS mini-monitors and data loggers
used in the collection of electronic time series stream chemistry and hydrology data. Batelle’s Pacific
Northwest Laboratory (PNL) in Richland, Washington, handled wet deposition and precipitation data
(Barchet, 1991). ManTech Environmental Technology, Inc. (METI), of Corvallis, Oregon, combined
these data into the final database by integrating the files from the regional data entry efforts into a

consistent structure.
4.5.1 Data Entry

Data entry was handled separately in each ERP region, and by PNL. Each regional cooperator was
responsible for entering chemical, biological, and site characterization data into the regional ERP
database, and for performing data quality checks. Each region also transferred data:from the data
loggers to computer files and formatted these data into structures suitable for addition to the final

database. Regional files were submitted periodically, and at the end of the project, to METI data

management personnel for inclusion in the overall ERP database.




4.5.2 Database Construction -

Once data entry was complete, the data files from each region and from PNL were combihed into a
consistent structure. Files were merged, and some fields speciﬁc to data entry were removed to
simplify the data structure. The ERP database is described in the Episodic Response Project
Database User's Guide (see Appendix A).

4.5.3 Data Quality Assurance

Database quality was maintained throughout the project through the use of internal database
consistency checks (within sample checks) and by comparing current versions of the database with
past versions of the database. During the data entry phase, each region was responsible for checking
data quality by using the tools provided in the data entry software package. Anion/cation balances
were checked, as well as theoretical versus measured conductivity. These types of checks served the
dual purpose of guarding against laboratory analysis problems as well as data entry problems, since
problems detected by the checks could be attributable to either source of error. Once the regional
databases were delivered for inclusion into the overall database, data management personnel became
responsible for database integrity. Backups of each version of the database were maintained at each
phase of data processing to provide‘a method to recover lost data or correct data processing errors.

The data validation step served as a final check for data entry and data processing errors.

Data validation consisted of identifying outliers within the database through examining relationships
among water chemistry variables. Howevet, just because a datum is an outlier does not mean that it
is incorrect. Therefore, a datum was not considered suspect unless it appeared to be an outlier in
many of the methods. In most instances in which a datum was considered suspect, it had previously

been flagged as part of the data vetrification step.

The methods used to identify outliers were patterned after the validation procedures used for the

National Stream Survey (NSS) (Kaufmann et al., 1988). However, the procedures were updated to
reflect the collection of large amounts of data at individual streams, as in the ERP, instead of small
amounts of data collected at a large number of streams across a region, as in the NSS. Data were
first categorized by their type: snow lysimeter, show core, and stream grab samples. Within these
classifications, each chemical constituent was investigated by region and by stream within region.

Graphical methods were the primary tool used for identifying outliers. Summary statistics and box-

plots (Chambers et al., 1983) were used to initially identify outliers. Scatterplot matrices and
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Spearman correlation matrices were als$ used to identify pairs of chemical parameters with empirical
linear or curvilinear relationships. These pairs were plotted in more detail and were studied carefully to
Identify outliers. In general, the plots studied include pH versus ANC, pH and ANC versus major
cations, pH and ANC versus aluminum (total dissolved, organic monomeric, and inorgani¢ mono-
meric), pH and ANC versus major anions, and conductivity versus sum of anions and surﬁ of cations.
Plots between major cations and anions were also studied when a good relationship existed. Plots of

chemical variables and discharge were also examined.

The outliers were then tabulated and investigated more closely‘. First, ERL-C personnel discussed
identified outliers with the field cooperators. If the conditions suggested that the sample values were
in error, they were corrected if possible. Data that could not be ‘corrected in this fashion, but had
been identified as in error, were removed from the database. Once the rejected data had been

removed, the revised data set was again subjected 1o these procedures.

4.5.4 Data Avalilability

The ERP data and the database user's guide (see Appendix A for a list of ERP publications) will be
available to the public in late 1998 through the National Technology Information Service (NTIS), U.S.
Department of Commerce, 5285 Port Royal Rd., Sprindfield, VA 22161, '
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Table 4-1. Parameters of Interest and Associated Measurement Methodology for the Wet
Deposition Chemistry Element, Episodic Response Project

Parameter Method References

Precipitation Volume Rain gauge (Belfort type or tipping Topol and Ozdimir, 1986

bucket)
pH at 25°C Electrometric; pH meter and combin- | EPA 150.6; Peden et al., 1986;
ation electrode Dana, 1982
Conductivity at 25°C Electrolytic; conductivity cell and EPA 120.6; Peden et al., :1986;
meter U.S. EPA, 1987
Calcium Inductively coupled argon plasma EPA 200.7; U.S. EPA, 1987
emission spectroscopy
Magnesium Inductively coupled argon plasma EPA 200.7; U.S. EPA, 1987
emission spectroscopy
Sodium ' Inductively coupled argon plasma EPA 200.7; U.S. EPA, 1987
emission spectroscopy
Potassium Inductively coupled argon plasma EPA 200.7; U.S. EPA, 1987
’ emission spectroscopy ]
Ammonium Colorimetric, automated (phenate) EPA 350.7; U.S. EPA, 1987,
- Peden et al., 1986
Chloride lon chromatography EPA 300.6; Peden et al., 1986;
' U.S. EPA, 1987
Nitrate lon chromatography i EPA 300.6; Peden et al., 1986;
' U.S. EPA, 1987
Sulfate A lon chromatography ) EPA 300.6; Peden et al., 1986;
U.S. EPA, 1987
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Table 4-2. Sample Handling and Holding Times, Stream Chemistry Component, Episodic
Response Project (adapted from Peck et al., 1988)

Holding Time
Days

Analytes Processing Preservation® (Preserved)
Calcium Filtration pH < 2 with HNO; store at 4°C 28
Magnesium (0.45 ,um)_b 28
Potassium 28
Sodium 28
Calcium Filtration  None; store at 4°C with no head- 14
Magnesium (0.45 um)° space 14
Potassium 14
Sodium 14
Aluminum, total dissolved | Filtration pH < 2 with HNOg; store at 4°C 14

(0.10 gzm or

0.22 um)
Aluminum, monomeric Filtration Extraction into methyl-isobutyl- 14

(0.10 um or ketone (MIBK); store at 4°C

0.22 zm)
Aluminum, nonlabile Filtration Cation exchange; extraction into 14

(0.10 um or methyl-isobutyl-ketone (MIBK);

0.22 um) store at 4°C
Chloride Filtration None; store at 4°C with no head- 14
Nitrate (0.45 um) space 14
Sulfate 14
Silica 14
Dissolved organic carbon Filtration pH < 2 with H,SO,; store at 4°C

(DOC) (0.45 um) 14
Ammonium 14
Acid neutralizing capacity None None; store at 4°C with no head-
(ANC) space 14

pH 7
Conductivity 14

8 Bulk samples maintained at approximately 4°C until processed and preserved.
Applicable for samplas heing analyzed by atomic absarption spectroscopy.
¢ Applicable for samples heing analyzed by ion chromatography.
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Table 4-3. Analytes of Interest and Assoclated Measurement Methodology, Stream Chemistry
Component, Episodic Response Pro]ect (adapted from Peck et al., 1988)

Parameter Summary of Method Referenceé
Field Measurements . '
pH, in situ Electrometric (USGS mini-monitor), with EPA 150.2 (modified); Metcalf et al.,

combination electrode

1988

Conductivity at 25°C, in situ

Electrolytic (USGS mini-monitor)

EPA 120.6 (modified); Metcalf et al.,
1988

Temperature, in situ

Thermometric; Thermistor (USGS mini-monitor)

EPA 170.1; Metcalf et al., 1988

pH, field

Electrometric, with glass combination electrode

EPA 150.6 (mOdIerd) Hagley et al,
1988

Conductivity at 25°C, field

Electrolytic, conductivity cell and meter

EPA 120.6 (modified); Hagley et al.,,
1988 .

Lahoratory Measurements

Calcium, dissolved®

Atomic absorption spectroscopy (flame); lon
chromatography

EPA 200.6; U.S. EPA 1987: EPA 300.7:
Peden et al., 1986

Magnesium, dissolved®

Atomic Absorption Spectroscopy (flame); lon
chromatography

EPA 200.6; U.S. EPA, 1987; EPA
300.7; Peden et al., 1986

Potassium, dissolved?

Atomic absorption spectroscopy (flame); lon
chromatography

EPA 200.6; U.S. EPA, 1987; EPA
300.7; Peden et al., 1986

Sodiumn, dissolved®

Atomic absorption spectroscopy (flame); lon
chromatography

EPA 200.6; U.S. EPA, 1987; EPA
300.7; Peden et al., 1986

Ammonium, dissolved®

Golorimetric, automated (phenate)

EPA 350.7; U.S. EPA, 1987 Peden et
al., 1986 '

Aluminum, total dissolved®

Digestion at pH < 1; analysis by atomic
absorption spectroscopy (furnace)

EPA 202.2; U.S. EPA, 1987

Aluminum, monomeric®

Complexation with 8-hydroxy-quinoline,
extraction into methyl-isobutyl-ketone, analysis
by atomic absorption spectroscopy (furnace)

EPA 202.2 (modified); Driscoll, 1984;
U.S. EPA, 1987

Aluminum, nonfabile®
{organic monomeric)

Cation exchange, complexation with 8-hydroxy-

quinoline, extraction into methyl-isobutyl-ketone,

analysis by atomic absorption spectroscopy
(furnace)

EPA 202.2 (modified); Driscoll, 1984

Chloride, dissolved®

lon chromatography

EPA 300.6; U.S. EPA, 1987

Nitrate, dissolved®

lon chromatography

EPA 300.6; U.S. EPA, 1987

Sulfate, dissolved®

lon chromatography

EPA 300.6; U.S. EPA, 1987 —

Silica, dissolved®

Automated colorimetric {molybdate blue)

EPA 370.1 (modified); U.S. EPA, 1987

Carbon, dissolved® organic (DOC)

UV-promoted persulfate oxidation, IR detection

EPA 415.2; U.S. EPA, 1987

pH

Electrometric: pH meter with glass combination
electrode

EPA 150.6; U.S. EPA, 1987

Conductivity at 25°C

Electrolytic, with conductance cell and meter

EPA 120.6; U.S. EPA, 1987

Acidimetric titration with Gran plot analysis

EPA 310.1 (modified); U.S. EPA, 1987

Acid Neutralizing Capacity (ANC)

@ pissolved is defined as passing through a 0.45 um pore filter. '
Dissolved is defined as passing through a 0.10 #m or 0.22 gm pore filter.




Table 4-4. Dates Used to Define Seasons for Inorganic Monomeric Aluminum (Al,)

Analyses .
Season Adirondacks Catskills Pennsylvania
Fall 1988 10/1 — 12/15 10/1 - 12/31 10/1 — 12/31
Spring 1989 4/1 — 6/30 3/1 - 5/30 3/1 - 5/30
Fall 1989 9/15 — 12/15 9/15 - 12/31 9/15 — 12/31
Spring 1990 4/1 — 6/30 3/1 — 5/30 3/1 - 4/30

Table 4-5. Number of Measurements of Inorganic Monomeric Aluminum (Al; ) per Season

and Stream
Stream Fall Spring " Fall Spring All
1988 1989 1989 1990 (total)

Adirondacks:
Fly Pd. Outlet (o] 4 16 11 64
Bald Mt. Brook 0 3 24 16 73
Buck Creek 0 3 28 24 92
Seventh L. Inlet 0 4 27 17 84

Catskills: .

Black Brook 0 2 8 o] 10
High Falls Brook 0 5 7 13 27
Biscuit Brook 0 24 19 23 ’ 69
E. Br. Neversink 0 32 22 28 86

Pennsylvania:
| Benner Run 0 30 15 | 23 68
Roberts Run 5 28 17 28 79
Stone Run 1 24 ‘ 16 44 86
Baldwin Creek : 19 29 11 17 76
Linn Run 23 35 12 44 114
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Table 4-6.  Models Selected to Estimate Inorganic Monomeric Al (Al ) from Other
Measured Physical and Chemical Variables: Adirondacks

Application? Model, Al =P R® | n | RMSE®

Bald Mt. Brook

Overall -98.85 + 0.6760(Al,;) + 2.741(ANC) - 083 | 73 62.1
0.014181(ANC*AL )

Fall 1989 10**(10.65 — 1.804(log Al,y) — 1.134(pH) + 082 | 24 52.9
0.09356(DOC) + 0.0091(=Cp))

Spring 1990 -69.43 + 0.9728(Al,,) — 39.62(DOC) 093 | 16 30.8

Back-up 10**(5.083 — 0.5371(pH)) — 25 0.58 73 - 80.0

Buck Creek

Overall —76.83 + 0.9199(Al, ;) — 25.29(DOC) 091 | 90 52.8

Fall 1989 236.5 — 6.455(ANC) — 1.124(Q) 073 | 28 46.7

Spring 1990 -101.2 + 0.4544(Al,;) + 4.478(NO,) — 097 | 24 30.0
14.79(DOC) ,

Back-up 10**(5.661 — 0.6520(pH)) — 25 080 | 90 | 1027

Fly Pond Outlet

Overall No significant models; median measured - 68 37.6
values used for the prediction

Seventh Lake Inlet :

Overall 393.9 + 0.5049(Al,)) — 15.07(DOC) — 084 | 84 40.1
66.00(pH)

Fall 1989 10**(5.2317 — 0.5696(pH) — 0.0028(Q)) - 25 | 0.69 | 27 415

Spring 1990 _81.23 + 0.7989(Al,,) — 20.59(DOC) 091 | 17 223

Back-up 10**(5.522 — 0.6405(pH)) - 25 057 | 84 59.9

8 Season specific models were applied for the seasons listed. Otherwise, the overall (full-data) model was used. For
those samples with missing values for one or more predictor variables, the back-up model was used to estimate Al ..
Units for variables used in models: ANC, 2Cg, NO5 = geq/l; Al Aly = ug/l; DOC = mg/L; pH = pH units; Q = cfs.
ZCq = sum of base cations.

¢ RMSE = [(sum of squared prediction errors)/n]%.
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Table 4-7.  Models Selected to Estimate Inorganic Monomeric Al (Al ) from Other
Measured Physical and Chemical Variables: Catskills

Application® Model, Al =P R? n | RMSE®

Biscuit Brook

Overall 127.5 + 0.4526(Al,,) - 11.43(DOC) + 0.87 | 57 14.5
1.316(SO,) - 0.8396(=Cg) + 8.55(COND)

Spring 1989 1820 + 1.699(ANC) + 8.773(COND) ~ 675.4 | 0.93 20 7.9
(logSO,) — 248.5(log ZCp)

Fall 1989 -0.4018 + 0.1983(Al,,) ‘ 0.55 17 11.1

Spring 1990 61.10 +0.3211(Al,) — 4.158(ANC) 091 | 17 12.7

Back-up —81.89 + 5.950(COND) + 2.193(ANC) 0.58 64 68.6

Black Brook .
Overall -965.3 + 1.959(Q) + 455.5(logSO,) 0.76 10 11.7
Back-up 396.2 - 59,55(pH) 0.60 10 14.9

East Branch
Neversink River

Overall 435.2 — 226.2(pH) — 10.88(DOC) + 082 | 65 43.0
221.7(logAl,y) + 231.1(log NO,)

Spring 1989 69.04 +0.3929(Al, ) — 4.693(ANC) 0.87 | 29 37.7

Fall 1989 -530.2 + 3.771(SO,) + 9.953(COND) 071 | 20 26.2

Spring 1990 —2177 + 360.4(pH) + 13.13(NOy) 082 | 23 42.0

Back-up 974.9 — 183.7(pH) + 2.891(NO.) 056 | 75 69.9

High Falls Brook

Overall 17.52 + 0.3797 (Al,)) -~ 16.15(DOC) + 078 | 23 11.7
0.7194(Q)

Back-up 204.0 + -41.65(pH) + 7.110(COND) - 0.59 27 15.3
0.6156(ZCp)

8 Season specific models were applied for the seasons listed. Otherwise, the overall (full-data) model was used. For
those samples with missing values for one or more predictor variables, the back-up model was used to estimate Al .
Units for variables used in models: ANC, 2Cg, SO,, NO; = ueq/L; Al Aly = ug/l; DOC = mg/L; pH = pH units; Q
= cfs; COND = umhos/cm. ZBC = sum of base cations: COND = conductivity.

® RMSE = [(sum of squated prediction errors)/n}¥.
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Table 4-8. Models Selected to Estimate Inorganic Monomeric Al (AI,m) from Other
Measured Physical and Chemical Variables: Pennsylvania

Application® " Model, Al =P , R® | n | RMSE®
Baldwin Creek ) )
Overall 11.60 + 8.804(Q) — 1.406(pH*Q) 0.79 74 9.8
Back-up 5.486 + 1.104(Q) 0.72 74 | 11.3
Benner Run
Overall 543.3 — 89.52(pH) v 0.83 68 149
Spring 1989 10**(5.347 — 0.6588(pH) + 0.0586(DOC) — 0.92 30 9.3
0.0056(Q)) — 25 ,
Fall 1989 10%*(5.131 — 0.5985(pH)) — 25 092 | 15 129
Spring 1990 405.9 — 89.40(pH) + 0.7474(=Cp) 0.80 22 | o8
Back-up —44.70 + 78.53(log Q) 0.45 67 27.4
Linn Run ‘ : '
Overall 10%*(5.2479 — 0.0027(Al,) — 0.5742(pH) + 09 | 107 576 -
0.0007 (Al *pH)) -25
Fall 1989 1098 + 0.3423(Al,)) + 3.270(Q) — 182.4(pH) 0.97 19 37.1
Spring 1989 10**(4.8071 -+ 0.3953(log Aly) + 0.2106(log Q) — | 0.96 35 26.2
1.536(log £Cg)) — 25 .
Fall 1989 10**(4.53 + 0.0016(Al,) — 0.4743(pH)) - 25 0.98 11 20.8,
Spring 1990 1141 + 0.5969(Al,,) — 151.2(pH) — 0.7081(2Cp) 0.80 42 66.5
Back-up —140.4 + 311.6(logQ) 0.51 111 118.1.
) Roberts Run '
Overall 10**(5,163 — 0.5718(pH) — 0.002969(Q)) — 25 0.92 76 28.2
Spring 1989 10**(6.892 — 0.8474(pH) — 0.3631(logQ)) — 25 0.62 28 20.7
Falt 1989 10**(5.209 - 0.5797(pH)) — 25 0.96 17 9.9
Spring 1990 10**(2.249 + 9.429(log DOC) — 1.859(log o 0.82 28 23.0
DOC*pH)) - 25
. Back-up 10%*(3.742 - 0.3638(pH) + 0.0036(SO,) - 0.92 79 27.1
0.0017(2Cp)) ~ 25 :
Stone Run
Overall 10**(7.353 — 0.9702(pH) — 0.0439(Q) + , 0.96 83 358
- 0.0090(pH*Q)) - 25
Spring 1989 10%*(0.2465 + 0.8306(log Al,y) + 1.432(log Q) - 0.95 23 | 211
0.5088(log Al,y*log Q)) — 25
Fall 1989 -55.85 + 2.879 (Al — 13.25(Q) - 0.1498(Al,4*Q) | 0.96 15 9.3
Spring 1990 1758 — 303.0(pH) + 3.391(Q) ' 0.88 43 34.4
Back-up 1849 - 314.5(pH) + 11.75(NO,) — 3.974(Cl) + 0.91 86 39.9
| 0.5912(3Cp)

Season specific models were applied for the seasons listed. Otherwise, the overall (full-data) mode! was used. For those samples
with missing values for one or more predictor variables, the back-up model was used to estimate Al, .

Units for variables used in models: 2Cg, SO,, Cl = ueq/L; Al,,, Alj; = ug/l; DOC = mg/l.; pH = pH units. ZCy = sum of base
cations. '

RMSE = [(sum of squared prediction errors)/n} %%




Table 4-9. In Situ Bioassays with Brook Trout in Adirondack Streams

Length (mm) Weight (0)

Source Starting Ending Total
Stream® of fish? Date Date No. Days Mean S1D Mean STD

FALL 1988
FPO cP 11/01/88 | 12/01/88 30
BMB cpP 11joi/e8 | 12/01/e8 30
BCK CP 11/01/88 | 12/01/88 30
SLl _ CP 11/01/88 .} 12/01/88 30

SPRING 1989 )
FPO CP 5/26/89 6/20/89 25
BMB CP 5/26/89 6/20/89 25
BCK cP 5/26/89 | 6/20/89 25
SLi CP 5/26/89 6/20/89 25
FALL 1989 ,
FPO e 9/27/89 11/06/89 40
BMB CP 9/27/89 11/06/89 40
BCK | cp 9/27/89 11/06/89 40
SLi CcP | 9/27/89 11/06/89 40
FPO cP 10/06/89 | 11/06/89 31
BMB cP 10/06/89 | 11/06/89 31
BCK ) ) CP 10/06/89 11/06/89 31
SLi ) cP 10/06/89 11/06/89 31

8 epo = Fly Pond Outlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Lake Inlet.
‘CP =-common pool (see text for explanation).




Table 4-9. In Situ Bioassays with Brook Trout in Adirondack Streams (Continued)

Length (mm) Weight (g)
Stream® g\? :::S Stg;ttlg ’ Egcai'l(t;g Nt;,.-ol;aa:ys Nlo?i:sh Mean STD Mean §TD
SPRING 1990
FPO CP 4/30/90 5/30/30 30 20 73.2 6.5 2,65 0.75
BMB CP 4/30/90 5/30/90 30 20 77.2 7.5 3.72 1.35
BCK CP 4/30/80 5/30/90 30 20 76.0 6.0 3.35 0.81
SLI cP 4/30/90 5/30/90 30 20 75.6 10.3 2.80 1.48

8 epo = Fly Pond Outlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Lake Inlet.
b CP = common pool (see text for explanation).
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Table 4-10. In Situ Bioassays with Brook Trout in Catskill Streams

Length (mm) Weight (g)
Source Starting Ending Total Total
Stream® of fish? Date Date No.Days | No. Fish Mean STD Mean® sTD®
FALL 1988
Black Black 11/10/88 12/15/88 35 19 75.9 10.2 - -
Black 11/10/88 12/15/88 35 9 129.3 125 57.1 9.3
Biscuit Biscuit 11/03/88 12/14/88 41 21 76.0 159 - -~
Biscuit 11/03/88 12/14/88 41 13 145.3 31.0 42,0 14.7
EBrNS EBINS 11/04/88 12/15/88 41 14 95.8 15.6 -- -
EBINS 11/04/88 12/15/88 41 6 150.7 10.1 -- -
Black Black 11/30/88 12/15/88 15 20 69.5 6.8 3.05 0.55
High Falls Black 11/30/88 12/15/88 16 20 772 9.8 3.48 0.92
Biscuit Black 11/30/88 12/14/88 14 20 80.1 9.1 4.32 1.20
EBINS Black ~ 11/30/88 12/15/88 15 20 80.4 . 124 441 1.80
'SPRING 1989
Black PIN 4/08/89 4/27/89 19 21 74.8 6.4 4.27 0.39
High Falls PIN 4/06/89 4/27/89 21 21 715 6.3 2.94 0.87
Biscuit PIN 4/06/89 4/27/89 21 21 73.8 9.3 3.80 1.20
EBINS PIN 4/06/89 4/27/89 21 v 16 76.9 5.1 3.69 0.79
High Falls _ H.Falls 4/06/89 4/27/89 21 21 69.0 6.4 2.38 0.74
EBINS EBINS 4/06/89 4/27/89 21 21 68.8 6.6 2.62 0.80

& EBINS = East Branch Neversink River.
b PIN = Pigeon Creek; WBINS = West Branch Neversink River.
¢ . = no measurements were made of fish weight.




Table 4-10. In Situ Bioassays with Brook Trout in Catskill Streams (Continued)

“ . Length (mm) Weight (g)
Source Starting Ending Total Total
Stream® of fishP Date Date No. Days | No.Fish | Mean® [ STD° Mean® STD°
SPRING 1989 (cont.)
High Falls WBINS 5/04/89 5/17/89 13 21 - -~ - -
Biscuit WBINS 5/04/89 S/i 7/89 18 21 - - - -
EBrNS WBINS 5/05/89 5/16/89 11 21 71.8 53 3.89 0.76
High Falls WBINS 5/19/89 6/24/89 36 21 78.4 7.4 2.64 0.88
EBINS WBINS 5/19/89 6/24/89 36 21 80.5 6.1 8.55 1.06
High Falls H.Falls 5/19/89 6/24/89 36 21 73.4 6.9 1.95 0.67
EBINS EBINS 5/19/89 6/24/89 36 21 77.0 6.5 2.63 - 0.86
3 FALL 1989 |

Black WBINS | 10/04/89 11/09/89 36 21 66.6 9.6 252 1147
High Falis WBINS 10/04/89 11/08/89 85 21 65.6 7.9 2.19 0.87
Biscuit WBINS | 10/04/89 11/08/89 35 21 64.7 7.2 2.00 0.77
EBINS WBINS | 10/04/89 11/07/89 34 21 65.2 7.5 2.14 0.65
High Falls H.Falls 10/05/89 11/08/89 34 21 72.0 5.6 2.81 0.68
EBrNS EBINS 10/07/89 11/07/89 31 21 68.0 ” 44 2.19 0.51
High Falls WBINS 11/08/89 11/30/89 22 21 69.5 7.4 2.86 0.85
EBINS WBINS | 11/08/89 11/30/89 22 21 67.7 71 2,62 0.74
High Falls H.Falls 11 /68/89 11/30/89 22 21 72.2 6.0 2.98 0.72
EBINS EBINS 11/07/89 11/30/89 23 21 69.4 5.5 2.95 0.67

2 EBINS = East Branch Neversink River.
b PIN = Pigeon Creek; WBINS = West Branch Neversink River.
© _ = no measurements made of fish length of weight




Table 4-10. In Situ Bioassays with Brook Trout in Catskill Streams (Continued)

Length (mm) Weight (g)
Source Starting Ending Total Total

Stream® of fish? Date Date No. Days | No, Fish Mean STD Mean STD
SPRING 1950

" High Falls WBINS | 8/09/90 4/06/90 28 21 73.1 3.8 319 | o060

Biscuit WBINS 3/09/90 4/06/90 28 21 69.9 5.6 2.86 0.57

High Falls WBINS |  4/06/90 5/06/90 30 21 743 6.1 200 | o7z

Biséuit WBINS 4/06/90 5/06/90 30 21 75.0 53 8.12 0.55

) EBINS WBINS 4/06/90 5/06/90 30 21 74.4 5.9 3.87 0.83

| High Falls H.Falls 4/06/90 5/06/90 30 21. 745 4.6 276 0.44

| AEBI’NS EBrNS 4/06/20 5/06/30 | 30 21 Gé.2 4.3 2.71 0.73

8 EBINS = East Branch Neversink River.
b PIN = Pigeon Creek; WBINS = West Branch Neversink River.
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Table 4-11. In Situ Bioassays with Brook Trout in Pennsylvania Streams

Length (mm) Weight (g)
Source Starting Ending Total Total ‘ b b
Stream of fish® Date Date No. Days | No. Fish Mean STD Mean STD
FALL 1988 - , - -
Benner Benner 10/11/88 11/16/88 36 20 68.8 228 - -
Roberts Benner 10/05/88 11/10/88 36 21 67.7 20.0 - -~
Roberts 10/05/88 11/10/88 36 39 66.6 8.5 - -
Stone 10/05/88 11/10/88 36 22 66.3 75 - ‘ --
Stone Benner 10/06/88 11/10/88 35 20 62.0 12.8 - -
Robents 10/06/88 11/10/88 35 35 64.4 7.2 -- -
Stone 10/06/88 11/10/68 35 33 65.5 8.6 - -
Baldwin Baldwin 10/13/88 11/18/88 36 36 74.5 17.9 - -
Linn Baldwin | 10/13/88 |  11/18/88 36 a7 784 | 208 | - -
Benner 10/13/88 11/18/88 36 ] 14 61.3 6.7 - -
SPRING 1989 '
Benner Benner/ 2/21/89 4/04/89 42 21 63.5 7.6 2.25 0.62
Roberts
Roberts Roberts 2/23/89 4/03/89 39 21 112.6 203.2 2.30 0.48
Stone Stone 2/22/89 4/03/89 40 21 108.5 203.9 3.00 0.00
Baldwin Baldwin 2/27/89 4/07/89 39 21 159.8 279.0 3.20 0.68
Linn . Linn 2/28/89 4/06/89 37 42 86.9 22.0 3.00 -

8 6P = common pool (see text for explanation).
- = ho measurements made of fish weight,




Table 4-11. In Situ Bioassays with Brook Trout in Pennsyivania Streams (Continued)

Stream

Source
of fish®

Starting
Date

Ending
Date

L.ength (mm)

Weight (g)

Mean STD

Mean? sTD®

SPRING 1989

(cont)

Roberts

Roberts

3/14/89

4/03/89

Stone

Stone

3/14/89

4/03/89

Linn

Linn

3/20/89

4/06/89

FALL 1989

Benner

Benner

10/30/89

11/20/89

Roberts

Stone

10/31/89

11/20/89

Stone

Stone

10/31/89

11/20/89

Baldwin

CcP

11/02/89

11/22/88

Linn

CP

11/02/89

11/22/89

SPRING 1980

Benner

CcP

3/02/90

3/22/90

Stone

cP

3/02/90

3/22/90

Benner

cpP

3/22/90

4/11/90

Stone

cP

3/22/90

4/11/90

4¢P = common pool (see text for explanation).
- = no measurements made of fish weight.




Table 4-12. In Situ Bioassays with Blacknose Dace in Adirondack Streams

Length (mm) Weight (g}
Source Starting Ending Total Total R -
Stream® of fish® Date Date No.Days | No.Fish | Mean | STD Mean STD
FALL 1988
FPO cP 11/01/88 12/01/88 80 20 70.6 3.4 2.80 0.62
BMB cP 11/01/88 12/01/88 30 20 728 5.2 4.10 0.97
BCK cP 11/01/88 12/01/88 30 20 71.2 6.8 3.08 1.03
su CP 11/01/88 12/01/88 30 20 716 6.9 8.62 1.10
SPRING 1989
" FPO CP 5/08/89 5/18/89 10 21 37.4 3.6 - -
BMB cP 5/08/89 5/18/89 10 21 37.4 4.1 050 |. 0.00
< BCK CP 5/08/89 5/18/89 10 22 395 8.4 0.50 0.00
@ sLl cP 5/08/89 5/18/89 10 21 38.9 3.8 0.50 0.00
FPO cP 5/18/89 6/28/89 41 21 38.3 48 0.67 0.20
BMB cP 5/18/89 6/28/89 41 21 38.0 8.7 - -
BCK cP 5/18/89 6/28/89 41 21 38.2 44 0.53 0.14
sLI : cP 5/18/89 6/28/89 41 21 871 45 -~ -
FALL 1989 '
FPO . CcP 9/27/89 11/06/89 40 20 614 | 57 1.90 0.85
BMB CP 0/27/89 11/06/89 40 20 622 6.2 2.20 077
BCK cP o/27/89 11/06/89 40 20 . 62,0 6.3 2.60 0.88
sul cp 9/27/89 11/06/89 40 20 61.2 6.9 6.00 2.20

8 FpO = Fly Pond Outlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Lake Inlet.
CP = common pool {(see text for explanation.
¢ =no measurements made of fish weight.
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Table 4-12. In Situ Bioassays with Blacknose Dace in Adirondack Streams (Continued)

Length (mm) Weight (g)
Source Starting Ending Total Total
Stream® of fishP Date Date No. Days No. Fish Mean STD Mean STD
SPRING 1930
FPO cP 4/30/90 5/30/90 30 20 59.4 3.6 1.45 0.51
BMB CP 4/30/20 5/30/90 30 20 59,5 5.7 220 0.70
BCK cpP 4/30/90 5/30/90 30 20 61.9 4.7 240 0.75
su CcP 4/30/90 5/30/90 30 20 61.9 57 235 0.75

8 FPO = Fly Pond Qutlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Leke Inlet.
CP = common pool (see text for explanation).




Table 4-13. In Situ Bioassays with Slimy Sculpin in Catskill Streams

LL

[+]

: Length (mm) Weight (g)
Source Starting Ending Total Total
Stream® of fish® Date Date No. Days No. Fish Mean® STD° Mean® STD°
FALL 1988
Black Black 11/10/88 12/15/88 35 21 62.5 18.2 - -
Biscuit Biscuit 11/03/88 12/14/88 41 20 91.5 21.9 - -
SPRING 1959 -
Black PIN 4/08/89 4/27/89 i9 21 63.2 7.8 - -
High Falls PIN 4/06/89 4/27/89 21 21 59.2 9.5 2.10 1.08
Biscuit PIN 4/06/89 4/27/89 21 21 61.8 8.7 2.60 1.14
EBINS PIN 4/06/89 4/27/89 21 19 59.4 6.6 2.47 0.82
High Falls WBINS 5/04/89 5/17/89 13 21 - - - -
Biscuit WBINS 5/04/89 5/17/89 13 21 - -- - -
EBINS WBINS 5/07/89 5/1 6/89 9 21 80.0 -- 8.00 -
FALL 1989
Black WBINS 10/04/89 11/09/89 36 21 63.8 8.2 2.64 1.22
High Falls WBINS 10/04/89 11/08/89 35 21 64,5 7.3 2.38 0.86
Biscuit WBINS 10/04/89 11/08/89 35 21, 62.1 8.2 2.29 0.92
EBINS WBINS 10/04/89 11/07/89 34 21 65.3 6.3 2.57 0.81
High Falls H.Falls 10/05/89 11/08/89 34 21 63.8 5.7 2.10 0.62
EBINS EBINS 10/07/89 11/07/89 31 21 71.0 6.3 3.60 1.36

a EBrNS = East Branch Neversink River.
PIN = Pigeon Creek; WBINS = West Branch Neversink River.
- = no measurements made of fish length or weight.




Table 4-13. In Situ Bioassays with Slimy Sculpin in Catskill Streams (Continued)

Length (mm) Weight (g)

Source Starting Ending Total
Stream® of fish? Date Date No. Fish Mean 81D Mean STD

FALL 1989 (cont)

High Falls WBINS | 11/08/89 11/30/89
EBINS WBINS | 11/08/89 11/30/89
High Falls H.Falls | 11/08/89 11/30/89

EBrNS EBINS 11/07/89 11/30/89

& £BrNS = East Branch Neversink River.
PIN = Pigeon Creek; WBINS = West Branch Neversink River,




Table 4-14. In Situ Bioassays with Sculpin in Pennsylvania Streams

’ Length {(mm) Weight (g)
Source Starting Ending Total Total
. Stream Species | of Fish® Date Date No. Days | No. Fish Mean STD Mean® sTO®

FALL 1988
Benner simy | Bemner | 1011/88 | 11/16/88 36 55 40.2 17.0 - -
Roberts Slimy Benner 10/05/88 11/10/88 36 47 52,7 21.9 - -
Stone Slimy Benner 10/06/88 11/10/88 35 27 66.8 8.9 - -
Linn Simy | Bermer | 10/13/88 | 1171888 3 21 67.6 8.0 - -
Baidwin Mottled Baidwin 10/13/88 11/18/88 36 25 88.6 2 - -

- Linn Mottled Baldwin | 170/1 3/88 11/18/88 36 23 70.8 13.0 s -

SPRING 1989
Benner Slimy SixMile 2/21/89 4/04/89 42 21 55.1 - 4.5 1.81 0.68

B‘ Roberts Slimy SixMile 2/22/89 4/03/89 40 21 56.6 5.4 2.00 . 0.00

Stone Slimy SixMile 2/22/89 4/03/89 39 21 100.3 206.0 - -
Baldwin Mottled Linn 2/27/89 4/07/89 39 21 86.5 206.8 1.07 0.27
Linn | Mottled | Baldwin | 2/28/89 | 4/06/89 37 2 100.1 206.1 - -

SPRING 1990 |
Benner Slimy cP 3/02/90 3/22/90 20 35 69.4 8.0 3.34 1.51 :
Stone Slimy CcP 3/02/30 3/22/90 20 35 69.2 7.8 4,03 1.29
Benner Mottled CP 3/02/90 3/22/90 20 35 70.0 8.0 3.37 1.87 »
Stone ' Mottled CP - 3/02/90 8/22/90 20 35 70.7 10.1 4.29 ' 1.84

2 cp = common pool (see text for explanation), “
- = no measurements made of fish weight. !
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Table 4-14, In Situ Bloassays with Sculpin in Pennsylvania Streams (Continued)

Length (mm) Weight (g)
Source Starting Ending Total Total
Stream Species | of Fish® Date Date No.Days | No. Fish Mean STD Mean §TD
SPRING 1990 (cont.)
Benner Slimy cpP 8/22/90 4/11/90 20 35 €9.2 74 3.17 1.07
Stone Slimy cP 8/22/30 4/11/90 20 35 €5.5 7.7 3.31 1.13
Benner Mottled CP 3/22/90 4/11/90 20 35 76.2 9,3 4,80 1.86
Sione Mottled CP B/22/90 4/11/90 20 35 €9.8 7.3 3,71 1.27

& ¢P = common pool (see text for explanation).
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Table 4-15. Radiotelemetry Studies of Brook Trout Movement in Adirondack Streams

Length (mm) Weight (g)
Starting Ending Total " Total
Stream® Date Date No. Days No. Fish Mean STD Mean STD

SPRING 1989

FPO 5/22-26/89 6/20/89 25.29 8 182.0 28,6 55.8 27.6

s 5/22-23/89 6/20/89 28-29 7 174.1 29.2 54.7 38.2
FALL 1989

FPO 10/04/89 11/03/89 30 9 182.1 27.8 62.1 36.8

BMB 10/04/89 11/03/89 30 10 181.2 27.2 65.3 36.8

BCK 10/04/89 11/08/89 30 9 181.1 21.2 .56.7 24,5
SPRING 1990

FPO 5/04/90 6/05/90 32 6 170.8 11.7 44,0 7.6

BCK 5/04/90 6/05/90 32 6 175.3 8.3 462 7.4

8 Frpo = Fly Pond Outlet; SLI = Seventh Lake Inlet; BMB = Bald Mountain Brook; BCK = Buck Creek.




e8

" Table 4-16. Radiotelemetry Studies of Brook Trout Movement in Catskill Streams

Total Total Length (mm) Weight (g)
Source Starting Ending No. Days No. Fish
Stream® of fish? Date Date Mean STD Mean STD
SPRING 1989
High Falls PIN 4/12/89 4/27/89 15 4 182,2 9.4 57.2 6.7
H. Falls 4/12/89 4/27/89 16 5 225.4 11.5 99.6 16.6
EBINS PIN 4/12/89 4/28/89 16 4 179.8 6.3 50.8 2.8
EBINS 4/12/89 4/28/89 16 5 185.4 135 63.2 15.0
FALL 1989 »
High Falls WBINS 10/17//89 11/25/89 39 8 220.8 324 111.6 47.3
H. Falls 10/17/89 1 1/25/69 39 5 222.6 18.3 112.4 20.5
EBiNS WBINS 10/17/89 11/28/89 42 4 202.8 15.9 83.2 21.2
EBINS 10/17/89 11/28/89 42 9 191.9 8.7 71.6 11.7
SPRING 1990 |
High Falls WBINS 3/24/90 5/23/20 60 10 2215 17.6 89,7 254
Biscuit WBINS 3/24/90 5/22/90 59 11 203.8 18.2 80.8 18.1

8 EB(NS = East Branch Neversink River.
b PIN = Pigeon Creek; WBINS = West Branch Neversink River.
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Table 4-17. Radiotelemetry Studies of Brook Trout Movement in Pennsylivania Streams

‘ Length (mm) Weight (g)
Starting Ending Total . Total
Stream Date Date No. Days No. Fish Mean STD Mean STD

FALL 1988

Baldwin 10/15-16/88 11/14/88 29-30 10 172.9 18.9 55.5 16.6

Linn 10/15-16/88 11/14/88 29-30 i0 188.4 25.6 72.2 31.6
SPRING 1989

Baldwin N 3/02-03/89 4/07/89 35-36 i5 176.7 ' 20.5 45.8 17.8

Linn 3/02-03/89 4/06/89 34-35 18 179.1 19.0 48.2 14,0
FALL i989

Benner 11/06/89 11/28/89 22 14 174.8 16.7 48.5 15.4

Stone 11/06/89 11/30/89 24 15 179.2 14.8 53.0 164
SPRING 1990

Benner 3/07/90 4/06/90 30 10 178.8 259 60.8 30.2

Stone 3/07/90 4/05/90 29 10 1938.5 259 €5.8 22.9




Table 4-18. Sampling Dates for Quantitative Surveys of Fish Communities in ERP Study Reaches

Region 1988 1989 1990
Adirondacks 9/22-10/12 4/24-26 4/19-24
6/21-27 6/12-14
g9/01—12
11/07-14
Catskills 10/10-12/12 5/1-6/20 6/2-6/6
1/13-29
8/22-28
- 10/183-11/27
Pennsylvania 7/12-14 3/29-4/6 4/3-10
11/15-22 6/28-30 5/31-6/5
8/22-25
- 11/28-12/1 _
Table 4-19. Electrofishing Efficiency Checks
No. Accuracy
Marked No. No. Fish | Population Capture Population
Region Date Fish Passes | Caught Estimate Efficiency Estimate
Adirondacks | 6/89 25 3 17 N/A? 68% N/A
Catskills 6/89 40 3 39 39 97% 97%
| 10/89 40 3 26 28 66% 70%
Pennsylvania | N/A 50 4 39 40 (£ 4) 78% 80%

2 Data not available (not calculated or reported by regional cooperator).
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Table 4-20. Fish Transplants

Brook Trout Stocked

Forage Fish Stocked®

Region Date Stream Number Weight” (g) Number Weight® (g)
Adirondacks September 1988 Fly Pond Outlet 0 0 57 154
Bald Mt. Brook 30 126 30 103
Buck Creek 103 820 86 2038
Seventh L. Inlet 65 804 122 323
April 1989 Fly Pond Outlet 51 358 71 103
Bald Mt. Brook 26 183 44 104
Buck Creek 112 974 113 210
Seventh L. Inlet 100 866 185 323
September 1989 Fly Pond Outlet 46 139
Bald Mt. Brook 29 80
Buck Creek 81 205
Seventh L. Inlet 126 298
November 1989 Fly Pond Outlet 32 83
Bald Mt. Brook 21 63
Buck Creek 82 198
Seventh L. Inlet ‘. 106 278
Catskills May-June 1989 High Falls 43 718 0 0
Biscuit Brook 42 680 29 180
E. Br. Neversink 50 770 50 280
Pennsylvania October 1988 and Benner Run 26 - 50 -
February 1989 Roberts Run 44 - 100 -
Stone Run 77 - 50 -
Baldwin Creek 28 - 100 =
Linn Run 67 - 100 -

- = no measurements made of fish weight.

- @ Blacknose dace in Adirondack streams; slimy sculpin in Catskill streams and in Benner, Roberts, and Stone; and mottled sculpin in Baldwin and Linn.
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SECTION 5
STREAM HYDROLOGY AND CHEMISTRY

In Section 5, we describe the hydrologic and chemical responses of the ERP streams during the
. course of the study. Section 5.1 provides the climatic setting during the ERP and summarizes the
occurrence of major hydrologic evenis. Section 5.2 includes an overview of the chemical charac-
teristics of the ERP streams and describes their chemical responses during episodes. Subsection
5.2.1 describes episodic changes of ANC, pH, and Al .. In Subsection 5.2.2, we explore the role

that major ions played in controlling episodes in ERP streams.
5.1 HYDROLOGIC RESPONSE
5.1.1 Climatic Conditions

We can obtain an overview of the climatic conditions during the ERP by examining long-term -
records for climatic stations located near the ERP watersheds (USGS 1991; and data from the
NOAA National Climatic Data Center, Reston, Virginia). In the Adirondacks, nearby climatic
stations are located at Old Forge, Big Moose, and Stillwater' Reservoir. For the period of summer
(July, August and September) 1988 through spring (April, May and June) 1989, precipitation was
75% to 125% of the 30-year normal. Summer 1989 rainfall was 125% to 150% of normal. From
fall (October, November, December) 1989 to spring 1990, precipitation was near or slightly above
normal. Temperatures during summer 1988 were above normal, whereas the winter (January,
February, March) 1988 through summer 1989 period had near normal temperatures. During fall
1989, temperatures were below normal and during‘winter and spring 1990, temperatures were

above normal.

Slide Mountain and Liberty are climatic stations near the ERP sites in the Catskills. For summer
1988, fall 1988, winter 1989, and summer 1989, precipitation was 75% to 125% of normal. Pre-
cipitation during spring 1989 was 150% to 200% of normal. Showfall accumulations during the
winter of 1989 were at a record low. Fall 1989 through spring 1990 had precipitation depths that
were near or slightly above normal. Temperatures for summer 1988, winter 1989, and winter 1990
were above normal, whereas temperatures during spring 1989 and spring 1990 were near normal.

Both fall 1988 and fall 1989 had below normal temperatures.
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Phillipsburg is the climatic station closest to the ERP streams in central Pennsylvania. Two
stations, Laurel Mountain and Donegal, are near the southwest Pennsylvania study sites. Both
parts of Pennsylvania experienced similar meteorological conditions during the ERP. ' Summer
1988 through winter 1989 had precipitation levels that were 75% to 125% of normal. Spring 1989
precipitation levels were 125% to 150% of normal and summer 1989 levels retumed to 75% to
125% of normal. Precipitation for fall 1989 through spring 1990 was approximately normal.
Temperatures during winter 1989 and winter 1990 were above normal. Temperatures during all

other seasons were normal or below normal.
5.1.2 Major Hydrologic Events

The ERP was desighed to examine the chemical and biological responses of streams to episodic
acidification. The study ideally would have been conducted during a period when snowmelt and
rainstorms generated hydrologic events with normal or above normal flows. In practice, the
hydrologic conditions during the study \)éried from region to region. In the Adirondacks, winter
conditions allowed significant snowpacks to develop during both winters of the ERP. In each
case, snowpacks > 50 cm developed, with meltwaters contributing to episodes during late winter
and early spring periods. Spring and fall rainstorms also generated hydrologic events. In the
Catskills, very small showpacks developed during both winters. Most of the episodes were
generated by rainstorms. A similar situation developed in Pennsylvania. No significant
snowpacks accumulated in either of the winters during the ERP. Hydrologic events were
generated almost exclusively by rainstorms. However, a number of the rainstorms were quite
large and generated hydrologic events with large peak flows and relatively long durations.

All Adirondack streams had similar numbers of hydrologic events in resportise to snowmelt and
rainstorms (Figures 5-11 through 5-4). Fly Pond-outlet, the reference stream, had the smallest
streamflows, and the least difference between the minimum and maximum flows (Tables 5-11 to
5-4), These levels refiect the influence of Fly Pond as the source of the stream. The other
Adirondack streams also reached very low flows (= 0.01 m®/s) during the summer months and
median flow rates were no greater than 0.06 m%/s (Tables 5-1, 5-2, and 5-4). However, these
streams experienced maximum flows of 0.6 to 4.1 m®/s during the snowmelt periods of late winter
and early spring. During the first year of study, the largest hydrélogic event occurred during

snowmelt, beginning approximately March 27 and lasting 7 days. During 1990, major hydrologic

1Slnce this section contains so many tables and figures, we have placed them all at the end of the section. Figures
appear first, beginning on page 109, then tables, beginning on page 161.
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events occurred during early winter, but the main snowmelt period began the second week of

March, with warming temperatures and rain.

In the Catskill Mountains, the 1989 spring showmelt was much smaller than normal, _with a period
of moderately high discharge beginning February 21 and continuing through a small rainstorm in
early April. The most sustained high flows occufred in late March and early April, a period of high
air temperatures but littlle precipitation. A high flow period in late March was caused mainly by
melting ice, rather than snowmelt. Snowpack accumulations during winter 1990 were also much
smaller than normal. However, in late January 1990, a melt event did occur. In addition, a small
hydrologic event in March 1990 was influenced by snowmelt. Rainstorms generated a number of
major hydrologic events throughout the year (Figures 5-5 to S—_a). High flows ranged from 1.7 to
41.7 m%s (Tables 5-5 to 5-8). The East Branch of the Neversink River, because of its large
drainage area, had the highest levels of discharge during hydrologic events (Figure 5-7). How-
ever, much smaller differences in flow existed between the streams during periods of low and
moderate discharge (Tables 5-5 to 5-8). ’

During both winter periods in the Pennsylvania study areas, snowpack levels were very low and
had minimal influence on hydrologic events recorded during the study. However, major rain-
storms occurred during spring 1989 and to a lesser degree in spring 1990 (Figures 5-9 to 5-13).
Maximum discharge ranged from 2.0 to 8.6 m®/s, and minimum flow rates were from < 0.01 to.
0.04 m®/s (Tables 5-9 to 5-13). Linn Run had the greatest streamflows and the flashiest response .

to rainstorms (Table 5-11).
5.2 STREAM CHEMISTRY

Tables 5-1 through 5-13 summarize the overall maximum and minimum values of major chemical
variables recorded in the ERP streams. In addition, we created a subset of the ERP database that
represents weekly sampling of the ERP streams. The purpose of this activity was to be able to
report the chemical characteristics of the ERP streams in a format similar to that commonly found
in-the literature from less intensive (non-episodic) stream chemistry studies. We chose a weekly
sample for each stream that was closest in time to Tuesday at 10 AM (réference time). In all
regions, a sample was available within 1 or 2 days of the designated reference time; Then, we
made statistical summaries for the one-year period within the study (1989: 2/1/89 through
1/31/90) with the most complete weekly data record (Tables 5-1 to 5-13). Throughout the report,

we refer to the values reported from these procedures as weekly statistics (e.g., weekly median).
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The weekly ANC, pH, and Al data are virtually complete for all streams in all regions. For
Pennsyivania streams, major ion data are missing for several weeks. The missing data are from
the period November 1989 through January 1990, a time with relatively high discharge and epi-
sodes. Therefore, the Pennsyivania weekly statistics are somewhat biased away from the higher
flow regimes. However, the weekly summaries still provide a qualitative picture of the major ion

characteristics of the Pennsylvania streams.

As indicated in Section 3, one or two streams in each region served as references for the bio-
logical studies. The biological reference streams are Fly Pond Outlet in the Adirondacks, Black
Brook and High Falls Brook in the Catskills, and Baldwin Creek and Benner Run in Pennsylvania.
The discussion that follows will show that the water chemistry in the reference streams was
generally favorable for fish and other aquatic biota during the ERP (see Section 6). However, as
discussed in Subsection 5.2.1, Benner Run experienced occasional acidic episodes of short dura-
tion, but had the best water chemistry of the three northcentral Pennsylvénia streams. The
reference streams do not serve a strict reference or control function for ERP hydrochemical
studies. Instead, the reference streams allow ion changes in fairly well-buffered systems to be
examined along with and compared to ion changes in the streams that have acidic, high Al

episodes.

All streams in the Adirondacks had 1989 weekly median ANC values of at least 10 xeq/L and
median pH values > 5.3 (Tables 5-1 to 5-4). Weekly median Al,, values ranged from 20 to

165 ug/L. Fly Pond Outlet, the reference stream for biological studies, had the highest pH and
ANC values, and the lowest Al;, values. Fly Pond was also the most alkaline of the 13 ERP study
streams. Buck Creek had the lowest pH and ANC values, and the highest Al,  levels. Bald
Mountain Brook and Seventh Lake Inlet weekly median ANC and pH values were only slightly

greater than values for Buck Creek.

In the Catskills, Black Brook and High Falls Brook had similar weekly median ANC (= 95 ueq/L)
and pH values (= 6.6). During the study period, the East Branch Neversink River was a chronic-
ally acidic system with a median ANC of -6 ueq/L. and a median pH of 4.91 (Table 5-7). Not sur-
prisingly, East Branch Al values are the highest of the Catskill streams. Linn Run in Penn-
sylvania and Buck Creek in the Adirondacks had weekly median Al values that were just slightly
less than the East Branch median. Biscuit Brook had intermediate median pH and ANC levels

compared to the other Catskills study streams (Table 5-5).
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Two of the Pennsylvania streams were chronically acidic during 1989. The weekly median ANC
values of both Roberts Run and Stone Run weré < 0, and their weekly median pH values were

< 5.4 (Tables 5-12 and 5-13). Although Linn Run’s weekly median ANC was 30 ueg/L and its
weekly median pH was 6.24, it had the highest median Al value of any ;stream in Pennsylvania.
Baldwin Creek and Benner Run were the two reference streams for biological research. Both of
these streams had weekly median ANC levels above 0, but BaldWin Creek had higher levels of pH

and ANC. Neither stream had median Al levels above 11 ug/L.

Because episodes occur during periods of high streamflow, a useful way to examine the data is
to compare periods of high streamflow (during episodes) with periods of low flow (not during
episodes or seasons with high flow, e.g. showmelt). We developed flow duration curves of each
stream using hourly streamflow data for the entire sfudy period, and we calculated the 20th
percentile streamflow to represent Iow-ﬂow conditions and the 95th percentile streamflow to
represent high-flow conditions associated with moderate to large episodes. Then, we sorted the
stream chemistry database by the streamflow at the times water samples were collected, and we
calculated the median values of major chemical variables at streamflows < 20th percentile (low
flow) and = 95th percentile (high flow). For each stream, we compared the discharge distributions
< 20th percentile and = 95th percentile in the discharge database and in the stream

chemistry database and found them to be very similar.

Tables 5-14 and 5-15 summarize the median water chemistry variables for low flow and high flow.
The numbers presented do not atlempt to deal with the seasonal variation described in Sub-

. sections 5.2.1 and 5.2.2, but they represent an approach that provides a simplified comparison of
chemistry during major episodes (high flow) among streams. With the exception of the East
Branch Neversink River, all the ERP streams had ANC values > 0 and pH and Al values suitable
to support fish populations during low flow (see Section 2). In general, the low flow median pH
and ANC were slightly greater than 1989 weekly median pH énd ANC (Figures 5-14 and 5-15).
However, low flow Al, ., concentrations were considerably smaller than the 1989 weekly median
values (Figure 5-16). During high flow, five of the streams had median ANC vélues < —10 peq/L,
median pH =< 4.8, and Al;,, concentrations > 195 ug/L (Table 5-15 and Figures 5-14 to 5-16).

Distinctive regional characteristics are evident in the ERP stream major ion data. The five
Pennsylvania streams had the highest overall SO42‘ concentrations, and had four of the five
highest median 8042' concentrations (Tables 5-9 to 5-15). Benner Run, with the lowest median
3042" value of Pennsyivania streams, had the greatest total variation o% any ERP stream. The
Adirondack streams had the largest DOC concentrations, the Pennsylvania streams had the
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lowest concentrations, and the Catskills had intermediate concentrations (Tables 5-1 to 5-15).

The Adirondack and Catskill streams had similar median and maximum concentrations of NO;™.
The NOj™ concentrations of the Pennsylvania streams were much smaller than the NO4™ concen-
trations of the Catskill and Adirondack streams. Although the Pennsylvania streams are located
farthest from the coast, they generally had the highest CI™ concentrations. Fly Pond Outlet also
had large CI” concentrations. The primary study reach of Fly Pond Outlet is located immediately
below a stretch of stream that parallels a paved road, and the stream may have been influenced
by road salt. Calcium was the dominant cation in all ERP streams. As expected, the sum of base

cations for all streams was directly related to ANC.
5.2.1 Episodic ANC, pH, and AL,

The sampling strategy employed in the ERP allowed most episodes (and virtually all major epi-
sodes) that occurred during the study period to be re‘asonably‘well characterized,'at least with
regard to worst-case chemical conditions. (Figures 5-1 to 5-13). Sometimes the total duration,
especially the recession stages, of hydrologic events were not sampled as intensively as the
rising limb and peak of the storm hydrograph. Also, each region experienced hydrologic events
that were unsampled or had few samples. Nevertheless, the ERP database represents one of the
most intensive temporal stream sampling efforts (related to acidic deposition) to be conducted in
the United States. .

Episodes that occurred during the ERP were individually identified. The senior author evaluated
the time series of hydrologic and chemical data, displayed in Figures 5-1 through 5-13 (but on a
much larger time scale), and separated out 19 to 33 episodes per stream that had been sampled
with sufficient intensity to allow the initial conditions and the iowest ANC and pH and the highest
Al;, values to be identified (Figure 5-1 7). If episodes occurred sequentially, the two episodes
were separately identified even if the stream chemistry and streamflow had not returned to pre-
episode conditions from the first episode in the series. For most analyses, ANC was used as the
primary chemical variable for establishing the initial and minimum points of the episode:

The ERP streams exhibited a wide range of ANC depressions during episodes (Figure 5-18a).
Aquatic systems with high initial ANC values tended to have larger ANC depressions. However,

the lowest episodic ANC values occurred in streams with initial ANC values of < 50 ueq/L. For
episodes in which pH levels dropped to 5 or below, initial pH values were < 5.8 (Figure 5-18b).

The magnitude of pH changes during episodes was greatest for episodes with mid-range initial

pH values (5.5 to 6.8). Episodic changes of Al were highly variable (Figure 5-18c). Estimated
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increases of 100 to 200 ug/L were fairly common. Episodes with higher initial Al concentrations.

tended to have the highest maximum Al,,, concentrations.

A comparison of the episodic chemical characteristic of streams in the three ERP regions reveals
that Roberts Run, Stone Run, Buck Creek, and the East Branch Neversink River had the lowest
initial episode ANC levels (Figure 5-19). The starting ANC values were often < 0. These streams
also had relatively small ANC changes during episodes, but they reached the lowest absolute
ANC levels of any of the ERP streams (Figure 5-19). Fly Pond Outlet, High Falls Brook, and Black
Brook had the highest initial ANC values, the greatest ANC depressions, and the highest mini-
mum ANC values among the ERP streams (Figure 5-19). Biscuit Brook and Baldwin Creek occa-
sionally experienced acidic episodes. Most of the other ERP streams often experienced acidic
conditions during episodes. The behavior of pH during episodes was similar to that exhibited by
ANC (Figure 5-20). Buck Creek, East Branch Neversink River, Roberts Run, and Stone Run had

the lowest minimum pH levels, commonly with values < 4.8,

Aluminum chemistry patterns during episodes in ERP streams were somewhat different from
those observed for ANC and pH. Bald Mountain Brook, Buck Creek, Seventh Lake Inlet, East
Branch Neversink River, Linn Run, Roberts Run, and Stone Run all had estimated initial Al,,
concentrations > 100 ug/L (Figure 5-21) during some episodes. Of these streams, Linn Run
exhibited the greatest Al increases during‘ episodes. Buck Creek, East Branch Neversink River,
Linn Run, and Stone Run consistently had the hiéhest estimated maximum Al,., concentrations

(commonly > 350 ug/L) during episodes.

"ERP results demonstrate that streams with the lowest ANC levels do not necessarily have the
highest Al . concentrations. All Adirondack streams have a similar relationship between ANC and
estimated Al,, (Figure 5-22). Some variation in the Al,_.-ANC relationship is evident among the
Catskill streams. However, the Pennsylvania streams have very distinctive Al .-ANC relationships
(Figure 5-22). Linn Run and Stone Run tend to mobilize Al at higher ANC levels than the other
Pennsylvania streams, an indication of differences in substances and processes controlling.AI

concentrations among the streams.

Plots of ANC, pH and estimated A'}m at the beginning of episodes and at the time of minimum
episodic ANC illustrate the variance of episodic chemistry responses in the three regions during
the course of the study (Figures 5-23 through 5-35). In all regions, the initial conditions of

episodes have strong influences on the episodic behavior of ANC, pH and Al, ..
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In the Adirondacks, initial ANC and pH tended to be high during the summer months, to decrease
during the fall months, and to be at a minimum during snowmelt of late winter and eatly spring
(Figures 5-28 to 5-26). Initial Al,,, concentrations were low in the summer and high during late
winter and early spring. Episodic pH and ANC decreases tended to be greatest in the summer
and early fall, but the lowest pH and ANC occurred during episodes in the spring, winter, and Iéte
fall. Summer had the lowest initial and episodic Al concentrations. Episodes with the lowest
minimum ANC and pH generally occurred during March 1989 and 1990 in response to snowmelt
or rain and snowmelt. Buck Creek was an exception, however. Its most severe episode occurred
in response to a rainstorm in November 1989. Snowmelt runoff produced episodes with the

longest durations and with the highest Al, | concentrations.

The Catskill streams exhibited less seasonality of initial and minimum episodic ANC and pH,

probably because of small snowpacks and a relatively uniform distribution of hydrologic events
(Figures 5-27 to 5-30). For Biscuit Brook and the East Branch Neversink River, estimated Al,,
values were the highest in the winter and spring periods. However, East Branch Al,,, concentra-
tions were much greater than Biscuit Brook Al,,, concentrations. Estimated episodic Al,,, concen-
trations in Black Brook and High Falls Brook were generally < 100 ug/L. In Biscuit Brook, the
episodes with the lowest minimum values of ANC and pH and the largest concentrations of esti-
mated Al,,, occurred during episodes generated by spring rainstorms in May 1989 and April 1990
(Figure 5-27). A snowmelt-influenced acidic episode with elevated Al , concentrations started on
January 25, 1990. A fall episode during September 1989 produced acidic conditions but failed to
generate high Al,,, concentrations. The East Branch Neversink River, with the exception of a few
fall or late summer episodes had acidic conditions at the beginning of episodes (Figure 5-29).
The lowest minimum ANC and pH levels occurred during episodes in October 1988, September
and October 1989, January 1990, and April 1990. The winter and spring episodes had large
maximum Al concentrations (> 400 ug/L). However, the fall episodes had much lower maxi-

mum Al, . concentrations (< 300 ug/L).

Spring and late winter rainstorms produced most of the major episodes in the Pennsylvania
streams during the ERP (Figures 5-31 to 5-35). Also, a few acidic episodes were recorded during
fall periods. However, unlike the Catskill streams, when fall episodes occurred in the Pennsyi-
vania streams, they generated Al | concentrations similar to those of spring episodes. In Roberts
Run and Stone Run (central Pennsyivania), ANC levels at the beginning of episodes were typically
less than 0. Episodes with very low levels of minimum ANC or pH, or high levels of maximum
Al,,, occurred in March, May, June, and November 1989, and January and February 1990
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(Figures 5-34 and 5-35). The episodes with the lowest minimum ANC values in Roberts Run and

Stbne Run occurred in June 1989. Pre-episode ANC values in Linn Run (southwest Pennsylvania)
were usually positive. Linn Run episodes with low pH and ANC levels or high AL . concentrations
occurred throughout the spring and fall periods (Figure 5-33). Episodes during March and April

1989 had the lowest minimum ANC values.

The study streams can be divided into six ranked classes of chemical severity, based on ANC,
pH, and Al,,, behavior during episodes and low-flow periods. R
1. The East Branch of the Neversink River was chronically acidic (median ANC < 0) and

had strong episodic ANC and pH depressions. It had the longest sustained durations
of severe chemical conditions (low pH and ANC and high AL ) of the ERP streams.

2. Stone Run and Roberts Run were also chronically acidic, but pH and Al levels were
not as extreme as in the East Branch of the Neversink River. These streams experi-
enced severe episodes with low pH and high Al, .. During summer low-flow periods,
ANC levels were positive.

3. Buck Creek and Linn Run were not chronically acidic but had severe acidic episodes
with low pH and ANC and high A, for long durations.

4. Bald Mountain Brook and Seventh Lake Inlet had episodes of moderate severity (low
pH and ANC, but moderate Al,, levels) and duration.

5. Biscuit Brook and Benner Run experienced acidic episodes but they were of short
duration with moderate pH levels and relatively low Al,,, concentrations.

6. Fly Pond Outlet, Black Brook, High Falls Brook, and Baldwin Creek were classified as
nonacidic (with ANC always > 0, except for one brief excursion below 0 in Baldwin
Creek) and had relatively high pH and low Al throughout the study period.

The biological significance of these chemical severity classes is discussed in Section 6.

The shaded areas in Figures 5-1 to 5-13 identify the time periods during which brook trout
bioassays were conducted (see Section 6.1). In the Adirondacks, the bioassay éxperiments
occurred during major episodes. However, no bioassays were conducted during snowmelt
periods, which generally had episodes with the lowest ANC and pH levels and the highest Al, |
values. The Catskill bioassays included some of the most severe episodes measured in the
Catskill streams. Bioassay experiments in Pennsylvania occurred during major episodes, but
episodes with lower pH and ANC levels and higher Al levels occurred at other times during the-

study.
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5.2.2 Contributions of Major lons to Episodic Acidification

With the exception of organic acids (A™), major ions in sireamwater were measured by the
methods described in Section 4.3.2. These measurements provided SO, 2‘, N03"; CI°, and base
cation data for the ERP streams. However, DOC measurements do not yield iﬁformati’on about
the ionic charge of organic écids, which is required to evaluate the role of organic acids in

controlling episodes. Therefore, the ionic charge of A~ was determined indirectly.

In the Adirondacks, the definition of ANC was used as the basis for determining A (Munson and
Gherini, 1991). ”

ANC = [HCO;] + 2[0032‘1 + [OHT] + [other proton acceptors] - [proton donors] 5-1)
where: Z2Cg = the sum of base cation molarities times their equivalence charge. Base cations

are 2[Ca] + 2[Mg] + [Na] + [K] + [NH,] + X[Al],
where: X = charge of Al

2C, = the sum of the strong acid anions times the equivalence charge. Acid anions
are 2[SO,] + [NOg] + [CI] + Y[A], ‘
where: Y = charge of A.

For each water sample with complete ion chemistry, the following expression was caldulated:
Dane = (2Cg - ZC,) - Gran ANC, , (5-3)

DANC is an estimate of A™ for a water sample, because the Gran ANC measurement includes the
influence of organic acids, whereas the ZCp - 2C, term does not include a value for A", This
approach assumes that Dy is not the result of analytical error and that the charge associated
with Al can be determined. The charge of Al, as represented by X in the ZC3 definition, was
estimated by the following linear expression (Eq. 5-4), which is based on data presented by
Sullivan et al. (1989):

X = 6.5 - 0.875(pH) (5-4)




" For each water sample, the calculated Al charge (X) was applied to the total dissolved Al value to

calculate the equivalent concentration of Al

For any given water sample, D,y Was too variable to provide a reasonable estimate of A™.

Therefore, a regression approach was used to develop empirical models, by ERP region, that
estimate A~ (Dpyc) as a function of DOC and pH in a manner similar to that of Wilkinson et al.
- (1992). Because DOC and pH were measured directly, a regression equation based on these

analytes will provide a more stable estimate of A". The best model for the Adirondack ERP

streams is:
A~ = -33.64 + 6.407(pH) + 15.08(DOC) - 1.653(pH’fDOC) (?-5)
R? = 0.65

. We used Eq. 5-5 to estimate A™ for the Adirondack streams. We could not develop statistically
significant models for the Catskills (R2 = 0.20) or Pennsylvania (F{2 = 0.06). There are at least
two reasons that could explain why a sound empirical model could be developed in the Adiron-
dacks but not in the Catskills or Pennsylvania. First, the concentrations and ranges of DOC are
both much greater in the Adirondack streams. Second, the source of the organics ‘is likely to shift
during the course of episodes because of changes in hydrologic flowpaths. Most empiricél rela-
tionships used to estimate organics from anion deficit have been developed for databases of
regional surveys of lakes or streams. Typically, these waterbodies have been sampled during
similar hydrologic conditions and would therefore have organics contributed from fairly uniform
parts of their watersheds. In the Adirondacks, the organics concentrations are higher and the
characteristics of the organics may be more uniform in all hydrologic source areas than in the

Catskills and Pennsylvania.

Consequently, we decided to use a literature-based estimate of organic carbon charge-density to
estimate A™ for Catskill and Pennsylvania streams. We reviewed charge-density values ‘tabu_lated
by Kahl et al. (1989) and Wilkinson et al. (1992) from studies of a wide variety of streams and

lakes in North America and Europe. We selected a mid-range charge-density value of 5 ueg/mg
of DOC to estimate A™.

A traditional anion deficit approach was not employed because dissolved inorganic carbon (DIC)

was not measured in all regions, and when DIC was measured, the pH — DIC relationship did not
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uniformly conform to the theoretical, open-atmosphere relationship for these two variables
(Stumm and Morgan, 1981). Therefore, an accurate calculation of [HCO,] could not be made.

Figures 5-36 through 5-48 show the concentrations of major ions and stream discharge at the
beginning of each episode and at the time of minimum ANC (ANC, . ) during the episode. The
time of minimum ANC was used as a reference point because these ion changes are used in
Section 5.2.2.1 to examine the causes of episodic ANC depressions. The reader is advised to
examine the scales of the y-axes carefully because'they are not uniform from stream to stream or
from ion to ion. The graphs have been designed to show the maximum amount of ion variation.

In the Adirondacks, SO42“ concentrations do not appear to have consistent seasonal patterns
(Figures 5-36 to 5-39). However, 8042‘ is most likely to increase during episodes that occur in
the summer and early fall months. Nitrate does exhibit a strong seasonal pattern in the Adiron-
dack ERP streams. Initial and ANC ;. NO,™ concentrations are much greater in the winter and
early spring episodes. Also, NOj™ increased more frequently during epis'odes in the winter and
early spring than during the remainder of the year. Chloride concentrations and episodic
changes were fairly constant during the course of the study. Concentrations of A~ wefe much
greater in the Adirondack streams than in the Catskill or Pennsylvania streams. Typically, A~
increased during episodes throughout the year, but the greatest increases tended to occur during
episodes in the late summer and fall. Base cations usually decreased during episodes through-
out the year, with the largest initial concentrations and changes occurring in the summer and

early fall. Fly Pond Outlet experienced the greatest decreases in base cations (Figure 5-38).

Similar to the Adirondacks, 8042‘ concentrations and changes in Catskill episodes did not exhibit
much seasonality (Figures 5-40 to 5-43). Unlike the Adirondacks, the Catskill streams frequently
exhibited large SO42' decreases during episodes. Nitrate concentrations routinely increased
during episodes in all streams except High Falls Brook (Figure 5-43). Episodic NO;™ increases in
High Falls Brook were concentrated in the winter and spring. Initial and ANC, .. NO5™ concentra-
tions were somewhat greater during the winter and spring than in other seasons. Although A~
increased during episodes year round, the most dramatic iﬁcreases tended to occur in late
summer and fall. Chloride tended to decrease slightly during episodes, with Black Brook having
the largest CI” decreases (Figure 5-41). Base cations also decreased during most, but not all,
episodes in the Catskill streams. As expected, Black Brook and High Falls Brook had the largest

base cation decreases during episodes (Figures 5-41 and 5-43).
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Pennsylvania streams had the highest 8042_ concentrations (Figures 5-44 to 5—48).> All the
Peﬁnsylvania streams had 3042‘ increases, some quite large, during episodes. Baldwin Creek
(fall and early spring), Linn Run (fall and early spring), and Benner Run (throughout the year) had
the largest 3042’ pulses (Figures 5-44 to 5-46). However, strong seasonal SO42‘ patterns were
not evident in any of the Pennsylvania streams. Nitrate concentrations in the Pennsylvania
streams were much smaller than those in the Catskill or Adirondack streanﬁs, and the central
Pennsylvania streams (Benner Run, Roberts Run, and Stone Run) had lower concentrations of
NO;™ than did the southwest Pennsylvania streams (Baldwin Creek and Linn Run). In central
Pennsylvania, Roberts Run and Stone Run had a mixture of small NO;™ increases and decreases
during episodes, whereas Benner Run consistently had NO;™ decreases. In southwest Pennsyl-
vania, NO,~ decreases were common during episodes in both Linn Run and Baldwin Creek
(Figures 5-46 and 5-44).  Concentrations of A typically increased during Pennsylvania episodes.
However, A” concentrations and changes did not exhibit any seasonal patterns during the study.
Although both CI” increases and decreases occurred during episodes in the Pennsylvania
streams, decreases were more common. Benner Run consistently showed some fairly large
decreases in CI™ during both fall and spring (Figure 5-45). As a rule, changes in base cations
during episodes followed the typical pattern of decreasing during episodes in all streams.
However, some notable exceptions occurred. Base cations increased fairly often during episodes
in Baldwin Creek, Benner Run, and Stone Run. Linn Run, which most consistently had base

cation decreases during episodes, had the greatest decreases during late spring (Figure 5-46).
5.2.2.1 lon Changes

To evaluate the role of ion changes on episodic ANC depressions, we once again depend on the

CgC, definition of ANC (see Eq. 5-2). From Eq. 5-2, we can develop the following expression:
AANC = AZCg - AZC,. T (5-6)
For the ioh change analyses, we slightly modiﬁed Cg by excluding Al, which allows a separate

~evaluation of the effects of traditional base cations (Ca, Mg, Na, K, NH,) and Al. Consequently,

we can expand Eq. 5-6 to the following:

AANC = ASCg + AAl - ASO, — ANO, — ACI — AA (5-7)




We used Eq. 5-7 as the basis for ranking the importance of ion changes for each episode. All
computations were performed for the greatest AANC of an épisods. lon changes were calculated
in equivalents. Inspéction of Figures 5-36 to 5-48 reveals that ion changes can contribute to ANC
depressions (-AANC) or reduce ANC depressions. Decreases of base cations (¥AECB) or Al
(~AAl) and increases of acid anions (+ASO42“, +ANO,;", +ACIT, +AA") contribute to ANC depres-
sions. For each episode, all of the ion changes were evaluated to determine if they contributed to
the ANC depression. All ion changes that contributed to episodic ANC depression were talgulated
and ranked. The largest magnitude ion change was assighed a rank of 1 (most impoﬂaﬁt con-
tributor to the ANC depression). The second largest ion change was assigned a rank of 2, and
so forth.

Regional and individual stream characteristics emerge upon examination of the number of
episodes for which ion changes contributed to ANC depressions and the mean rank 6f ion
change contributions to ANC depressions (Table 5-16). In the Adirondacks, base cation
decreases and A~ increases most consistently contributed to ANC depressions during episodes.
For Fly Pond Outlet, base cation decreases were consistently the most important contributor to
ANC depressions (for episodes with sufficient data to allow ion change analysis). Base cation.
decreases were also the highest mean contributor to episodes in the other Adirondack streams
except Seventh Lake Inlet. On average, A increases were the most important ion changes in
Seventh Lake Inlet and were the second most important ion chahges to ANC depressions in the
other Adirondack streams. Nitrate increases were also very important contributors to episodes in
Adirondack streams, with mean ranks just slightly less than A™ increases.

In the Catskills, base cation decreases, NO;™ increases and A™ increases were all consistently
important contributors to episodic ANC depressions (Table 5-16). On average, with the exception
of the East Branch Neversink River, base cation decreases were the highest ranked contributors,
NO;™ increases were the second most important contributor, and A™ increases were the third ,
most important ion changes. Decreases in base cations were especially important in Black Brook
and High Falls Brook. For the East Branch Neversink River, base cation decreases were the most
inportant ion changes and A™ increases were the second most important ion changes to ANC
depressions. Sulfate increases rarely contributed to episodic ANC depressions in the Catskill
streams. When SO42‘ increases did contribute to ANC depressions, they were typically the

second or third mean ranked ion change.
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"In the Pennsylvania streams, 3042' incrgases and base gaﬁon decreases frequently made strong
‘mean contributions to episodic ANC depressions (Table 5-16). In Linn Run and Roberts Run,
base cation decreases were consistently the most important ion change contributing to episodic
ANC depressions. However, in Baldwin Creek, Benner Ruh, and Stone Run, 8042“ increases ‘
contributed to ANC depressions in more episodes than did base cation-decreases. AOrganic acids
(A"), on average, were the third most important contributor to ANC depressioné in all Pennsyl-
vania streams. Nitrate and CI” increases occurred less frequently than did SO, increases, base
cation decreases, or A” increases and generally made less importan"t contributions to ANC

depressions in the Pennsylvania streams.

In all three regions, Al typically increased during episodes and reduced ANC depressions.
However, during a few episodes in some of the streams, especially in Pennsylvania; Al concen-

trations did decrease and make modest contributions to ANC depressions (Table 5-16).

An overview of ion changes is useful in developing a general understanding of the variance of
episodic chemistry among the ERP streams. .However, we are not equally interested in all
episodes. We are most interested in those episodes that result in conditions harmful to aquatic
biota. Because we are focusing on ANC in this section, we should be most interested in the .
severe episodes (lowest ANC, ;) that result in acidic conditions for relatively long periods of time.
In the Adirondacks, these type of episodes usually occurred during snowmelt periods. In Penn-

sylvania and the Catskills, large rainstorms induced episodes with the lowest ANC values.

For most streams in the Adirondacks, the episodes with the lowest ANC and pH values and high-
est Al concentrations occurred dur;ing the two snowmelt periods (1989 and 1990) and during

' spring rainstorms (Table 5-17). A rainstorm in November 1989 produced the most severe episode
in Buck Creek. Fall rainstorms also produced major episodes in Bald Mountain Brook and
Seventh Lake Inlet. Chemical béhavior generally was similar among the Adirondack streams for
the snowmelt episodes (Table 5-17). Sulfate and CI™ concentrations decreased, reducing ANC
depressions; base cation decreases were the first ranked contributors to ANC depressions; A
and NO5 increases positively coniributed to episodes and were second or third ranked (Table
5-17; Figures 5-36 to 5-39). During one snowmelt-driven episode in Buck Cregk, NO;™ increases

were the most important ion change.

The ion changes controlling ANC depressions were more variable in Adirondack study streams

during major rain-driven episodes than during major snowmelt episodes (Table 5-17). For Bald
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Mountain Brook, base cation decreases were the most important ion changes during the two
major rain-driven episodes, which occurred during fall 1989, Sulfate and A~ were the second or
third ranked ion changes, but NO4~ increases did not contribute to the ANC depressions of these
episodes. Snowmelt was the driving force behi'nd all the major Fly Pond Outlet episodes. In
Buck Creek and Seventh Lake Inlet, A™ increases made the most important contributions to ANC
depressions during major rain-driven episodes, regardless of whether they oécurred in the spring
or fall. Base cations decreases or NO;~ increases were the second or third most important ion

change during these episodes.

Unlike the Adirondacks, most of the major episodes in the Catskills streams occurred in response
to spring or fall rainstorms (Table 5-18). Sulfate and CI™ decreases reduced ANC depressions
during the most episodes in Catskill streams (Figures 5-41 and 5-43). During the major episodes
in High Falls Brook and Black Brook, base cation decreases were the most important contributors
and NO;™ increases (once an A™ increase) were the second ranked contributors to episodic ANC
depressions (Table 5-18). Increases in A~ were consistently the third ranked ion change in High

Falls Brook and Black Brook.

For Biscuit Brook, NO;™ increases were the most important ion change in two of three of the
major spring eplsodes (Table 5-18). Base cation decreases or an A~ increase were the second
most important ion change. In the third spring episode, base cation decreases were the most
important ion change; a NO3™ increase was the second ranked ion change. Nitrate was also the
most important contributor, followed by base cation decreases, to the major spring episode that

occurred in the East Branch Neversink River.

During the major fall episodes in the East Branch Neversink River, A~ pulses were the most
important contributors to ANC depressions (Table 5-18). Base cation decreases were second
ranked and NO;™ or 8042' increases were the third ranked ion changes. Similarly, an A” increase
was the most important ion change during the major fall episode measured in Biscuit Brook

(Table 5-18). However, a NO;™ pulse was the second most important ion change.

The ionic responses of the Catskill streams were fairly uniform during the January 1990 snowmelt
influenced episodes (Table 5-18). For all streams except Black Brook, NO;™ pulses were the first

ranked and A” increases or base cation decreases were the second ranked contributors to ANC

depressions.
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All the major episodés in Pennsylvania streams were generated by rainstorms in the winter and
spring (Table 5-19). Base cation decreases were usually the most important ion change for major
episodes in Roberts Run and Linn Run. In Roberts Run, A~ pulses tended to be the second
ranked ion change. In episodes in Linn Run, the second ranked ion changes were increases in
NO;", pulses of SO42', or decreases in base cations. During one 1990 episode in Linn Run, a
8042' increase was the first ranked ion change controlling the episodic ANC depression. Base
cation decreases commonly were the most important ion change in Baldwin Creek episodes.
However, 3042" and A~ pulses were each the first ranked ion change in a major episode. Sulfate
puises were commonly the most important ion change during major episodes in Benner Run and
Stone Run; base cation decreases or A~ puises were also the most important ion change in one

or more episodes.

Major episodes in the Pennsylvania streams often had fewer ion changes contributing to ANC
depressions than did the major episodes in the Catskills or Adirondacks (Tables 5-17 to 5-19).
Whereas the Catskill and Adirondack streams rarely had fewer than three ion changes that
contributed to ANC depressions, 40% of the major episodes in Pennsylvania had only two (or in
one instance, one) ion changes that controlled ANC depressions. Benner Run had the greatest
number of episodes with only two ion changes contributing to ANC depressions. In each case
8042‘ pulses were the most important ion change and A~ increases were the second ranked ion
change. During one major episode in Linn Run, base cation decreases, alone, controlled the

ANC depression.

Another way to examine the importance of ion changes is to look for patterns of ion change in

relationship to the minimum ANC (ANC, . ) of episodes. In the Adirondacks, 3042” tends to

min:
decrease during acidic episodes, whereas NO;™ and A™ increases are likely to be the greatest
during acidic episodes (Figure 5-49). In the Catskills, SO, tends to decrease in episodes with a
wide range of episodic ANC, ., levels (Figure 5-50). Nitrate increases are greatest in acidic or low
ANC episodes. Organic acid changes may also be somewhat greater in low ANC or acidic epi-
NO,~
or A~ changes and ANC_ ... in Pennsylvania (Figure 5-51). In the Adiron-

sodes in the Catskills. No obvious .relationships exist betwgen SO42‘ changes and ANC_ .,

changes and ANC, ...,
dacks and the Catskills, base cation decreases are smaller for acidic episodes than nonacidic
episodes. However, the Pennsylvania streams experienced much larger base cation decreases

during acidic episodes than did the Adirondack and Catskill streams (Figures 5-49 to 5-51).
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5.2.2.2 lon Concentrations

In Subsection 5.2.2.1, we explore the role that ion changes played in controlling episodes in the
ERP streams. As can be seen from the data, these changes are very important in determining
episodic acid-base chemistry. However, the ion changes must be linked with the absolute con-
centrations of ions to obtain a complete picture of the ionic control of minimum episodic ANC. In
all three regions, SO42” typically had the greatest concentrations of any of the acid anions at all
times during episodes (Figure 5-52). Based on a CgC, (Eq. 5-2) definition of ANC, 3042" isa
major contributor to the ANC_;, of a stream or lake, even if it remains unchanged or deéreases

during episodes, Sulfate is especially dominant in the Pennsylvania streams.

The role of NO4™ in episodic chemistry is another example of the importance of examining both
absolute concentrations of ions and ion changes. In Pennsylvania, NO;™ pulses can be the
second most important ion change during episodes (e.g., Linn Run). However, these changes
are an order of magnitude smaller than ihe base cation decreases that are typfcally the most
important ion change (Figure 5-46). Whether at the beginning or at the ANC_ .. of episodes, the
NO;™ concentrations in Linn Run or the other Pennsylvania streams are much smaller than ih the
Adirondack and Catskill streams (Figure 5-52). In the Catskill streams, both NO,™ increases and
absolute concentrations are important (Figure 5-52; Tables 5-16 and 5-18). The NO,~ concentra-
tions are sufficiently great at the beginning and at ANC_;, to make a significant impact on ANC.
In the Adirondacks, NOg™ pulses are not typically the primary control of episodic ANC, but the
NO,™ concentrations, because of their relatively high absolute levels, dépressed ANC values at
the beginning and during the course of episodes (Figure 5-52; Tables 5-16 and 5-17). Even
though A~ typically had somewhat greater increases during episodes in Adirondack streams,
NO;™ at times had a greater effect on minimum ANC because of its greater concentrations. This

was especially true during late winter and early spring.

In the Adirondacks and Catskills, CI” concentrations were generally the smallest of the major ions
(Figure 5-52). In the Pennsylvania streams, however, CI~ concentrations in general were greater

than NOg4™ or A™ concentrations at the beginning of episodes and at ANC, ;.. Therefore, CI” may
have exerted an influence on the acid-basis status of the water chemistry of the Pennsylvania

study streams.

As previously stated, A~ concentrations in the Catskill and Pennsylvania streams were generally

low (Figure 5-562). In these two areas, the influence of A~ on ANC_. was primarily because of A~

min
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changes during episodes. In the Adirondack streams, however, A~ concentrations were great
enough for both absolute concentrations and for ion changes to have an important influence on
ANC .-

5.2.2.3 Role of Acidic Deposition

Evaluation of ion changes and concentrations, as presented in Sectipn 5.2.2, is a useful way to
understand processes controlling episodes. Data presented in the previous subsection show that
episodic ANC depressions are a result of complex interactions of multiple ions. However, there is-
the question of what these ionic behaviors mean with regard to the effects of atmosbheric deposi-
tion. Organic acids are one common natural source of acidity during episodes.- Although base
cation decreases are generally viewed as largely a natural process, acidic deposition can
influence the magnitude of the effect. During hydrological events, and associated episodes, the
source of streamflow changes from groundwater, which is dominant during baseflow pgribds, to
surface soils and other shallow sources (Wigington et al., 1990; Swistock et al,, 1989). Base
cation decreases are a manifestation of the differences in cation concentrations of the major
sources of streamflow before and during episodes. Because acidic deposition can contribute to
the depletion of base cations in surface soils more rapidly than deeper soils, it can.accentuate °
base cation decreases that occur during episodes (Wigington et al., 1990). |

In the ERP watersheds, there is no evidence of internal sources of SO,“". Therefore, 3042' in the
streams is predominantly, if not solely, a consequence of atmospheric deposition. Nitrate in the
ERP watersheds probably is derived from a combination of natural N cycling and atmospheric
deposition (Aber et al., 1989, 1991). Significant NO4™ pulses from forested watersheds are very
unlikely without large deposition of atmospheric N (Stoddard, in press). Watersheds in the |
Adirondacks and Catskills, in which stream water concentrations of NO;™ are quite high, have ih
all likelihood been significantly affected by atmospheric deposition of N. In the remjainder of this
section and the report, we ascribe all 3042‘ effects and a portion of the NO;™ effects td aéidic
deposition. Given these assumptions, we see evidence of both natural processes and acicli'c '
deposition making important contributions to episodic acidification in the Adirondac;k, Catskili, and

Pennsylvania study streams.

For all episodes recorded (large and small) in the three ERP regions, base cation decreases were
commonly the most important ion change contributing to ANC depressions. In the Catskills and

Adirondacks, the largest base cation decreases occurred during nonacidic episodes. Base cation
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decreases were especially dominant for episodes in circumneutral streams in the study (Black
Brook, Fly Pond Outlet, and High Falls Brook). However, some base cation decreases in the

Pennsylvania streams were very large even during acidic episodes.

Organic acid concentrations were greatest in the Adirondack streams, and A; increases during
episodes were commonly the second and sometimes the first ranked ion chénges during major
episodes. Organic acid contributions tended to be greatest in episodes with acidic or low ANC_..
values. Organic acids were generally less importanf in Pennsylvania and Catskill episodes.
However, A™ increases were the most important ion changes during several fall episodes in two
Catskill streams. Organic acid pulses were commonly the second most important, and occasion-
ally the most important, ion changes during episodes in the Pennsylvania streams, even though

the magnitudes of A~ changes were small.

Sulfate was the dominant acid anion (CA) virtually at all times in the study streams in all three
regions. For both acidic and nonacidic episodes in the Catskills, SO42‘ concentrations tended to
decrease, thereby reducing ANC depressions. In the Adirondacks, 8042‘ concentrations were
observed to increase or decrease during episodes. However, SO,?~ concentrations ténded to
decrease during acidic episodes. Sulfate concentrations in the Pennsylvania streams were
greater than in Catskill or Adirondack streams. Based on the CgC,p ANC definition, these large
8042' concentrations (in all regions) provided an acidity base upon which other ion changes
further modified the acid-base status of the stream waters. Another major difference between the
Pennsylvania streams and the Adirondack and Catskill streams is the importance of SO42' pulses
in Pennsylvania episodes. In some major episodes, SO42" pulses were the most important ion
change contributing to ANC depressions in three of the five Pennsylvania streams and were con-

sistently the most important ion change in two of the streams.

Nitrate behavior and contributions to episodes were different in each of the three regions. Nitrate
concentrations were much greater in the Catskill and Adirondack streams than in Pennsylvania
streams. In the Catskills, NO;™ concentrations typically increased during episodes, particularly
during acidic episodes. In two of the Catskill streams, Biscuit Brook and East Branch Neversink
River, NO;~ was the most important ion change contributing to ANC depressions during several
episodes. In the Adirondacks, NO;™ increases were typically the third ranked ion change during
episodes. The largest NO;™ increases occurred during acidic episodes. Even.though episodic

changes of NO,~ were relatively small, NO;~ concentrations were large throughout Adirondack
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episodes. Nitrate pulses in Pennsylvania streams were generally small and made little

contribution to ANC depressions.

Dow (1992) calculated S and N input-output budgets for the Pennsylvania streams. Four of the
five watersheds exported 66-78% of S received as wet and dry deposition. The fifth basin,
Benner Run, exported only 30% of deposited S. Dow attributed this phenomenon to the Benner
Run watershed soils having higher ‘8042" adsorption capacities than the other Pennsylvania
watersheds. Benner Run is also the watershed in which SO42_ pulses during episodes were most
frequently jmportant contributors to ANC depressions. The Pennsylvania watersheds exported
only 2-15% of the N deposited, with the southwest streams having the greatest NO;~ export, a

finding supporting the general lack of large NO;™ pulses during episodes in Pennsylvania.

Stoddard (in press) has proposed stages to describe the progression of nitrogen saturation in
watersheds based on temporal patterns of NO;™ leaching in surface waters. Stage O is one of
very low, or immeasurable, concentrations during most of the year, and measurable concentra- '
tions only during snowmelt or during spring rain storms. The Pennsylvania watersheds are
probably in Stage 0 of this scheme. At Stage 1, the seasonal pattern typical of Stage 0 water-
sheds is amplified. In Stage 2, NO;™ concentrations increase during periods of baseflow and the
seasonal cycle of NO,™ is dampened. The Catskill ERP streams may be in this stage. The ERP
streamé in the Adirondacks may be approaching the mid to later phases of Stage 2. In Stage 3,
the watershed becomes a net source of N rather than a sink. Watersheds in Stage 3 have very

high NO4™ concentrations and lack a coherent seasonal pattern in NO5~ concentrations.

Other ion changes were less important to episodes measured in the ERP. Chloride changes and
concentrations usuaily had relatively little impact on episodes. However, for a few episodes in
some Pennsylvania streams, ClI” increases were the second ranked ion change. In virtually all

episodes, especially those that were acidic, Al increases tended to buffer ANC depressions.

lon behavior that controlled ANC depressions during the five major episodes recorded in each
stream during the study period was not necessarily the same as the ion changes most important
_ to smaller, more frequent episodes. In the Adirondacks, the only region to have;major show-
packs, the most severe episodes generally occurred during spring snowmelt. During these epi-
sodes, base cation decreases were usually the most important contributions to ANC depressions,
and A” and NO;™ changes positively contributed to episodes and were of similar rank (2 or 3).

Buck Creek experienced one major snowmelt episode in which an increase in NO;~ was the most
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important ion change. The Catskills had oné episode influenced by snowmelt in which NO;™ ~
pulses were the first ranked contributor and base cation decreases were the second ranked ion

change for three of the four streams.

Within regions, the major episodes generated by rainstorms had more variable ionic controls than
did snowmelt episodes. The large rain-induced Adirondack episodes occurred in the splrin"g and
fall. In these episodes, increases in A~ and decreases in base cations were the most important .
jon changes to ANC depressions. In major spring episodes in the Catskills, decreases in bése
cations or increases in NO;” were typically the first or second ranked ion.changes contributing to
ANC depressions. For a series of Catskill streams (including the ERP streams) that had been
monitored for a number of years, Murdoch and Stoddard (1993) concluded that decreases in
ANC are controlled primarily by dilution of base cations during the fall and early summer and by |
increases in NO4~ during the initial spring snowmelt. For the major episodes in P'ennéylvania,
base cation decreases and SO,%" increases were usually the most important or second most
important ion changes contributing to ANC depressions. Stone Run and Baldwin Creek both
experienced major. rain-induced episodes in which A™ increases were the most important ion

changes. In Linn Run, NOy™ pulses were the second ranked ion change in two major episodes.

Atmospheric deposition of 50,2~ and NO,™, as evidenced by stream water SO,%~ and NO,~
during episodes, has contributed significantly to the occurrence of acidic episodes with low pH
and high Al levels in all three study areas. Base cation decreases are often the most important
jon change that occurs during minor and major episodes. However, base cation decreases alone
cannot create acidic stream water conditions during episodes. Organic acid pulses are also
important contributors to ANC depressions in the Adirondack streams and, 1o a lesser extent, in
the Catskill and Pennsylvania streams. In all three study areas, SO,*~ or NO,™ pulses during
episodes augment the natural processes to create episodes with lower pH and ANC and higher Al
concentrations than would have occurred from natural processes alone. Furthermore, the large
baseline concentrations of 8042' and NO,™ reduce episodic‘minimum ANC, even when these

ions do not change during episodes.
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Figure 5-1. ' (a) Mean daily discharge, (b) estimated Al (¢) pH, and (d) ANC for Bald
Mountain Brook, Adirondacks. Shaded areas deSIgnate periods when brook
trout bioassays were conducted.
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bioassays were conducted.

111




Q (m¥s)

0 100 200 300 400 500 600 700

~
&
=2

Alim (1g/L)

LI T

—
o

6.5

H
o
o o

20 T S s S I B |

3]

»
n

0

(d)

™ T T T T 71711

ANC (peg/L)

0 100 200 300 400 500 600 700

10//88  1/1/89  4/1/89  7M/89  10//89 1100  4/1/90

Date and Days Since Project Initiation
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Figure 5-12. (a) Mean daily discharge, (b) estimated Al,, (c) pH, and (d) ANC for Roberts
Run, Pennsylvania. Shaded areas designate periods when brook trout
bioassays were conducted.
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Figure 5-15.
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Figure 5-16.
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Figure 5-21. Box plots of (a) initial estimated Al , (b) maximum estimated Al,, and
(c) estimated Al, | change, for episodes in ERP streams. Line in box
indicates median; upper and lower borders of box show 25th and 75th
quartiles; whiskers indicate 10th and 90th percentiles; circles represent
observations beyond 10th and 90th percentiles.
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Figure 5-44.

Start Date

(a) 3042', (b) NO;™, (c) CI', (d) estimated A7, (e) =Cg, and (f) discharge at
the beginning of episodes (open circles) and at the time of minimum ANC
(closed circles) during episodes in Baldwin Creek, Pennsylvania. Distances
between episode start dates on the x-axis are not linear.
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Figure 5-52.  Anion concentrations for (a) Adirondack, (b) Catskill, and (c) Pennsyl‘vania streams at the beginning of episodes,

and anion congcentrations for (d) Adirondack, (e) Catskill, and (f) Pennsylvania streams at the time of minimum ANC.

A~ concentrations are estimates. Line in box indicates median; upper and lower borders of box show 25th and 75th
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Table 5-1. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,y, and Al,, for Bald Mountain Brook, Adirondacks (unless specified, units are ueq/L)

Q pH | ANC | 80,2 | NO;- | CF | DOC | Ca®* | Mg®* | Na* | K™ | Al [ A2

(m°/s) (mg/L) (woll) | (wgll)

a‘iﬁmm 001 | 460| -21 88 3| 3| 17 71 20| 16| 4| o7 0
a‘;‘z:ﬂum 286 | 687 M| 1| e | 22 114 157 65 | 69| 25| 730 | 571
:ﬁﬁ?m":’lfneb'"y 001 | 480] -10 3! 11| 71 17 02 2| 22 4| 72 0

122?: ;’efi'e‘m" o | o02| sa2| 7| 12| 25| 8| 26 | ot so| ae| 8| 12| 25

3 1o ;fi';m“ o | 002| 15| 26| 12| 34| o) s2 | 1n 42| 42| 8| 176 | 55
;gﬁf ;":ifr’l'm o | 005 6s53| ss| 11| s4| o a7 20| s0| ss| o s00| o
:::)gn‘:’ue:k'y o86| 687 99| 1| 77| 13| 69 142 65| 70| 12| 600 | 338

Zt:t)irs ;;\éesekly 51 50 52 52 §2 52 | 51 52 52 52 {. 52 52 52

a Measured or estimated values.
2/1/89 through 1/31/90.

b




Table 5-2. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,y, and Al for Buck Creek, Adirondacks (unless specified, units are ueq/L)

Q | pH | ANC | SO& | NOg™ | OF | DOC | Ca** | Mg®* | Na®™ | K* | Al | Al?
(m°/s) (mg/L) g/l | (gll)
Overall
minimum < 0.01 443 | 30 108 11 5 26 92 25 16 4| 160 0
Overall
maximum 4413 6.72 | 101 167 123 | 19 14.9 164 52 68| 28 954 | 690
1989 weekly
minimum® <001 | 471 | -22 129 12| 9 26 | 103 27 25 4| 160 0
1989 weekly
25th percentile 0.02 4,98 0 142 20| 11 39 117 34 31 9 201 | 94
N 1989 weekly
% 50th percentile | 0.03 5.38 10 147 37 11 4.7 124 37| 37 10 396 | 165
1989 weekly o
- 75th percentile 0.08 5841 21 152 58 | 12 5.4 134 44 47 11 522 | 279
1989 weekly _ :
maximum 058 | 6.54 71 167 100 | 14 9 151 52 68 13 823 | 536
n for weekly
statistics 51 52 52 52 52 | 52 52 52 52 52 52 52 52

& Measured or estimated values.
2 2/1/89 through 1/31/90.




Table 5-3. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
~lons, DOC, Al,,, and Al,,, for Fly Pond Outlet, Adirondacks (unless specified, units are ueq/L)

Q pH | ANC | SO, | NO,;” | Cc | DOC | Ca?* | Mg?* | Nat | K* | AL, | AL 2
(m7/s) (mg/L) ‘ ug/ll) | (ugh)
Overall ‘
minimum 0.01 551 | 17 80 7 12 2.2 143 35 32 7 60 0
Overall
maximum 0.26 | 7.38 |442 154 93 88 18.2 422 | 111 116 29 485 142
1989 weekly }
minimum- 0.01 6.12 | 46 97 i1 i8 2.2 175 48 49 -7 60 | O
1989 weekly
25th percentile 0.01 6.85 |151 115 25 25 3.0 227 62 77 12 98 20
R 1989 weekly :
2 50th percentile 0.01 7.08 |225 121 32 32 3.9 258 76 92 13 127 20
1989 weekly
75th percentile 002 | 7.19 282 128 48 36 4.8 285 88 100 14 169 20
1989 weekly
maximum 0.08 | 7.38 |375 154 86 69 7.8 314 | 109 116 17 369 107
n for weekly
statistics 47 52 52 52 52 52 52 52 52 52 52 52 52

a Measured or estimated values.
b 2/1/89 through 1/31/90.




Table 5-4. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Aly, and Al for Seventh Lake Inlet, Adirondacks (unless specified, units are ueq/L)

Q pH | ANC | 80,2 | NO;~ | cr | Doc | ca®* | Mg®* | Na™ | K* | Al | A2
(m°/s) (mg/L) (uglt) | (ug/l)
Overall
minimum <0.01 | 4683 -20 107 7 4 2.6 107 32 18 4 118 0
Overall
maximum 412 | 6.74 146 184 106 16 17.8 - | 202 64 52 27 846 485
1989 weekly
minimum® 001 | 489 -5 140 7 9 3.7 116 34 22 4 190 0
1989 weekly __ )
25th percentile 0.03 | 5.28 7 140 14 10 4.8 130 39 28 8 290 64 : .
. 1989 weekly ,
2 50th percentile 006 | 567 | ~ 21 148 26 11 6.2 139 43 33 9 333 93
1989 weekly
75th percentile 0.16 | 5.99 30 154 45 12 6.9 150 | 50 41 10 407 158
1989 weekly
maximum 260 | 6.56 70 184 78 .1 15 11.5 174 63 52 14 572 264
n for weekly '
statistics 51 52 52 52 52 52 52 52 52 51 52 52 52

: Measured or estimated values.
2/1/88 through 1/31/20.
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Table 5-5. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,,, and Al for Biscuit Brook, Catskills (unless specified, units are ueq/L)

Q pH | ANC | SO, | NOg~ | C | DOC | Ca®* | Mg®" | Na* | K* | Al | A2

(m%s) (mg/L) (egl) | (wgll)
Overall .
minimum < 0.01 4.97 -6 98 1 10 0.3 98 31 6 4 13 |. O
Overall : ,
maximum 9.57 6.63 55 149 129 27 75 | 198 63 38 21 332 159
1989 weekly
minimum 0.08 5.34 7 iii 11 13 1.0 108 36 9 5 13 0
1989 weekly
25th percentile 0.08 5.89 22 128 23 18 1.0 127 48 14 5 24 1
1989 weekly ’ ‘
50th percentile 0.20 { 6.11 28 132 - 83 19 1.8 137 50 16 6 41 10
1989 wesékly . . '
75th percentile 0.46 6.29 33 134 45 19 2.2 144 53 17 6 55 15
1989 weekly . :
maximum 2.84 6.50 50 144 68 21 4.8 166 58 22 11 166 92
n for weekly
statistics 52 51 51 51 49 51 51 51 51 51 51 49 51

Measured ‘or estimated values.
2/1/89 through 1/31/00.




Table 5-6. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al, and Al for Black Brook, Catskills (unless specified, units are geq/L)

Q pH | ANC | 80,2 | NO;7 | C | DOC | Ca®* | Mg®* | Na* | K* | Ay | A2

B m¥)| (mg/L) (o) | (egll)
Overall
minimum 0.01 5.44 10 100 10 5 0.7 136 31 6 4 2 9
Overall
maximum 1.6 7.04 176 146 108 23 8.1 294 66 39 27 539 72
1989 weekly .
minimum® 0.01 577 50 106 28 15 0.7 182 40 10 5 2 0
1989 weekly
25th percentile 005 | 644 94 135 37 16 1.0 223 48 10 5 11 10
1989 weekly

E—’n; 50th percentile 0.08 | 6.67 118 139 41 17 1.3 235 52 11 6 18 |- 17
1989 weekly
75th percentile 0.17 | 6.82 137 141 45 18 20 256 55 12 7 35 20
1989 weekly
maximum 052 | 7.04 176 146 72 23 7.9 288 63 26 16 306 49
n for weekly
statistics 42 52 50 51 51 51 49 51 51 51 51 49 52

8 Measured or estimated values.
b 5/1/89 through 1/31/90.
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Table 5-7. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,y, and Al,,, for East Branch Neversink River, Catskills (unless specified, units are ueq/L)

Q pH | ANC | 80,2 | NOy | C | DOC | Ca?* | Mg®" | Na* | K* | A, | A2
(m™/s) (mg/L) (wglh) | (ugll)
Overall
minimum 0.01 4.27 45 68 4 10 0.3 37 28 7 4 94 36
Overall }
maximum 41.7 5.43 21 143 106 28 11.7 124 67 87 20 737 505
1989 weekly
minimum® 0.03 | 4.45 -31 84 i3 11 1.0 51 30 8 4 | 101 0
1989 weekly
25th percentile 0.06 | 4.78 -9 115 15 15 1.6 62 45 | - 13 5 148 99
1989 weekly :
> 50th percentile 055 | 4.91 -6 118 32 16 20 66 49 15 6 191 156
~ -
1989 weekly
75th percentile 123 | 5.0 -3 119 39 17 25 75 55 17 8 240 188
1989 weekly
maximum 374 5.35 10 124 67 19 6.3 80 61 37 13 562 380
n for weekly -
statistics 49 52 52 52 52 52 49 52 52 52 52 51 52

8 Measured or estimated values.
b 2/1/89 through 1/31/90,




Table 5-8, Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Aly, and Al for High Falls Brook, Catskills (unless specified, units are xeq/L)

Q pH | ANC | SO, | NO;7~ | cr | DOC | Ca®* | Mg?" | Na* | K* | Ay | A2
(m°/s) (mg/L) (ugll) | (ugll)
Overall
minimum 0.02 | 540 10 91 14 9 0.9 119 26 8 3 10 0
Overall
maximum 238 | 7.07 172 153 106 23 8.0 277 60 62 23 258 84
1989 weekly
minimum® 0.04 | 5.86 38 91 17 | 12 0.9 119 26 10 3 6 0
1989 weekly ,
256th percentile 009 | 6.33 72 129 25 16 14 | 196 42 13 6 12 0
. 1989 weekly
2 50th percentile 020 | 661 |- 95 133 31 17 1.8 209 46 14 6 24 6
1989 weekly
75th percentile 035 | 6.83 122 136 37 18 2.7 235 50 16 7 40 11
1989 weekly |
maximum 2.21 7.07 172 146 61 20 43 277 | 57 33 12 258 84
n for weekly
statistics 52 49 52 52 52 52 49 51 52 51 52 50 52

8 Measured or estimated values.
2/1/89 through 1/31/20.
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Table §-9. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Aly,, and Ak, for Baldwin Creek, Pennsylvania (unless specified, units are ueq/L)
Q pH | ANC | SO~ | NO;7 | C | DOC | Ca®* | Mg®* | Nat | K* | Ay | A2
(m°/s) (mg/L) : (kglL) | (wglL)
Overall
minimum 0.02 5.37 -1 102 3 12 0.3 84 64 11 9 1 0
QOverall , :
maximum 1.95 7.03 97 288 39 63 6.2 244 151 31 37 102 84
1989 weekly
minimum® 0.03 | 562 3 102 10 12 0.3 133 74 i3 i3 i i0
1989 weekly :
25th percentile 0.07 | 6.11 19 185 16 34 1.0 153 81 19 15 17 11
1989 weekly : ‘
é 50th percentile 0.08 | 629 | - 31 194 17 40 1.4 160 83 21 17 26 11
1989 weekly .
75th percentile 0.13 | 6.40 40 203 22 43 2.3 174 87 22 20 35 12
1989 weekly ,
maximum 0.32 6.70 68 253 34 50 4.0 199 102 24 25 87 22
n for weekly :
statistics® 49 52 52 40 40 40 40 40 40 40 |- 40 52 49
Aa Measured or estimated valdes.
® 2/1/89 through 1/31/90.
¢ Missing values for period 11/89 through 1/31/90.




Table 5-10. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,,, and Al;,, for Benner Run, Pennsylvania (unless specified, units are peq/L)

Q pH | ANC | 8O, | NO;” | | DOC | Ca?* | Mg?* | Na* | K* | Al | A2
(m™/s) . (mg/L) (kgll) | (uglt)
Overall
minimum 0.04 491 |-15 59 1 25 0.6 54 38 15 13 4 0
Overall
maximum 2.01 6.53 | 54 204 25 102 9.6 168 81 54 30 232 133
1989 weekly |
minimum® 0.06 506 | -6 59 1 32 0.7 61 44 25 13 4 0
1989 weekly
25th percentile | 0.10 5.86 7 72 8 53 1.2 73 46 35 18 15 o
1989 weekly |
g 50th percentile 0.14 6.02 | 11 87 10 64 1.6 77 48 39 19 24 5
1989 weekly ' '
75th percentile 0.22 6.20 | 14 96 11 80 2.2 81 50 44 20 40 19
1989 weekly .
maximum 0.93 652 | 26 183 21 102 9.4 129 81 54 30 192 102
n for weekly | _
statistics® 52 52 50 40 39 40 |40 40 40 40 40 52 52

2 Measured or estimated values.
b 2/1/89 through 1/31/90.
¢ Missing values for period 11/89 through 1/31/80.
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Table 5-11. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Aly, and AL, for Linn Run, Pennsylvania (unless specified, units are ueq/L)

Q pH | ANC | 8O, | NO;” | C | DOC | Ca®* | Mgt | Na® | K* | Al | A2

(m’s) (mg/L) (gll) | (gll)
Overall
minimum <001 [ 469 -21 165 6 17 05 103 37 | 12 4 7 0
Overall
maximum 8.62 6.73 85 272 55 €6 7.7 248 162 68 32 654 805
1989 weekly
minimum® < 0.01 4.84 —-2i 190 7 19 0.6 121 48 15 | 8 10 0

- 1989 weekly ,

25th percentile 0.11 5.37 0 207 15 25 1.5 160 58 20 10 22 28
1989 weekly
50th percentile 0.17 5.97 11 218 19 30 1.9 175 61 25 11 40 63
1989 weekly ‘
75th percentile 0.40 6.24 30 233 26 33 2.7 196 67 33 12 147 163
1989 weekly
maximum 1.16 6.70 85 272 55 61 5.2 248 76 59 19 564 805
n for weekly ‘
statistics® 49 52 52 40 39 40 40 40 40 38 40 52 52

8 Measured or estimated values.
b 2/1/89 through 1/31/90.
¢ Missing values for period 11/89 through 1/90.




ell

Table 5-12, Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major

lons, DOC, Aly,;, and Al for Roberts Run, Pennsylvania (unless specified, units are peq/L)

Q pH | ANC | 50,2 | NO;~ | or | DoC | ca®* | Mg®* | Nat | K¥ | AL, | Al?
(m™/s) (mg/L) ugll) | (kgll)
Overall
minimum < 0.01 4.59 -52 135 0 16 0.8 69 58 8 10 23 8
Overall
maximum 2,81 6.51 57 310 16 50 7.4 161 110 34 29 420 301
1989 weekly
minimum® 0.03 4.66 ~30 135 1 15 1.1 72 61 10 10 26 7
1989 weekly
25th percentile 0.08 5.07 ~11 170 4 22 1.8 | 92 68 17 16 54 54
1989 weekly
50th percentile 0.14 533 | -2 178 6 25 2.6 99 75 19 17 98- 98
1989 weekly
75th percentile 0.31 5.70 3 190 9 36 3.4 105 79 22 18 123 145
1989 weekly
maximum 1.34 6.40 46 208, 14 50 5.5 125 87 28 28 420 225
n for weekly
statistics® 50 52 52 40 | 38 | 40 40 40 40 40 | 40 52 52

8 Measured or estimated values.
b or1/89 through 1/31/90.
¢ Missing values for period 11/89 through 1/31/90.




Table 5-13. Overall Maximum and Minimum, and 1989 Weekly Maximum, Minimum, and Quartiles of Discharge, pH, ANC, Major
lons, DOC, Al,y, and Al,,, for Stone Run, Pennsylvania (unless specified, units are ueq/L)

Q pH | ANC | SO,# | NO;~ | CF | DOC | Ca®" | Mg®" | Na™ | K™ | Al | A2

(m°/s) (mg/L) (kgll) | (kalL)
Overall :
minimum < 0.01 453 —41 55 0 11 0.6 74 47 | . 9 7 12 0
Overall ] .
maximum 3.39 | 6.26 26 243 21 | 74 7.2 137 155 47 29 720 496
1989 weekly :
minimum® 0.01 4.78 -26 131 0 19 0.6 77 53 | 12 8 12 0
1989 weekly
25th percentile 0.09 | 5.08 -8 162 1 25 1.1 92 62 18 11 39 33
1989 weekly : .

5 50th percentile 0.13 | 5.31 -5 184 2 28 2.1 96 64 21 12 104 136 -

1989 weekly :
75th percentile 0.25 5.77 7 199 3 32 2.6 103 . 67 28 14 212 270
1989 weekly )
maximum 0.97 6.09 22 225 7 49 5.0 117 77 26 29 424 463
n for weekly
statistics® 41 50 50 41 41 41 41 41 41 41 | 52 52 50

8 Measured or estimated values.
B 2/1/89 through 1/31/90.
¢ Missing values for period 11/89 through 1/20.




Table 5-14. Median Values of Discharge, pH, ANC, Major lons, DOC, Al,,, and Al for Streamflows < 20th Percentile during the

ERP?
Stream Q pH | ANC [ 80,2 | NO;~ | CIF | DOC | Ca?* | Mg?* | Na* | K* | Aly | Al°
(m®/s) (mg/L) (gl | all)
Bald Mountain Brook 001 | 659 | 65 | 103 30 | 9 32 | 111 50 54 9 | 125 43
Buck Creek 001 {620 | 42 (140 | 26 |11 46 | 131 43 52 | 10 | 254 47
Fly Pond Outlet 0.01 ] 7.22 | 290 109 32 28 3.0 284 80 102 14 99 21
Seventh Lake Inlet 002 | 619 | 46 | 132 24 | 11 6.2 | 138 49 42 9 | 284 59
Biscuit Brook 007 | 631 | 33 | 134 26 |20 14 | 135 51 18 5 23 3
Biack Brook 002 | 6.82 | 147 | 140 37 |17 11 | 266 59 12 5 12 13
E. Branch Neversink 004 | 491} -9 |118 | 14 |14 2.4 62 45 16 6 | 157 58
3 High Falls Brook 007 | 6.87 | 147 | 135 26 |17 1.8 | 246 52 16 | 6 15 0
Baldwin Creek 005 | 6.44 | 47 | 198 15 | 45 23 | 179 85 22 | 18 20 11
Benner Run 006 | 621 | 27 | 64 9 |91 2.2 84 46 48 | 22 25 0
Linn Run 006 | 6.40 | 47 | 217 21 |30 25 | 211 64 25 | 11 22 0
Roberts Run 0.05 | 605 | 15 | 148 6 |34 27 | 114 75 24 19 41 20
Stone Run 0.02 | 6.02 12 132 3 25 1.3 94 54 24 18 28 10
& Units = peq/L unless otherwise specified.
Measured or estimated values.




Table 5-15. Median Values of Discharge, pH, ANC, Major lons, DOC, Al,,, and Al for Streamflows > 95th Percentile during the

ERP?
Stream Q pH | ANC | SO, | NOg~ | CI" | DOC | Ca?* | Mg?* | Na* | K* | AL, | AL°
(m°s) | (mg/L) - (gll) | (xgl)
Bald Mountain Brook 044 | 477 | -10 | 118 69 9 4.6 93 27 21 12 | 586 331
Buck Creek 0.70 | 457 | -22 | 126 70 | 10 75 | 111 20 |22 |13 | 778 375
Fly Pond Outlet 012 | 619 | 46 | 125 56 | 29 60 |173 | 43 |49 |14 | 367 21
Seventh Lake Inlet 179 | 478 | -4 | 132 66 | 11 72 | 135 37 |22 |12 |58 225
Biscuit Brook 1.90 | 5.38 8 | 115 62 | 15 36 | 132 48 |13 | 8 | 140 70
Black Brook 0.66 | 6.10 | 50 | 122 50 |17 37 | 181 40 110 |[11 | 115 34
N E. Branch Neversink 10.53 | 450 | -25 | 107 48 |15 5.2 57 40 |10 |11 | 420 347
& High Falls Brook 1.25 | 6.04 34 | 116 38 | 17 4.1 164 39 12 9 | 119 21
Baldwin Creek 0.42 | 5.89 8 | 208 17 | 32 24 | 160 83 |19 |21 | 52 19
‘Benner Run 085 | 523 | 3 |121 7 | 40 3.0 75 50 |28 |18 | 97 68
Linn Run 115 | 512 | 4 [ 210 19 | 23 24 | 133 53 |17 |11 | 409 387
Roberts Run 099 | 471 | 25 | 189 6 |22 2.9 84 67 |16 |17 | 172 196
Stone Run 0.97 | 480 | -16 | 209 2 |26 2.8 94 64 |18 |14 | 328 426

& Units ueq/L unless otherwise specified.
Measured or estimated values.




Table 5-16. Number of Episodes for Which lon Changes Contributed to ANC Depressions
and Mean Rank of lon Change Contributions (1 = most important) to ANC

Depressions
No. Episodes lon Changes Mean Rank of lmportamceb of lon
Contributed to ANC Depressions || Changes to ANC Depressions

No. o 1 _ 1 _ o T _T1 - o
Region/Stream Episodes® [| S04 | NOg™ | CF| A| 2Cg| Al || 8O,%7| NOg™| OF| A™| 2Cg| A°
Adirondacks
Bald Mountain Brook 14 10 S 9 |12 14 0 2.6 24 39|22} 14} -
Buck Creek 18 10 15 12 |17 17 1 3.1 24 143119 18] 3.0
Fly Pond Outlet 21 18 11 8 |14 21 4 23 28 (3.6 2.3: 10| 4.0
Seventh Lake Inlet 18 9 13 8 |16 17 0 2.3 23 |39}18] 20] -
Catskills .
Biscuit Brook 23 1 20 5 |21 18 0 3.0 1.5 {3423} 1.7] -
Black Brook 11 4 . 9 419 11 0 3.2 2,2 |85}26} 1.1} -
East Br. Neversink River 20 7 20 9 {19 15| 0 3.4 22 |34]19]| 18| —
High Falls Brook 25 5 13 7 |22 23 2 2.0 19 (841241 1.2] 35|
Pennsylvania
Baldwin Creek 13 8 7 |e|5| 7| 8f 11 | 24 |30]|26] 13| 23
Benner Run 21 19 4 3 |13 10 2 1.1 3.0 (20123 19| 3.0
Linn Run 25 15 12 7 |17 24 1 2.3 3.2 |s.0|28} 1.1] 2.0
Roberts Run 24 10 10, 7 120 21 3 2.1 28 [38.1{22] 1.1] 3.0
Stone Run 23 20 11 11 |19 1 2 1.5 3.3 |34]126] 15} 85

® With enough ion measurements to perform analysis.
b Mean rank for episodes in which ion changes made contributions to ANC depressions.
¢ — = no episodes measured in which Al ion changes contributed to ANC depressions.
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Table 5-17 Rank (1 = most important) of lon Changes Contributing to ANC Depressions
During Episodes with Lowest Minimum ANC Values in Adirondack Streams

Rank of lon Changes Contributing to
ANC Episodic ANC Depressions
Hydrologic | Minimum 4 5 3 4°
Stream Start Date® |  Stimulus® (ueq/l) '
Bald Mountain Brook 3/12/90 Snowmelt -21 ZCg NO4~ A” -
| 8/27/89 | Snowmelt 20 2Cg | A Nos~ | or
5/16/90 Rain -13 - ZCg A" - -
9/20/89 Rein -13 2C; | SO AN | -
11/16/89 Rain -6 ZCq A < -
Buck Creek 11/16/89 Rain -80 A NOg™ 2cg | or
' 3/12/90 Snowmelt -29 NO,~ 2Cq A | -
4/1/90 Snowmelt -28 =Cq A NOZ™ or
5/16/90 Rain 26 |- A 2Cy | NO, -
4/3/89 Snowmelt -25 ZCg A~ Al CI-
Fly Pond Outlet 8/27/89 Snowmeit 17 ZCg NO;~ A Co——
' 3/12/90 Snowmelt 19 2Cg A NOg4~ —
4/10/90 Snowmelt 25 2Cg A ol -
4/4/89 Snowmelt 31 %Cs | SO .| NOs7A”
4/3/90 Snowmelt 39 ZCq S0,% | NO,7/A”
Seventh Lake Inlet 3/12/90 Snowmelt -20 ZCy NOg~ A” -
3/27/88 | Snowmelt -18 %Cq A NOg~ -
11/16/89 Rain -9 A NO,™ BCq -
5/16/90 Rain -9 A 2Cy | NOj -
5/6/88 Rain -8 A" . ECg NO5™ cr

2 Episodes with incomplete ion chemistry not included in analysis.
b Snowmelt includes rain-on-snow events.

¢ — = no ion change that contributed to ANC depression.

177




Table 5-18. Rank (1 = most important) of lon Changes Contributing to ANC Depressions
During Episodes with Lowest Minimum ANC Values in Catskill Streams

Rank of lon Changes Contributing to
ANC Episodic ANC Depressions
Hydrologic | Minimum 1 5 3 4°
Stream Start Date® | Stimulus® (ueq/L)
Biscuit Brock 4/10/80 Rain -6 NO,~ ZCg A" -
5/5/89 Rain -2 =Cq NO4~ A" -
1/25/380 Snowmelt -2 NO,~ A” ZCg -
9/19/89 Rain -2 A NO,~ ICg —
3/12/9Q Rain -2 NO,™ A~ — -
Black Brook 10/17/89 Rain 17 BCg NO,~ A" -
5/5/89 Rain 18 ICq NO;~ | A -
4/10/80 Rain 25 2Cq NO," A -
9/18/89 Rain 36. XCg A NOg~ -
11/16/89 Rain 36 ZCq NO,~ A" —
East Branch 10/18/89 Rain 45 A" 3Cy NO,™ -
Neversink River 9/19/89 Rain -39 A 2Cy 0,2 | NOg”
4/10/90 Rain -37 NO,~ BCg A" -
1/25/90 Snowmeit -34 NO;~ A ZCg -
10/31/89 Rain -32 A cg | Nog~ | so
High Falls Brook 5/5/89 Rain 12 ZCq NO4~ A -
10/19/89 Rain 21 ECB NOs' A -
1/25/90 Snowmelt 25 NO,~ XCpg A -
2/22/90 Rain 27 =Cg NOg~ A" -
4/10/80 Rain 28 2Cq NO4~ A" -

* Episodes with incomplete ion chemistry not included in analysis.
b Snowmelt includes rain-on-snow events.
® — = no lon change that contributed to ANC depression.
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Table 5-19. Rank (1 = most important) of lon Changes Contributing to ANC Depfessions
During Episodes with Lowest Minimum ANC Values in Pennsylvania Streams

>
Rank of lon Changes Contributing to
ANC Episodic ANC Depressions
, Hydrologic | Minimum 1 5 3 40
Stream Start Date® Stimulus (ueq/L)
Baldwin Creek 3/30/89 Rain -1 ZCg cr - —
5/6/89 Rain 4 %Cg NO,~ cr -
6/20/89 Rain 4 A | NOS cr -
3/24/89 Rain 5 S0,z Al cr -
2/15/89 Rain 6 2Cq 50,2 — -
Benner Run 11/16/89 Rain -15 SO A - -
5/14/88 |  Rain -10 S0,% A - —
5/9/89 Rain -9 80,2 2Cq A -
2/2/90 Rain -6 BCg | SO - -
2/15/90 Rain -5 S0,2% A 2Cq —
Linn Run 3/4/89 Rain -17 2Cq NO,~ | SO A
4/17/89 Rain -15 2Cy - - —
11/16/89 Rain -18 2Cy NO;™ A cr-
2/14/89 Rain -1 £Cg s0,% NO,~ -
4/1/90 Rain -10 $0,2 2Cq A~ | NOy |
Roberts Run 6/20/89 Rain -52 3Cg A” — -
‘ 6/3/89 Rain 45 %Cg | S0 | A cr
6/25/89 Rain -39 ZCq A NO,™ -
2/2/90 Rain -33 3Cq A Al -
3/29/89 Rain -28 ZCg A~ — —
Stone Run 6/3/89 Rain -41 80,% %Cy A -
1/16/90 Rain 38 || SO 2Cg A" -
2/2/90 Rain -33 A 8o, - -
2/15/90 Rain -31 s0,% ZCq NO,” -
4/10/90 Rain -25 2Cy | SO - -

2 Episodes with incomplete ion chemistry not included in analysis.
b

— = no jon change that contributed to ANC depression.







SECTION 6
EFFECTS ON FISH

In Section 6, we describe results from studies of the effects of stream chemistry and episodic
acidification on fish. Section 6.1 presents results from in situ bioassays, which measure direct
toxic effects on individual fish. Section 6.2 discusses fish movements in response to stream
chemistry, based on radiotelemetry tracking of individual fish locations and fish traps that
monitored upstream and downstream fish movements. Section 6.3 analyzes results from surveys
of fish community compositioﬁ and brook trout abundance in relation to stream chemistry.
Summary conclusions regarding the effects of episodic acidification on ﬁéh populations in ERP

streams are presented in Section 7.
6.1 DIRECT TOXICITY

In situ bioassays were conducted each fall and spring (fall 1988, spring 1989, fall 1989, spring
1990) during periods when major events and episodic acidification were expected to occur.
Tables 6-1' through 6-6 summarize fish mortality and chemical conditiohs during each experi-
ment. Figures 6-1" through 6-3 illustrate cumulative changes in fish mortality and changes in '
stream chemistry through time during three example biocassay periods. As discussed in Section
4.4.1, analyses of bioassay results focus on the cumulative percent mortality at the end of 20

days.

In situ bioassays measure the toxic effects of stream chemistry during the bioassay period. They
also serve as indicators of the relative toxicity of ERP study streafns. ‘As expected, median fish
mortality was significantly (p < 0.05) lower in reference streams (Fly Pond Outlet, Black Brook,
High Falls Brook, Benner Run, and Baldwin Creek) than in nonreference streams (Table 6-7;
Figure 6-4). Mortality after 20 days never exceeded 20% in reference streams, but ranged
between 0 and 100% in nonreference streams. In general, higher levels of mortality occurred in
streams with more severe chemical characteristics, as described in Section 5.2.1. For example,
maximum levels of brook trout mortality measured during ERP bioassays were > 80% in Buck
Creek, East Branch Neversink River, Stone Run, and Linn Run; between 40% and 50% in Bald
Mountain Brook and Roberts Run; and 20% to 30% in Seventh Lake Inlet and Biscuit Brook

- (Tables 6-1 to 6-3). In most streams, bioassay periods did not coincide with the most severe

1 Since this section contains so many tables and figures, we have placed them all at the end of the section. Figures

appear first, beginning on page 200, then tables, beginning on page 261.
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chemical conditions (lowest pH, highest Al,; see Figures 5-1 to 5-13); thus, the maximum mortal-
ity levels recorded are a conservative estimate of maximum stream toxicity. In every stream, low
levels of mortality (= 10%) occurred during at least some bioassays, indicating that chemical

conditions were not toxic throughout the year.

We analyzed the bioassay results to determine the specific chemical conditions associated with
high levels of fish mortality. Three issues were addressed: (1) the association between fish
mortality and a simple classification of stream chemistry based on ANC, (2) the chemical variables
most closely correlated with levels of fish mortality, and (8) the influence of exposure magnitude

and duration on fish mortality.

Bioassay periods were classified according to ANC as nonacidic (ANC always > 0 ueq/L),
chronically acidic (ANC always =< 0 ueq/L), and acidic episode (initial ANC > 0 ueq/L with at least

two consecutive values < 0 ueq/L during the 20-day petiod). Fish exposed to acidic episodes
experienced significantly (p < 0.10) higher mortality than did fish in nonacidic bioassays; mortality

levels were similar (not significantly different) in bioassays with acidic episodes versus those in
the chronically acidic class (Table 6-8; Figure 6-5). Results were consistent across all fish

species, and for common pool fish as well as common pool and resident fish combined.

What chemical variables appear most important in controlling the fevel of fish mortality? We

examined three: pH, Al,_, and various forms of the acidic stress index (ASI), an integrated index

im’
that combines pH, Al_, and Ca. The ASI was developed by J. Baker et al. (1990a) from iabora-
tory bioassay data; it is equivalent to the expected fish mortality (percent) caused by exposure to
constant levels of a given pH, Al_, and Ca combination in a controlled laboratory environment

(see Section 2.4.2). Three different forms of the ASI were evaluated:
1. ASI, based on a labaratory bioassay with brook trout swim-up fry.
2. ASl,, based on a laboratory bioassay with rainbow trout swim-up fry.
3. ASlt_ad, based on a laboratory bioassay with adult brook trout.

Equations for calculating these indices are presented in Table 6-9. Equation forms and coeffici-
ents were estimated using regression analysis by J. Baker et al. (1990a). Observe that AS,__ is

calculated from Al | alone; neither pH nor Ca were statistically significant (p < 0.05).

Simple summary statistics were calculated for each chemical variable for each bioassay period:

time-weighted median values for pH, Al ,, and each ASI; minimum pH; and Amaximum values for
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Al., and each ASIl. Both median Al and log,,[median Al, /] were considered. In addition,
separate analyses were conducted for the observed percent mortality and an adjusted mortality,
corrected for background mortality using Abbott’s formula (Ashton, 1972; Hewlett and Plackett,
1979):

Q= (Q' -C)/(1-C) (6-1)

where Q = the adjusted percent fish mortality (i.e., the percentage of fish expected to die during
the bioassay if no other sources of mortality were operating besides the acidification-related

chemical stress).

Q' = the observed percent mortality.

C = the “control” mortality in the absence of toxicant stress.

Because the ERP bioassays included no true control, C was defined as the minimum observed
mortality in a given bioassay set (i.e., bioassays initiated at approximately the same time, with the

same species and fish source, and in a given region).

The association between fish mortality and each chemical variable was evaluated using bivariate .-
plots'(e.g., Figures 6-6 to 6-14) and regression analysis (ordinary least squares regression and
maximum likelihood logistic regression). All plots indicated a relatively high level of scatter. How-
ever, overall, median Al (untransformed) was the best predictor of fish mortality. The logistic
model of fish mortality as a function of median Al had the highest regression coefficient (r2) for
brook trout and blacknose dace and second highest r? for sculpin (Table 6-10). For sculpin,
ASl, 4, calculated from Al (see Table 6-9), provided a slightly better fit (r2 = 0.63) than median
Al (r2‘= 0.61). Adjustments for background mortality resulted in only minor model improvement
(see Table 6-10). Based on these results, subsequent analyses focused on more complex

expressions of fish exposure to Al . and used only observed (unadjusted) fish mortality.

Previous studies, reviewed in Section 2.4.2, suggest that both exposure magnitude (concentra-
tion) and duration (days of exposure) are important characteristics that influence the severity of
effects of episodes on fish. Higher median concentrations of Al, | were associated with higher fish
rr;ortality in ERP bioassays, as demonstrated by the plots and regression analyses just discussed

. (Figures 6-6, 6-11, and 6-13; Table 6-1 6). In addition, fish exposed for ionger periods of time to a
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given Al concentration generally had higher mortality rates (Figures 6-15 and 6-16). - However,
any given bioassay can be characterized by a continuum of concentration-duration combinations,
as illustrated in Figures 6-17 to 6-22, and it is difficult to distinguish what specific concentration or
duration results in increased fish mortality. Furthermore, patterns of chemical conditions during

bioassays with high mortality were highly variable (Figure 6-23).

We examined five alternative expressions of aluminum exposure:
1. Time-weighted median Al concentration.
2. Maximum Al ., concentration.

3. The total duration of time (days) during the bioassay when Al, | concentrations

exceeded three different threshold concentrations: 100, 200, and 300 ug/L (TDUR100,
TDUR200, TDURS300).

4. The maximum sustained period of time when Al levels exceeded the three threshold
concentrations (> 100, 200, and 300 ug/L) (MDUR100, MDUR200, MDUR300).

5. An integrated function of concentration and duration (INT), essentially the area or

integral under the curves in Figure 6-23 above each threshold Al concentration (100,

200, and 300 ug/L). Because of the wide range of values for this integrated concen-
tration-duration function, values were log, transformed (LINT100, LINT200, LINT300).

Analyses for blacknose dace also considered the entire area under the curve (Al >
0 ug/L, LINTO).
All calculations of exposure were based on linear interpolations between measured or estimated

Al levels in water chemistry samples, as described in Section 4.4.1.

Multivariate logistic regression analyses were used to identify which of these expressions of
chemical exposure were important predictors of fish mortality. Median and minimum pH and
median Ca and DOC were included as additional independent variables. Laboratory bioassays
have shown that high levels of Ca and DOC can reduce the toxicity of Al | (Brown, 1983;
Peterson et al., 1989). The toxic effects of low pH may contribute to fish mortality; also Al
toxicity varies with pH (Fi\;elstad and Leivestad, 1984; Clark and LaZ‘erte, 1985; Sadler and
Lynam, 1987). Comparisons among alternative models were based on the deviance statistic for
logistic regression [-2(log likelihood function); Agresti, 1990], the variance of the residuals
(predicted minus observed mortality), a logistic-regression analog for r2 (Agresti, 1990) equivalent
to the proportion of the variation in mortality explained by the model, and results from stepwise
regression analyses (SAS Institute, 1989). Analyses were conducted for common pool brook
trout bioassays (all three regions combined), blacknose dace {Adirondacks only), and sculpin

(slimy and mottled sculpin combined in both Catskill and Pennsylvania streams). Region was
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included as an independent variable for brook trout and sculpin analyses, to determine whether
mortality-chemistry relationships varied among the ERP regions. Sculpin analyses included a

speciés variable to distinguish belween slimy and mottled sculpin.

For brook trout, stepwise regression selected large numbers of variables (> 10) as statistically
significant (p < 0.05) predictors of mortality. However, models with more than 3-5 variables were
- highly urkstable, that is, different sets of predictor variables yielded models with very similar
statistics (deviance, variance of residuals, and r2). The best 1-variable model predicted brook

trout mortality as a function of median AlL_, with a model r? value of 0.59 (Table 6-11; Figure

im?

6-24). The best 3-variable model predicted mortality as a function of median Al,,,, minimum pH,

im?
and median Ca, with r> = 0.72 (Table 6-12). The best 5-variable model predicted mortality as a

function of median Al

im» Minimum pH, median Ca, median' DOC, and a Catskill regional variable

(indicating lower mortality in Catskill bicassays than in Adirondack or Pennsylvania bioassays at a
given combination of Al,.,, pH, Ca, and DOC levels), with r = 0.79 (Table 6-13). As an alternative
to logistic regression, we also conducted a stepwise, weighted ordingry least squares regression,
using the logit transformation of percent mortality and weighted by the inverse of the variance of
the logit-transformed mortality (McCullagh énd Nelder, 1989). A 3-variable model was selected,
predicting mortality as a function of median Al, ., minimum pH, and median Ca, with parameter
estimates similar to those in the 3-variable logistic regression model (Table 6-14).

Observe that none of the Al dux.'ation variables (TDUR -and MDUR) or integrated concentration-

duration variables (LINT) were selected as significant predictors of brook trout mortality except in
" higher order models (> 5 predictor variables). Also, as expected, Al is positively associated
~with brbok trout mortality (higher mortality at higher A|im) and Ca is negatively associated (lower
- mortality with higher Ca). However, somewhat unexpectedly, pH is positively associated with
mortality (higher mortality with higher pH, for given levels of Al, | and Ca), suggesting that the
primary influence of pH on brook trout is as' a modifier of Al, | toxicity, rather than a direct
contributor to toxic effects (at least within the range of conditions that occurred within ERP

~ bioassays).

For blacknose dace, stepwise logistic regression selected only a single-variable model, predicting
percent mortality as a function of the integrated function of Al concentration and duration for Al
concentrations > 200 ug/L (r2 = 0.97; Table 6-15; Figure 6-25). No other variables were signifi-
cant at p < 0.05 after LINT200. Based on the criterion of minimum deviance, the LINT200 vari-

able provided a distinctly better model fit than any other single-variable model or any multiple-
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variable model relying solely on simple summary statistics such as median or minimum/maximum

inorganic Al or pH.

For sculpin, stepwise regression selected a 4-variable model predicting sculpin mortality as a
function of median Al;,,, a regional variable (distinguishing between Catskill and Pennsylvania
bioassays), a species variable (distinguishing between slimy and mottled sculpin), and an Al
duration variable, TDURS00, the total duration of time with Al > 300 ug/L. However, the model
improvement gained by adding variables 3 and 4 (species and TDUR300) was relatively small;
model 12 values are 0.80, 0.81, and 0.83 for the best 2-, 3-, and 4-variable models, respectively.
Thus, as for brook trout, variables that explicitly account for exposure duration (TDUR, MDUR, and
LINT) were relatively poor predictors of sculpin mortality in ERP bioassays. Median Al was the
single best predictor (r2 = 0.61), although mortality levels were substantially higher in |
Pennsylvania bioassays than in Catskill bioassays at a given median Al,,, concentration (Figures
6-26 and 6-27). Table 6-16 provides parameter estimates and model statistics for the 2-variable

model, predicting sculpin mortality as a function of median A, and region.

Simonin et al. (1993) conducted similar multivariate regression analyses using ERP in situ bio-
assay data for the Adirondacks, although with some differences in specific predictor variables
considered. Brook trout mortality was best correlated with a 2-variable model that included DOC
and a concentration-duration variable for Al | (median Al_ during the episode times the duration
of the episode). The best overall model for blacknose dace included only one variable, median
Al,,. They also suggested that the time to initiation of an episode was important. Bioassay fish
that had been in streams 15-24 days before the occurrence of an épisode survived better than
fish exposed to an episode soon after the start of a bioassay. Longer times prior to episodic

acidification may allow fish to recover from handling stress and acclimate to stream chemistry.

What chemical variables and exposure characteristics are most important in controlling the effects
of episodes on fish mortality? The ERP database is unique—fish bioassays were conducted in a
relatively large number of streams (n = 13) during multiple seasons in combination with intensive
chemical monitoring. However, despite the quality of the database, our ability to address this |
question is still limited. Episode chemistry is highly variable and difficult to characterize.
Furthermore, many of the key features (pH, Al, episode magnitude, and duration) are highly corre-
lated in the field, making it difficult to distinguish effects of individual factors. Controlled experi-

ments are needed to better delineate the relative importance of episode magnitude, duration, total
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exposure (concentration times dose), timing of exposure, and each chemical variable and their

_ interactive effects. However, analysis of the ERP database has demonstrated the following:

Chemical conditions toxic to fish occurred at some time during the study in all ERP
streams except the five reference streams (Fly Pond Outlet, Black Brook, High Falls
Brook, Benner Run, and Baldwin Creek). Maximum observed mortality rates were gen-
erally highest in those streams with the most severe chemical conditions: > 80% in
Buck Creek, East Branch Neversink River, Stone Run, and Linn Run; between 40% and
50% in Bald Mountain Brook and Roberts Run; and 20% to 30% in Seventh Lake Iniet
and Biscuit Brook (Tables 6-1 to 6-3).

All streams also had some bioassays with low mortality (< 10%), suggesting that toxic
conditions do not occur throughout the year.

Episodic acidification can be toxic to fish. Mortality rates were significantly higher
during bioassays with acidic episodes than in bioassays with ANC > 0, but similar (not
significantly different) in chronically acidic bioassays (ANC =< 0 throughout the
bioassay) and bioassays with acidic episodes (Figure 6-5).

Inorganic Al was the most important chemical variable for predicting fish mortality. Ca,
pH, and DOC were also important predictors of brook trout mortality (Tables 6-13 and
6-14).

Fish exposed for longer periods to high A, had higher mortality rates (Figures 6-15
and 6-16). However, somewhat surprisingly, a simple summary statistic, time-weighted
median Al ,, usually provided as good or better predictions of fish mortality than did
more complex expressions of chemical exposure incorporating peak levels as well as
duration. For brook trout and sculpin, median Al, . was the best single-variable pre-

dictor of mortality (Tables 6-11 and 6-16).

Mortality of blacknose clace was predicted best by an integrated function of duration -
and Al concentrations > 200 pg/L.. High mortality (= 50%) is predicted to occur at
LINT > about 2.0 (Figure 6-25), equivalent to an Al, = concentration of 300 ug/L for one
day or 250 ug/L for two days.

Based on their toxic responses to Al,, the relative sensitivity of the fish species tested

in ERP bioassays, from most to least sensitive, is blacknose dace > brook trout';>_ mot-
tled and slimy sculpins. Median Al levels predicted to cause 50% mortality in in situ

bioassays are about 120 ug/L for blacknose dace, 200 ug/L for brook trout, 200 ug/L
for sculpin in Pennsylvania streams, and 300 ug/L for sculpin in Catskill streams.

For both brook trout and sculpin, relationships between mortality and stream chemistry
* were significantly different among ERP regions. (Blacknose dace bioassays were con-
ducted in only one region, the Adirondacks.) Reasons for inter-regional differences are
not known, but could include differences in the sensitivity of fish strains, the acclimation
of native fish to low ionic strength and acidic conditions, stream chemistry not
accounted for in our analyses, or experimental protocols.




6.2 FISH MOVEMENT

Chemical conditions within low-order, softwater stream systems, such as the ERP study sites, can
be quite variable spatially. ANC and pH levels often increase gradually as waters flow down a
drainage system (e.g., Driscoll et al., 1987b; Kaufmann et al., 1988). Even within a given stream
reach, groundwater infiows and tributaries may provide microhabitats with chemistry distinctly
different, often more alkaline, than the main stream. [f fish move into such areas during episodes,
the chemistry measured at the ERP continuous monitoring site may be a poor index of the chemi-

cal conditions to which free-ranging fish are actually exposed.

The locations of individual brook trout were tracked using radiotelemetry (Section 4.4.2.1) to
determine whether fish respond to episodic acidification by moving downstream or into more
alkaline microhabitats. In selected streams in the Adirondacks, fish traps were also used to
monitor up- and downstream fish movements in relation to stream chemistry (Section 4.4.2.2).
This section summarizes results from these studies as analyzed by and presented in Gagen
(1991) for Pennsylvania [also, Carline et al. (199/2) and DeWalle et al. (1991)], by Murdoch et al.
(1991) for the Catskills, and by D. Bath [Adirondack Lake Survey Corporation (ALSC), Ray Brook,
New York, 1992, pers. comm.] for the Adirondacks [also Kretser et al. (1991)]. The objective was .
to evaluate how fish behavior influenced the effects of episodic acidification on fish populations in

the ERP study streams.

A net downstream movement of radio-tagged brook trout occurred in all streams and study peri-
ods that experienced stressful chemical conditions (Table 6-17), but little to no net downstream
movement occurred in streams with relatively high pH (> 5.1-5.2) and low A, (< 150-160 ug/L)
throughout the study period (Table 6-18). Downstream fish movement either was associated with
chronically acidic conditions at the start of the experiment (pH < 5.2 and/or Al,, > 150-200 ug/L)
or coincided with the occurrence of one or‘more major episodes (Al,., > 160 ug/L for 1.5 or more
days; see Table 6-17). Minor episodes (such as in Stone Run, fall 1989, with a maximum Al of

1566 ug/L) caused no discernible net downstream movement (Table 6-18).

Telemetry studies were generally conducted concurrently with one or more in situ bioassays (see _
Section 6.1). All study periods in which bioassays indicated high levels of brook trout mortality

(= 50%) had significant net downstream movement of radio-tagged brook trout (Buck Creek,
spring 1990; East Branch Neversink, spring 1989; Linn Run, spring 1989; and Stone Run, spring

1990; Table 6-17). However, net downstream movement also occutred when biocassays indicated
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nontoxic conditions (3-10% mortality; Bald Mountain Brook and Buck Creek, fall 1989; Linn Run
1988; Table 6-17). Thus, brook trout appear to exhibit behavioral responses even when exposed
to sublethal pH and Al levels. Study periods with no net downstream movement also had rela-
tively low mortality rates as indicated by bioassays (0-23%; Table 6-18).

Results from the fish traps in Bald Mountain Brook and Fly Pond Outlet (Adirondacks) were not as
clear, however. No brook trout were caught in the traps at pH < 5.0, moving up- or downstream
(Tables 6-19 and 6-20). Furthermore, the largest monthly downstream movement of trout was
recorded in May 1989 in Fly Pond Outlet at pH > 6.0, presumably as a result of the brook trout
stocking that occurred in April 1989 as part of the fish transplant experiments (see Table 4-17).
Fifty percent of the trout caught in the trap in May had been transplanted into Fly Pond Outlet in
April. At pH > 5.0, brook trout were caught moving both up- and downstream, although more '
than twice as many fish moved downstream as upstream. Likewise, most (95%) blacknose dace
caught in the traps were moving downstream (Table 6-19). The largest monthly downstream
movement of dace occurred.in Bald Mountain Brook in May 1989, following stocking of dace in

April and coincident with an ea{rly May episode that lasted 15 days.

“Gagen (1991) conducted a detailed analysis of individual fish responses and chemical exposuu:es
during radiotelemetry studies in Linn Run (spring 1989) and Stone Run (spring 1990), Pennsyl-
vania. Both study periods had significant net downstream fish movement (Figures 6-28 and 6-29)
and high levels of fish mortality in bicassays (91-93%); élso, one-third of the radio-tagged fish in
each stream were recovered dead during the study period. In contrast, no radio-tagged fish were
recovered dead in other radiotelemetry studies in Pennsylvania and mortality rates in coincident

bioassays were relatively low (0-23%).

In Linn Run, spring 1989, total dissolved aluminum (Al,,) levels at the start of the study were
relatively low (Al < 100 xg/L) but major episodes, with Al,; = 350 ug/L at the continuous
monitoring station (CMS), occurred on days 3-5, 12-15, 18-20, 22-24, and 26— 29 (Figure 6-28).
By day 4, one day after the onset of the first episode, radio-tagged fish occurred in locations with
Al levels 100-200 ug/L less than at the CMS, although most fish.remained within 200 m of the
CMS and were still exposed to relatively high Al levels (Al,; > 200 uxg/L; Figures 6-30 and 6-31).
Two fish were recovered dead on day 6. By day 11, before the second major episode, 3 of 12
radio-tagged trout had moved 500-700 m downstream into an area where ANC was higher rela-
tive to the mainstream. During the episode on day 12, three fish appeared in areas with relatively

low Al (= 100 ug/L), whereas the remaining fish were exposed to Al,; > 300 ug/L (Figuxfe 6-31).'

189




One of the fish that avoided exposure to high Al had moved into an alkaline microhabitat within
200 m of the continuous monitoring site; another had moved almost 1,600 m downstream.. Two
fish were recovered dead on day 12 and another on day 15, for a total of 5 dead fish out of the
15 released. In general, fish recovered dead were those exposed to high Al,, levels during

episodes (Figure 6-32); fish that survived avoided exposure to peak Al levels (e.g., Figure 6-33).

No major episodes occurred during the spring 1990 telemetry study in Stone Run, but Al levels
remained relatively high throughout most of the study period (Al,; 100-300 pg/L, Figure 6-29;
median Al;,, 218 ug/L, Table 6-17). Fish were released at sites with ANC and Al levels similar to
those at the CMS (Al,; about 150 ug/L). Two days after the release, mahy of the fish had moved
to areas with slightly lower Al (60-100 ug/L), at sites near the CMS (< 50 m downstream), to
almost 400 m downstream (Figure 6-34). Stream chemistry remained relatively stable through
day 8. By this time, 9 of 10 fish had moved 400 m or more downstream and 5 of these fish were
in areas with Al,; < 50 ug/L. Three of the 10 fish released were recovered dead during the study

period: 2 on day 10 and 1 on day 16.

Murdoch et al. (1991) analyzed results from the spring 1989 telemetry Study in the East Branch of
thé Neversink River and High Falls Brook in the Catskills. Significant net downstream movement
occurred in East Branch Neversink, associated with chronically low pH (< 5.0) and elevated Al
levels (Al,; 250-300 pg/L, AL, 157-284 ng/L), while brook trout in well-buffered High Falls Brook
(pH > 6.0, Al,y < 100 ug/L) exhibited a small net upstream movement (Figure 6-35). Water
samples collected at fish locations in High Falls Brook indicated relatively uniform chemical
quality, similar to that at the CMS. No significant springs or tributaries enter High Falls Brook
between the confluence of the stream with the West Branch of the Neversink and the waterfall 1
km above the CMS. The study area within the East Branch of the Neversink River, on the other
hand, contains several springs and tributaries with higher pH and ANC than the main channel
(Figure 6-36). Radio-tagged fish were released near the confluence of one such spring (pH 6.2)
and two fish remained at that junction throughout the study, in a pool with relatively high pH.
Likewise, in the fall 1989 telemetry study (also in the East Branch of the Neversink), several radio-
tagged fish moved into tributaries with higher pH than the main channel (Murdoch et al., 1991).

In the Adirondacks, significant net downstream movement (> 100 m) occurred in Buck Creek in
fall 1989 and spring 1990 associated with low pH (median values 5.2 and 4.8) and elevated Al,,

levels (median values 187 and 308 ug/L; Table 6-17). Fish began moving downstream within
three days of the start of the study in fall 1989; by day 16, all but two brook trout had migrated
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downstream into Seventh Lake (pH > 6.0; D. Bath, ALSC, pers. comm.). The two fish that
remained in Buck Creek appeared at the mouth of a small tributary. When pH levels ih Buck
Creek increased to > 5.0, several of the trout that had migrated to Seventh Lake moved back into
the lower reaches of the creek, but remained downstream of the CMS. In spring 1990, four of six
radio-tagged trout moved downslream into Seventh Lake by day 6. The remaining fish migré\ted
into a small tributary with pH 6.2 and Al,; < 200 ug/L, where they remained throughout the study

period.

Therefore, in each region and study, some radio-tagged fish were able to avoid exposure to the
high Al and low pH measured at the CMS by moving downstream or into more alkaline micro-
habitats. - Aluminum levels measured at these fish locations were often substantially less than
those measured at the CMS (by 100-200 ug Al /L or more). However, other fish, and in most
cases the majority of radio-tagged fish, were exposed to relatively high, potentially lethal Al levels.

Two factors may limit the degree to which fish can avoid exposure to adverse chemical condi-
tions: (1) the availability of suitabl‘e microhabitats and other “refuge areas” with higher pH and
lower Al levels and (2) the ability of fish to detect and actively avoid stressful chemical conditions.
The availability of suitable refuge areas is highly variable among and within stream systems,
becaljse of variations in soil and bedrock chemistry and hydrologic flowpaths (DeWalle et al.,
1991). Many small headwater streams have little or no groundwater input, and as a result, few if
any alkaline microhabitats. Other systems, such as the East Branch of the Neversink River, tend
to be more spatially variable (see Figure 6-36). The occurrence of numerous groundwater seeps
and more alkaline tributaries may be responsible, at least in part, for the maintenance of a
residual trout population in the East Branch of the Neversink despite low pH and high Al levels in

the stream during much of the year (see Section 6.3).

Fish movements into areas of higher pH and lower Al may result from either active or passive fish
behavior. Fish may be able to detect stressful chemical conditions and actively seek out suitable
refuge areas. As an alternative, fish stressed by exposure to low pH/high Al may move randomly,
but then remain in areas of higher pH/lower Al that they happen upon—a passive avoidance
behavior. Likewise, fish that are physiologically stressed may be less able to maintain their
position in the stream and more susceptible to being carried downstream by the current, a

passive behavior that would result in net downstream movement.
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The ERP data are not sufficient to distinguish between active and passive fish behavior. However,
Gagen (1991) hypothesized that the fish movements downstream and into alkaline microhabitats
were largely passive rather than active, directed avoidance behavior. He cites two observations in
support of this hypothesis. Radio-tagged fish in Linn Run and Stone Run did not take full advan-
tage of the available microhabitats to avoid exposures to toxic chemical conditions. Also, net
downstream movements resulted primarily from reduced upstream movement rather than
increased downstream movement, relative to fish in reference streams. Individual fish in reference
streams also moved substantial distances downstream, but these downstream movements were ,
offset by other individuals moving upstream, with little to no change in median fish location. If fish
behavioral responses are largely passive, rather than active, a lower percentage of fish would be

expected 1o successfully locate refuge areas and avoid exposure to episodic acidification.

We should be aware that the ERP telemetry studies involved relatively large fish (170-220 mm in
length; see Tables 4-15 to 4-17). Smaller fish, young-of-the-year, and especially swim-up fry are

probably less mobile and may be less able to avoid adverse chemical conditions.

Behavioral avoidance may both mitigate and accentuate the effects of episodic acidification on
fish populations in streams. If fish move into refuge areas during episodes and then return, fish
behavioral responses would be expected to reduce the overall effect on the fish population.
However, if fish move out of the stream system during episodes but do nhot return, or return in
smaller numbers, and if fish move in response to sublethal pH/Al levels, as suggested by the
bioassay-telemetry comparisons, then the population-level effects of episodic acidification would
be greater than effects predicted based on mortality tests alone. Downstream fish migration may
be an important mechanism of fish population loss, especially if upstream migrations are inhibited

by steep gradients, waterfalls, or temporary log and debris dams.
6.3 EFFECTS ON FISH POPULATIONS

The number of fish in a stream reach at any given time reflects the dynamic balance between fish
recruitment (reproduction and immigration) and fish loss (mortality and emigration). Episodic
acidification can increase fish mortality and emigration, as demonstrated in Sections 6.1 and 6.2,
and may also decrease fish reproduction (J. Baker et al., 1990). To what degree, therefore, does
episodic acidification result in long-term declines in fish population density and biomass in

streams?
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All ERP study streams except the East Branéh of the Neversink River had chemical conditions
during low flow considered suitable for fish survival and reproduction. The median pH measured
during low flow (20th percentile low flow; see Section 5.2) was 4.9 in the East Branch of the
Neversink, but ranged from 6.0 to 7.2 in the other 12 ERP streams (Table 5-14). Median A},
concentrations during low flow were < 60 ug/L in all streams (Table 5-14). Tﬁus, if stream
assessments were based solely on chemical measurements during low flow, we would predict

that all but one of the study sites should support a diverse and healthy fish community.

However, most streams had substantially lower pH and higher Al during periods of increased
discharge (Figures 5-15 and 5-16). For example, median pH values associated with the 95th
percentile high flow were 4.5-4.8 in Buck Creek, Bald Mountain Brook, Seventh Lake Inlet, East
Branch of the Neversink, Roberts Run, and Stone Run (Table 5-15). Median Al levels during
high flow were > 300 ug/L in Buck Creek, Bald Mountain Brook, East Branch of the Neversink,
Linn Run, and Stone Run. We would expect these streams to support fewer fish and fewer fish
species compared to ERP streams that maintain relatively high pH and low Al during events.
For example, Fly Pond Outlet, Biscuit Brook, Black Brook, High Falls Brook, Benner Run, and
Baldwin Creek all had high flow median Al,,, < 100 ug/L.

In Section 5.2.1, ERP study streams were ranked according to the overall severity of strea'mv
chemistry during the stﬂdy period, from most to least severe, as follows:
1. The East Branch of the Neversink River was chronically acidic (median ANC =< 0) and

had the most severe chemical conditions (lowest pH, highest Al for the longest
duration).

2. Stone Run and Roberts Run were also chronically acidic, but pH and Al , levels were
not as extreme as in the East Branch of the Neversink.

3. Buck Creek and Linn Run were not chronically acidic but had severe acidic episodes,
with low pH and high Al for long durations.

4. Bald Mountain Brook and Seventh Lake Inlet had episodes of moderate severity.

5. Biscuit Brook and Benner Run experienced acidic episodes but they were of short
duration, and as a result, would be expected to have only minor effects on fish
populations. ‘

6. Fly Pond Outlet, Black Brook, High Falls Brook, and Baldwin Creek were classified as

nonacidic (with ANC always > 0, except for one brief excursion below 0 in Baldwin
Creek) and had relatively high pH and low Al throughout the study period.
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We can compare fish community composition and brook trout abundance in each stream to these
qualitative rankings, as well as to summary statistics of stream chemistry during high flow, to

evaluate the effects of episodic acidification on fish populations.

Ten fish species were caught in ERP streams (Table 6-21). Species were classified as acid-sensi-
live, intermediately sensitive, or acid-tolerant, based on data on the effects of low pH and high Al
on fish summarized by Baker and Christensen (1991). Acid-sensitive fish species (blacknose
dace, slimy sculpin, or mottled sculpin) were caught in six streams: Buck Creek, Black Brook,
High Falls Brook, Biscuit Brook, Benner Run, and Baldwin Creek. With the exception of Buck
Creek, these streams all maintain relatively high pH (median pH > 5.2) énd low Al (= 70 ug/L)
during high flow (Table 5-15) and were ranked as 5 or 6 in terms of the severity of stream chem-
istry. Dace caught in Buck Creek occurred only in the lower section of the stream immediately
above Seventh Lake.? In contrast, the East Branch of the Neversink River, Stone Run, and Linn
Run, three streams with severe chemical conditions during high flow (median Al, . > 300 ug/L;
rankings 1, 2, and 3, respectively), had only a single, acid-tolerant species, brook trout. Roberts
Run (ranking 2) also had only brook trout, except for a singlé brown trout specimen caught
during the study. All other streams had two or more fish species. These results support the
hypothesis that chemical conditions during high flow can eliminate acid-sensitive fish popUlaftions

and alter fish community composition.

Brook trout occurred in all 13 ERP streams. However, brook trout density and biomass were
lower in streams with lower pH and higher Al levels during high flow (Figures 6-37 to 6-40).
Rank correlation analyses (Steel and Torrie, 1980) indicate a significant association (p < 0.05)
between brook trout abundance and both median weekly and high flow chemistry values for both
pH and Al (Table 6-22). Rank correlations with median weekly pH provided the highest corre-
lation coefficients (r = 0.85 for brook trout density and 0.89 for biomass), but in general, no single
variable stands out distinctly and consistently as the best predictor of brook trout density or
biomass. Correlations between weekly and high flow chemistry (see Figures 5-15 and 5-16) and
between pH and AL, make it difficult to distinguish the relative importance of these chemical

features based on observational data alone.

2The study reach in Buck Creek was only 100 m above Seventh Lake, a circumneutral lake with a diverse fish community
{see Section 3,1.1). It is likely that many of the acid-sensitive and intermediately sensitive fish caught in Buck Creck were
temporary migrants from Seventh Lake. The study reach in Seventh Lake Inlet was 700 m upstream of the lake.
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Brook trout density and biomass were also significantly (p < 0.001) correlated with the quélitative
rankings of stream chemical severity (rank correlation coefficients, r = 0.83 for brook trout density
and 0.92 for biomass; Figure 6-41). Statistical comparisons between ranks were not possible
because of the smail number of streams per rank. Thus, streams were grouped as nonacidic
(ranking 6; n = 4), episodically acidic (rankings 3-5; n = 6), and chronically acidic (rankings 1-2;
n = 3). Analysis of variance and the Tukey-Krémer multiple comparison test (Miller, 1986) pro-
vided the same results. Both brook trout density and biomass were significantly (p < 0.05) higher
in nonacidic streams than in streams that had acidic episodes or were chronically acidic. How-
ever, brook trout density and biomass were not significantly different in streams with episodic |
acidification compared to chrohically acidic streams. Averége levels of brook trout density

. (fish/0.1 ha) in the three groups were 215 for nonacidic streams, 82 in streams with acidic
episodes, and 46 in chronically acidic streams. Likewise, average values for brook trout biomass
(g/0.1 ha) were 2355 in nonacidic streams, 1256 in streams with acidic episodes, and 704 in

chronically acidic streams.

No regional differences were evident in the relationships between brook trout abundance and
stream chemistry (see Figures 6-37 1o 6-41), although several site-specific variations deserve
notice:

¢ Linn Run stands out as a distinct outlier in plots of brook trout abundance -as a function

of stream pH (median weekly and high flow pH; Figures 6-37 and 6-38). Brook trout
density and biomass in Linn Run (4 fish/0.1 ha and 253 g/0.1 ha) are lower than
expected given the measured median weekly pH of 5.97 and median high flow pH of
5.12. As discussed in Section 5, Linn Run has the flashiest response to storm events
(Figure 5-11), experiences the greatest increase in Al , during episodes, and tends to
mobilize higher levels of Al at a given ANC and pH than do other ERP streams
(Figure 5-22). Al concentrations > 200 ug/L commonly occur in Linn Run at pH
levels = 5.4, but only at pH = 5.2 in Stone Run, Bald Mountain Brook, Buck Creek,
and Seventh Lake Inlet, and.at pH < 5.0 in Roberts Run and East Branch of the
Neversink River. [No Al,., values > 200 ug/L were recorded for the remaining six ERP
streams.] These differences in the pH-Al relationship probably account for the
occurrence of Linn Run as an outlier in trout abundance-stream pH relationships. We
believe that low levels of brook trout density and biomass in Linn Run result primarily

. from the very high concentrations of Al,_, that occur in the stream during storm events
(maximum value, 805 ug/L; Table 5-11).

e Bald Mountain Brook is an outlier on plots of brook trout abundance as a function of
both high flow Al, . and high flow pH (Figures 6-38 and 6-40), although median weekly
Al and pH levels provide reasonable predictions of trout density and biomass in the
stream. Trout density and biomass in Bald Mountain Brook (159 fish/0.1 ha and 1609
g/0.1 ha) are higher than expected given median high flow values of pH 4.77 and Al
331 ug/L. Reasons for the relatively high fish abundance are uncertain, although two
factors may play some role. Visual comparisons of Figures 5-1 to 5-13 suggest that
chemical conditions in Bald Mountain Brook recover (i.e., return to near baseflow levels
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of pH and Al;.,) more rapidly following events than in other ERP streams, such as Buck
Creek, Seventh Lake Inlet, and Roberts Run. Thus, fish in Bald Mountain Brook may
be exposed to adverse chemical conditions for relatively short periods of time. In
addition, immediately below the ERP study site, Bald Mountain Brook merges with Fly
Pond Outlet, a stream with circumneutral pH and high trout density (292 fish/0.1 ha).
Fish may migrate from Fly Pond Outlet to Bald Mountain Brook, particularly during low
flow periods. The potential importance of spatial variability within the drainage system
is discussed further later in this section.

® Brook trout density and biomass were distinctly higher in Black Brook (309 fish/0.1 ha,
3469 g/0.01 ha) and Fly Pond Outlet (292 fish/0.01 ha, 2364 g/0.01 ha) than in other
streams, such as Baldwin Creek (133 fish/0.1 ha, 1759 g/0.01 ha) and High Falls Brook
(127 fish/0.01 ha, 1827 g/0.1 ha), with similar chemistry (i.e., relatively high pH and low
Al even during events). Such differences may reflect the dominant influence of other
habitat features on trout productivity in streams with suitable acid-base chemistry. For
example, Fly Pond Outlet and Black Brook had the highest Ca levels (median weekly
concentrations of 235 and 258 uedq/L, respectively) among ERP streams (compared to
66-209 ueqg/L in other ERP streams; see Tables 5-1 to 5-13).
The above analyses are based on average values for trout density and biomass in each stream,
calculated from fish surveys conducted in fall 1988, spring 1989, fall 1989, and spring 1990. Fish
abundance varied among sampling dates (Table 6-23), although in general, the pattern of inter-
stream differences in trout density and biomass were relatively consistent over time (Figures 6-42

to 6-44).

Brook trout were transplanted into ERP study reaches to establish consistent, initial levels of fish
biomass in all streams, by region (see Section 4.4.4). These transplants had short-term effects
(over several months) on brook trout density or biomass in some streams, but no discernible
long-term effects (Figures 6-42 to 6-44). Over time, brook trout populations returned to levels
observed before the transplants and were generally consistent with density and bigmass levels

expected given the chemical conditions in the streams.

Transplant experiments were also conducted with forage fish: blacknose dace in the Adirondacks
and slimy or mottled sculpin in Catskill and Pennsylvania streams. Few to none of these fish
were recovered in subsequent surveys in streams with median pH < 5.2 and Al,,, > 100-150 ug/L
during high flow (Buck Creek, Bald Mountain Brook, Seventh Lake Inlet, East Branch of the
Neversink River, Linn Run, Stone Run, and Roberts Run), whereas larger numbers of stocked fish
were caught in Fly Pond Outlet, Biscuit Brook, Baldwin Creek, and Benner Run. Sculpin are
difficult to capture with electrofishing; thus, population abundance and stocking recovery rates
could not be quantified. Average recovery rates for blacknose dace (percent of stocked fish
caught in the next survey) were 32% in Fly Pond Outlet, 7% in Bald Mountain Brook, 2% in
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Seventh Lake Inlet, and 0 in Buck Creek (seé Figure 6-45). Large nhumbers of blacknose dace
remained only in Fly Pond Outlet {(median high flow pH 6.2, Al 20 ug/L). Chemical conditions in
Bald Mountain Brook, Seventh Lake Inlet, and Buck Creek resulted in high and rapid rates of
dace loss, through fish mortality and/or emigration. Of the dace stocked into Bald Mountain
Brook, 25-35% were captured in downstream fish traps (Section 6.2). These fesu|ts support the
conclusion that low pH and elevated Al during high flow can eliminate acid-sensitive fish

populations.

Many investigators have concluded that fish early life stages and reproduction are critical periods
for fish. populations in acidified lakes and streams (J. Baker et al., 1990a). Detailed studies of
effects on reproduction were not conducted as part of the ERP. However, the occurrence of
young-of-the-year fish in field surveys is indicative of reproductive success (during the period of '
étudy). _No young-of-the-year brook trout were caught in any survey in Buck Creek, Seventh Lake
Inlet, East Branch of the Neversink River, or Linn Run—all streams with low pH and/or high Al, |
during high flow. Small numbers of youﬁg-of—the—year trout were caught in fall 1989 in Bald
Mountain Brook, but none in fall 1988 or spring 1989, 1990, and 1991. Young-of-the-year trout
were abundant in Fly Pond Outlet, Black Brook, High Falls Brook, Biscuit Brook, Benner Run, and
Baldwin Run. Numbers of young-of-the-year caught in Stone Run and Roberts Run varied among
sampling years (Figure 6-46). Gagen (1991) concluded that year+to-year variations in reproduc-
tive success in Stone Run and Roberts Run resulted from annual variations in precipitation .and
associated variations in episode severity during spring, when brook trout fry emerge from the
gravel. A strong year class occurred in 1988, coincident with below normal precipitation during
winter and spring 1988, whereas higher than normal precipitation in winter/spring 1989 resulted in

more severe episodes, decreased reproductive success, and a small year class.

Associations between stream chemistry and the occurrence of young-of-the-year fish, as well as
fish community composition, were confirmed in longitudinal profiles of fish distribution and stream
chemistry in Catskill and Pennsylvania ERP streams (Figures 6-47 to 6-53).3 YpUng-oflfh'e-year
trout and acid-sensitive fish species were caught only in stream sections and tributaries with pH
> 5.5-6.0 at the time of the survey. For example, the East Branch of the Neversink River supports
a sparse population of brook trout but no young-of-the-year trout or sculpin. Deer Shanty Brook

(pH 4.9), a tributary to the East Branch of the Neversink River, has an unnamed tributary with a

3Adirondau:k ERP streams were relatfively short, most with lakes or barriers to fish movement not very far upstream or
downstream from the ERP study reach (see Section 3.1.1). For this reason, we have not presented longitudinal profiles for
Adirondack streams.
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high pH (6.3) that supports a moderate population of adult and juvenile brook trout as well as
slimy sculpin (Figure 6-47). This isolated population of sculpin is of particular ihterest because
the nearest known source of sculpin is Flat Brook, a tributary to the East Branch of the Neversink
nearly 3 km downstream from the gauging station (Murdoch et al., 1991). Gagen (1991) con-
ducted a detailed study of severél tributaries to Linn Run. Grove Run, E-Run, and Cabin Run had
total dissolved Al concentrations < 20 xg/L and pH > 6.2 during a 4-day episode in April 1987,
whereas Al levels peaked at 425 and 525 ug/L at two sites in Linn Run (Figure 6-48). All three
tributaries support sculpin populations and had reasonable numbers of young-of-the-year brook
trout.

The occurrence of tributaries or microhabitats with suitable acid-base chemistry may mitigate, to
some degree, the effects of episodic acidification on fish populations. Fish from such areas may
immigrate into and recolonize the mainstream during low flow. Telemetry studies confirmed that
some fish are able to avoid exposure to adverse chemical conditions by moving into alkaline
refuge areas (Section 6.2). However, streams with I‘ow pH and high Al during episodes consis-
tently supported fewer fish and fewer fish species than did nonacidic streams (Figures 6-37 to
6-41; Table 6-21). In addition, there is no evident association between fish population status and
the degree of spatial variability in stream chemistry within the drainage system. For example,
despite the occurrence of tributary streams with high pH, Linn Run still supports very few brook
trout. Therefore, we conclude that recolonization from alkaline tributaries or microhabitats can
maintain low densities of fish in sireams that experience toxic episodes, but is not sufficient to
sustain fish densities and biomass at levels expected in the absence of adverse acid-base

chemistry.

Sculpin are absent from streams that support low numbers of brook trout (Table 6-21). Yet, ERP
in situ bioassays indicate that sculpin are as tolerant, or more so, of low pH and high Al than
brook trout (Section 6.1). Gagen (1991) proposed that differences in the population-level effects
of episcdic acidification on sculpin and brook trout result from differences in fish mobility.
Phinney (1975) observed that brook trout can rapidly move more than 1 km to recolonize stream
sections. Brown and Downhower (1982) reported that summer movements of mottled sculpin
were generally < 10 m. Thus, sculpin would be expected to recolonize stream reaches at a
much slower rate than brook trout and, as a result, the effects of toxic episodes on sculpin
populations would be more severe and long lasting. Sculpin populations are acid sensitive (see
Table 6-21; Baker and Christensen, 1991), even though individual sculpin were relatively acid

tolerant in the in situ bioassays.
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The ERP results demonstrate that streams with suitable conditions during low flow, but adverse
chemical conditions during high flow, support fewer fish species and substantially lower brook
trout numbers and biomass than do nonacidic streams. Streams that experienced acidic epi-
sodes had significantly lower numbers and biomass of brook trout than nonacidic streams; differ-
ences between chronically and episodically acidic streams were not statistically significant. In -
general, reduced trout abundance occurred in ERP streams with median high flow pH < 5.0 and .

Al

im > 100-200 ng/L. Acid-sensitive fish species were absent from streams with median high flow

pH < 5.2 and Al , > 100 ug/L.
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Figure 6-1.

In situ bioassay in Bald Mountain Brook, Adirondacks, in spring 1990: (a) dis-

Date

charge, (b) pH, (c) Al;,,, and (d) cumulative percent mortality of blacknose

dace over time.

200




7401 ' (@)
5927
444 'l

Discharge

(©)

Al im (LgIL)
g

(d)

% Mortality

0 1 — 4 1 1 } 1 | 1 1
T t T | ¥ ¥ 1 1 - T T

' 30MAR90 O04APRS0 O09APRS0  14APR90 ° 19APRSO  24APR0  20APRSD  O04MAYSO  OSMAYSO 14MAY90

Date

Figure 6-2. In silu bloassay in East Branch of the Neversink River, Catskills, in spring
‘ 1990: (a) discharge, (b) pH, (c) Al,,,, and (d) cumulative percent mortality of
brook trout over time.

201




2797

15571 (@

Discharge (m’/s)

6

(0)

pH

| @

Alim (ug/L)
3

) L@

% Mortality

0, ' ! ! ' 1 ! 1+ 1 !
T T T T T T T T T

24FEB89 OIMARSS O6MAR8SS 1IMARS9 16MAR8S 21MAR89 26MAR89 31MAR89 O05APR89  10APR89

Date

Figure 6-3.  In situ bioassay in Linn Run, Pennsylvania, in spring 1989: (a) discharge,
(b) pH, (c) Al;,,, and (d) cumulative percent mortality of brook trout over time.
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Figure 6-13. Bivariate plot of percent survival of slimy and mottled sculpin after 20 days in
in situ bioassays as a function of (a) time-weighted median Ak, (#g/L) and
(b) maximum measured or estimated Al , (ug/L) during the 20-day period.
Bioassays conducted in Catskill streams denoted by C and Pennsylvania by P.
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Figure 6-15. Boxplots of 20-day percent mortality of brook trout in in situ bicassays with
Al concentrations continuously above selected thresholds for periods less
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Figure 6-16. Boxplots of 20-day percent mortality of brook trout in in situ bioassays with
Al concentrations continuously above selected thresholds for periods less
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o

Figure 6-17.

Concentration duration curves (total period of time, days, with Al levels
above each threshold concentration, ug/L) for brook trout in situ bioassays
with low mortality (< 10%, dashed Imes) and high mortality (> 40%, solid
lines) in Adirondack streams.
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Figure 6-18. Concentration duration curves (total period of time, days, with AL levels
above each threshold concentration, ug/L) for brook trout in situ bioassays

with low mortality (< 10%, dashed lines) and high mortality (> 40%, solid
lines) in Catskill streams.
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Figure 6-19. Concentration duration curves (total period of time, days, with AL levels

above each threshold concentration, ug/L) for brook trout in situ bioassays

with low mortality (= 10%, dashed lines) and high mortality (> 40%, solid
lines) in Pennsylvania streams.
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Figure 6-20. Concentration duration curves (total period of time, days, with Al,  levels
above each threshold concentration, ug/L) for blacknose dace in situ bio-
assays with low mortality (< 10%, dashed lines) and high mortality (> 40%,
solid lines) in Adirondack streams.
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Figure 6-21. Concentration duration curves (total period of time, days, with Al levels

above each threshold concentration, ug/L) for sculpin in situ bioassays with
low mortality (= 10%, dashed lines) and high mortality (> 40%, solid lines) in
Catskill streams.
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Figure 6-22. Concentration duration curves (total period of time, days, with Al , levels

above each threshold concentration, ug/L) for sculpin in situ bioassays with

low mortality (< 10%, dashed lines) and high mortality (> 40%, solid lines) in
Pennsylvania streams.
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Figure 6-23. Inorganic Al concentrations (ug/L) during each common pool brook trout in
situ bioassay. Open circles, connected by linear interpolation, indicate both
measured and estimated Al values. Bioassays are ordered from low to high
mortality (20-day percent mortality). Adjusted percent mortality (see text for
explanation), stream, season, year, and bicassay code are also indicated
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Figure 6-23. Inorganic Al concentrations (ug/L) during each common pool brook trout in
situ bioassay. Open circles, connected by linear interpolation, indicate both
measured and estimated Al, A values. Bioassays are ordered from low to high
mortality (20-day percent mortality). . Adjusted percent mortality (see text for
explanation), stream, season, year, and bioassay code are also indicated
(page 2 of 9).
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situ bioassay. Open circles, connected by linear interpolation, indicate both
measured and estimated Al values. Bioassays are ordered from low to high
mortality (20-day percent mortality). Adjusted percent mortality (see text for
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Inorganic Al concentrations (ug/L) during each common pool brook trout in
situ bioassay. Open circles, connected by linear interpolation, indicate both
measured and estimated Al values. Bioassays are ordered from low to high
mortality (20-day percent mortality). Adjusted percent mortality (see text for
explanation), stream, season, year, and bioassay code are also indicated
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Figure 6-24. 20-day percent mortality of brook trout as a function of the time-weighted
median Al concentration (ug/L): observed mortality (open circles) and
predicted mortality (dashed line) based on best single-variable logistic model
(see Table 6-11).
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Figure 6-25. 20-day percent mortality of blacknose dace as a function of the log of the
integral of concentration duration for AL, > 200 ug/L: observed mortality
(open circles) and predicted mortality (dashed line) based on best overall
logistic model (see Table 6-15). Eight of 16 bioassays had observed mortalily
= 0.
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Figure 6-26. 20-day percent mortality of sculpin (mottled and slimy) in Pennsylvania
streams as a function of the time-weighted median Al,, concentration (ug/L):
observed mortality (open circles) and predicted mortality {dashed line) (see
Table 6-16).
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Figure 6-27. 20-day percent mortality of sculpin (slimy) in Catskill streams as a function of
the time-weighted median Al concentration (ug/L): observed mortality (open
circles) and predicted mortality (dashed line) (see Table 6-16).
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Days from March 3, 1989

Figure 6-30. Median stream total dissolved Al concentration at locations of transmitter-
 equipped fish (triangles; vertical bars = + 1 SE) and Al concentra-
tions of concurrent samples collected at the Linn Run continuous monitoring
station (broken line) (Source: Gagen, 1991).
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Figure 6-31. Linn Run Al,, concentrations and ANC at individual fish locations versus
position along stream length on days 0, 4, 11, and 12. Day 0 was March 3,
1989. Solid symbols, to the right of the vertical bar, indicate concurrent data
from the Linn Run continuous monitoring station. Stream distance is relative
to the continuous monitoring station and negative numbers correspond to
downstream (Source: Gagen, 1991).
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Figure 6-32.
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—e— Continuous monitor
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Linn Run Al concentrations during the spring 1989 telemetry study for
samples collected at the continuous monitoring station versus samples
collected at the locations of two radio-tagged fish that died. The last plotted

Al value indicates when the fish was found dead (Source: DeWalle et al.,
1991).
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Figure 6-33.
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Linn Run Al concentrations during the spring 1989 telemetry study for
samples collected at the continuous monitoring station versus samples

collected at the locations of two radio-tagged fish that moved to microhabitats

or refuges with lower Al and survived (Source: DeWalle et al., 1991).
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negative humbers cotrespond to downsiream (Source: Gagen, 1991).
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Figure 6-35. Net downstream movement of radio-tagged fish, Al,; concentrations, pH, and
stream discharge during the spring 1989 radiotelemetry study in High Falls
Brook and East Branch Neversink River (Source: Murdoch et al., 1991).
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Figure 6-36. Longitudinal changes in stream pH along the East Branch Neversink River
during the spring 1989 radiotelemetry study (Source: Murdoch et al., 1991).
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Figure 6-37.

(a) Mean density (number/0.1 ha) and (b) biomass (kg/0.1 ha) of brook trout
(average of fall 1988, 1989, and spring 1989, 1990 surveys) in ERP study
streams as a function of median weekly pH (Tables 5-1 to 5-13). Streams
labeled by region: A = Adirondacks, C = Catskills, and P = Pennsylvania.
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Figure 6-38. (a) Mean density (number/0.1 ha) and (b) biomass (kg/0.1 ha) of brook trout

‘ - {average of fall 1988, 1989, and spring 1989, 1990 surveys) in ERP study
streams as a function of median pH during the 95th percentile high flow
(Table 5-15). Streams labeled by region: A = Adirondacks, C = Catskills, and
P = Pennsylvania.
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Figure 6-39. (a) Mean density (number/0.1 ha) and (b) biomass (kg/0.1 ha) of brook trout
" (average of fall 1988, 1989, and spring 1989, 1990 surveys) in ERP study
streams as a function of median weekly inorganic Al concentration (ug/L)
(Tables 5-1 to 5-13). Streams labeled by region: A = Adirondacks, C =

Catskills, and P = Pennsylvania.
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Figure 6-40. (a) Mean density (number/0.1 ha) and (b) biomass (kg/0.1 ha) of brook trout
(average of fall 1988, 1989, and spring 1989, 1990 surveys) in ERP study
streams as a function of median Al (zg/L) during the 95th percentile high
flow (Table 5-15). Streams labeled by region: A = Adirondacks, C = ‘
Catskills, and P = Pennsylvania.
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Figure 6-41,

Severity of Stream Chemistry (relative ranking)

(a) Mean density (humber per 0.1 ha) and (b) biomass (kg/0.1 ha) of brook
trout (average of fall 1988, 1989, and spring 1989, 1990 surveys) in ERP study
streams ranked according to overall severity- of chemical conditions in the
stream (from most severe, 1, to least severe, 6). Rankings are explained in
the text; also see Section 5.2.1. Streams labeled by region: A = Adirondacks,
C = Catskills, and P = Pennsylvania.
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Figure 6-42. Variations in brook trout (a) density (humbers per 0.1 ha) and (b) biomass
(kg/0.1 ha) over time in Adirondack ERP streams. Cubic spline smoothing
curves shown to help identify trends in brook trout population abundance.
Arrows indicate approximate dates of fish transplants into ERP streams.
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Figure 6-43.

@)

(b)

Variations in brook trout (a) density (numbers per 0.1 ha) and (b) biomass

(kg/0.1 ha) over time in Catskill ERP streams. Cubic spline smoothing curves
shown to help identify trends in brook trout population abundance. Arrows
indicate approximate dates of fish transplants into ERP streams.

250




658 BNR &4a BWN #++LNN ©6ORBS +oo STN
600 - : @

Number/(0.1 ha)
953
[=]
i

-‘_@_'.O

. a
o =

he;" .

— —— 7 T T T T T

JUN88 SEP88 DEC88 MARSY JUNB3 SEP89 DEC83 MAR90 JUN9O SEP90

s=8 BNR 44 BWN »***LNN ©OORBS oo SIN
47 )

]

93]
1

Biomass, kg/(0.1 ha)
N

11

o4t— . ; . . — .

JUN8B SEP88 DECB8 MARBY JUNBY SEP89 DEC8B2 MARSD JUNSO SEPSO

Figure 6-44. Variations in brook trout (a) density (hnumbers per 0.1 ha) and (b) biomass
(kg/0.1 ha) over time in Pennsylvania ERP streams. Cubic spline smoothing
curves shown to help identify trends in brook trout population abundance.
Arrows indicate approximate dates of fish transplants into ERP streams.
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(Source: D. Bath, ALSC, pers. comm.).
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Figure 6-46. Density of age-0 (young-of-the-year) brook trout in ERP streams In
Pennsylvania during May/June 1988 to 1990. No age-O brook trout were
caught in Linn Run. (Source: Gagen, 1991).
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Figure 6-47. Longitudinal profiles of fish distribution and pH along the length of the four
ERP Catskill study streams during August 1989 (Source: Murdoch et al.
1991). .
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Figure 6-48. Median density of brook trout (BRK) age-0 and age-1+ and mottled sculpin
(MS) captured on five sampling dates in 1987 at five sampling sites in the Linn
Run drainage (a). Total dissolved aluminum concentrations during an April
1987 acidic episode (b). Arrow indicates direction of stream flow. (Source:

Gagen, 1991).
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Figure 6-49. Linn Run drainage network showing fish community composition and stream
pH and total dissolved aluminum concentrations. All water samples were
collected on May 23, 1989, when stream discharge at the continuous monitor
was 0.033 m®/s/km?2. Arrow indicates direction of stream flow. Dotted box
indicates area enlarged in Figure 6-48. (Source: DeWalle et al., 1991).
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Figure 6-50. Stone Run drainage network showing fish community composition and stream
pH and total dissolved aluminum concentrations. All water samples were
collected on May 18, 1989 when stream discharge at the continuous monitor
was 0.063 m®/s/km?. Arrow indicates direction of stream flow. (Source:
DeWalle et al., 1991).
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Figure 6-51. Roberts Run drainage network showing fish community composition and
stream pH and total dissolved aluminum concentrations. All water samples
were collected on Ma:y 18, 1989, when stream discharge at the continuous
monitor was 0.072 m /s/km?. Arrow indicates direction of stream flow.

(Source: DeWalle et al., 1991).
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Figure 6-52.

Baldwin Creek drainage network showing fish community composition and
stream pH and total dissolved aluminum concentrations. All water samples
were collected on Masy 22, 1989, when stream discharge at the continuous

monitor was 0.032 m /s/kmz. Arrow indicates direction of stream flow.
(Source: DeWalle et al., 1991).
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Figure 6-53. Benner Run drainage network showing fish community composition and
- sftream pH and total dissolved aluminum concentrations. All water samples
were collected on May 19, 1989, when stream discharge at the continuous

monitor was 0.107 m /s/kmz. Arrow indicates direciton of stream flow.
(Source: DeWalle et al., 1991).
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Table 6-1. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Brook Trout in Adirondack Streams®
20-Day Period Full Experiment
Source Starting Total
of Fish® Date Days pH Alien % Mort pH Alir % Mort
FALL 1988
FPO CP 11/01/88 30 6.52 (6.20-6.84) 20 (20-20) 10.0 6.51 (6.20-6.84) 20 (20-20) 15.0
BMB CcP 11/01/88 30 4,97 (4.64-552) 198 (106-415) 50.0 4.97 (4.64-5.52) 198 (106-415) 50.0
BCK CP 11/01/88 30 4.77 (4.64-5.10) 299 (192-497) 80.0 4.79 (4.64-5.10) 329 (192-497) 86.7
SLI CP 11/01/88 30 4.95 (4.65-5.42) 210 (97-341) ' 20.0 4.94 (4.65-5.42) 210 (97-341) 25.0
SPRING 1989
FPO CP 5/26/89 25 7.06 (7.06-7.13) 10 (0-28) 0.0 7.08 {7.06-7.15) 19 (0-28) 18.0
BMB CcP 5/26/89 25 5.92 (5.83-6.33) 31 (0-72) 50.0 6.19 (5.83-6.36) 39 (0-110) 60.0
N BCK cpP 5/26/89 25 5,28 (5.27-5.48) 132 (0-165) 45.0 5.38 (5.27-5.48) 100 (0-165) 45,0
2 su CP 5/26/89 25 5.59 (5.55-5.85) 88 (9-115) 0.0 ' 5,68 (5.55-5.85) 51 (9-115) 0.0
FALL 1989
FPO CP 9/27/89 40 7.07 (7.04-7.22) 42 (20-71) 20.0 7.00 (6.58-7.22) 39 (6-142) 30.0
BMB cP 9/27/89 40 6.33 (6.15-6.51) 22 (17-33) 35.0 6.01 (5.05-6.51) 41 (17-421) 45,0
BCK CcP 9/27/89 40 5.38 (5.36-5.49) - 173 (143-249) 55.0 5.é0 (4.58-5.49) 200 (143-359) 60.0
Su CcpP 9/27/89 40 5.61 (5.67-5.90) 54 (31-88) 15.0 5.62 (4.84-5.90) 83 (31-250) 25.0
FPO CP 10/06/89 31 7.04 (6.58-7.22) 35 (6-142) 10.0 7.00 (6.58-7.22) 37 (6-142) 25.0
BMB CcP 10/06/89 31 6.26 (5.05-6.51) 19 (17-421) 5.0 6.01 (5.05-6.51) 46 (17-421) 15.0
BCK CP * 10/06/89 - 31 5.31 (4.58-5.49) 176 (153-359) 10.0 5.20 (4.58-5.49) 199 (153—359) 15.0
su CcP 10/06/89 31 5.81 (4.84-5.90) 44 (31-250) 0.0 5.62 (4.84-5.90) 83 (31-250) 5.0
Medians are time-weighted values, ba;sed on interpolated chemistry throughout the bicassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al '
in any one chemistry sample. o
FPO = Fly Pond Outlet; SLI = Seventh Lake Inlet; BMB = Bald Mountain Brook; BCK = Buck Creek.
CP = common pool (see Section 4.4.1 for explanation).
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Table 6-1, Fish Mortality and Chemistry (Median, Range) During In Sifu Bioassays with Brook Trout in Adirondack Streams

(Continued)®
20-Day Period Full Experiment
Source Starting Total

Stream® of Fish® Date Days pH Aliy % Mort pH Al % Mort
SPRING 1990

FPO CP 4/30/90 30 6.58 (6.19-6.91) 25 (10-107) 0.0 6.62 (6.19-6.91) 20 (10~107) 5.0

BMB CP 4/30/90 30 5.65 (4.74-5.87) 52 (15-277) 50.0 5.20 (4.74-5.87) | 186 (15-816) 65.0

BCK cP 4/30/90 30 4,93 (454-5.07) | 269 (196-434) 50.0 4,82 (454-5.07) | 296 (196-446) 70.0

sL cP 4/30/90 30 5.17 (4.74-5.37) 157 (87-236) 25,0 5.17 (474-5.41) | 164 (87-280) 250

Medians are time-weighted values, based on interpolated chemlstry throughout the bicassay period, Maximum and minimum are the highest and lowest values measured (or estimated for Al) in
any one chemistry sample.
FPO = Fly Pond Outlet; SLI = Seventh Lake Inlet; BMB = Bald Mountain Brook; BCK = Buck Creek,
CP = common pool (see Section 4.4.1 for explanation),




Tai)le 6-2. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Brook Trout in Catskill Streams?
» 20-Day Period Full Experiment
. Sou'rc% Starting Total e AL q % Mort® H AL % Mort
Stream of Fish Date Days P im P im
FALL 1988
Black Black 11/10/88 35 6.22 (6.08-6.75) 19 (0—-43) 5.3 6.42 (6.08-6.75) 19 (0-43) 5.3
Black 11/10/88 357 6.22 (6.08-6.75) 19 (0-43) 0.0 6.42 (6.08-6.75) 19 (0-483) 11.1
Biscuit Biscuit 11/03/88 41 5.91 (5.59-6.21) 13 (13-71) 4.8 5.99 (5.59-6.21) 13 (10-71) 19.0
Biscuit 11/03/88 41 5.91 (5.59-6.21) 13 (13-71) 0.0 5.99 (5.59-6.21) 18 (10-71) 23.1
EBINS EBrNS 11/04/88 41 4.84 (4.59-5.05) 118 (81-207) 7.1 4,84 (4.59-5.08) 137 (81-207) 7.4
EBINS 11/04/88 41 4.84 (4.59-5.05) 118 (81-207) 66.7 4.84 (4.59-5.08) 137 (81-207) 83.3
Black Black 11/30/88 15 — — —_ 6.38 (6.33-6.53) 23 (17-43) 5.0
n High Falls Black 11/30/88 15 — — — 6.26 (6.24-6.38) 0 (0-2) 0.0
® Biscuit Black 11/30/88 14 - — — 5.99 (5.98-6.01) 11 (10-16) 5.0
EBINS Black 11/30/88 15 — —_— — 5.03 (5.07-5.08) 134 (136-146) 15.0
SPRING 1989
Black PIN 4/08/89 19 —_ — —_ 6.42 (6.52-6.83) 12 (5-20) 23.8
High Falls PIN 4/06/89 21 5.96 (5.86-6.77) 5 (0-17) 18.0 6.35 (5.86-6.77) 6 (0-17) 19.0
Biscuit PIN 4/06/89 .21 5.87 (5.51-6.06) 13 (6-25) 23.8 5.87 (5.51-6.28) 13 (0-25) 23.8
EBrNS PIN 4/06/89 21 4,81 (4.56-4.96) 231 (173-812)  81.3 4.83 (4.56-4.96) 229 (173-312) 81.3
High Falls H.Falls 4/06/89 21 5.96 (5.86-6.77) 5 (0-17) 0.0 6.35 (5.86-6.77) 6 (0-17) 0.0
EBrNS EBrNS 4/06/89 21 4.81 (4.56-4.96) 231 (173-312) 4.8 4.83 (4.56-4.96) 229 (173-312) 4.8
8 Medians are time-weighted values, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al.))
b in any one chemistry sample.. )
C PIN = pigeon Creekt WEINS = West Branch Neversink ier
d - bicassay did not last 20 days; therefore, no statistics are provided for the 20-day period.
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Table 6-2. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Brook Trout in Catskill Streams

(Continued)®
20-Day Period Full Experiment
Source Starting Total a p p
StreamP® of Fish? Date Days pH Al % Mort pH Al % Mort
SPRING 1989 | (cont)
HighFalls | wWBINS | 5/04/89 13 — — — 6.19 (5.40-6.50) 7 (0-83) 0.0
Biscuit WBINS | 5/04/89 13 — — — 5.47 (4.97-5.92) 51 (27-145) 0.0
EBINS WBINS | 5/05/89 20° 460 (4.43-4.78) | 295 (223-505) 85.7 4.60 (4.43-4.78) | 295 (223-505) 85.7
High Falls | WBINS | 5/19/89 36 6.38 (6.02-6.76) 1 (0-9) 0.0 6.55 (6.02-6.78) 0 (0-82) 48
EBINS WBINS 5/19/89 36 4.74 (4.61-4.92) 148 (101-237) 0.0 4,67 (4.50-4.92) 177 (86-286) 47.6
High Falls | H.Falls | 5/19/89 36 6.38 (6.02-6.78) 1 (0-9) 0.0 6.55 (6.02-6.78) 0 (0-32) 48
EBINS WBINS | 5/19/89 36 4.74 (461-4.92) | 148 (101-237) 0.0 4.67 (4.50-4.92) 177 (86-286) 83.3
FALL 1989
Black WBINS 10/04/89 36 6.55 (5.44-6.78) 17 (10-73) 0.0 6.55 (5.44-6.86) 20 (10-73) 0.0
High Falls WBINS 10/04/89 35 6.64 (5.47-6.95) 12 (0-34) 0.0 6.58 (5.47-6.95) 3 (0-34) 0.0
Biscuit WBINS | 10/04/89 35 6.20 (5.04-6.32) 12 (7-55) 0.0 6.04 (5.04-6.34) 12 (5-55) 00
EBINS WBINS | 10/04/89 34 4.88 (4.27-5.12) | 162 (138-237) 0.0 471 (4.27-5.12) | 184 (138-243) 9.5
High Falls | H.Falls | 10/05/89 34 6.65 (5.47-6.95) 4 (0-34) 9.5 6.55 (5.47-6.95) 3 (0-34) 9.5
EBINS EBINS 10/07/89 31 4.86 (4.27-5.12) 162 (138-237) 4.8 4.71 (4.27-5.12) 184 (138-243) 4.8
High Falls | WBINS | 11/08/89 22 6.48 (6.00-6.73) 11 (0-28) 0.0 6.48 (6.00-6.73) 11 (0-28) 0.0
EBINS WBINS 11/08/89 22 4,74 (4.52-4.90) 211 (175-264) 28.6 4.74 (4.52-4.90) 211 (175-264) 38.1
High Falls H.Falls 11/08/89 22 6.48 (6.00-6.73) 11 (0-28) 0.0 6.48 (6.00-6.73) 11 (0-28) 0.0
EBINS EBINS | 11/07/89 23 474 (452-4.88) | 210 (175-264) 0.0 474 (452-4.90) | 211 (175-264) 48

o

Medians are time-weighted values, based on interpolated chemistry throughout the bicassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al, )
in any one chemistry sample.
EBINS = East Branch Neversink River.
PIN = Pigeon Creek; WBINS = West Branch Neversink River.

— = bioassay did not last 20 days; therefore, no statistics are provided for the 20-day period.
Bioassay terminated after 11 days due to high mortality.
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Table 6-2. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Brook Trout in Catskill Streams

(Continued)?®
20-Day Period Full Experiment
Source Starting Total
Stream® of Fish® |  Date Days pH Al % Mort pH Aliry % Mort
SPRING 1990
High Falls | WBINS | 3/09/90 28 6.51 (5.95-6.66) 7 (0-60) 0.0 6.55 (5.95-6.66) 8 (0-60) 48
Biscuit WBINS | 3/09/90 28 5.85 (5.30-6.44) 32 (21-117) 0.0 5.91 (5.30-6.44) 32 (6-117) . 48
High Falls | WBINS | 4/06/90 30 6.43 (5.87-6.64) 4 (0-32) ’ 0.0 6.54 (5.87-6.74) 2 (0-82) 0.0
Biscuit WBINS | 4/06/90 30 5.68 (5.03-5.86) 32 (13-159) 4.8 5.76 (5.03-6.10) 25 (0-159) 48
EBINS WBINS | 4/06/90 30 4,65 (4.36-4.85) | 252 (182-423) 66.7 4.68 (4.36-4.85) 218 (50-423) 66.7
High Falls H.Falls | 4/06/90 30 6.43 (5.87-6.64) 4 (0-32) 00 6.54 (5.87-6.74) 2 (0-32) 0.0
EBINS EBINS | 4/06/90 30 4,65 (4.36-4.85) | 252 (182-429) 52.4 4.68 (4.36-4.85) 218 (50-423) 57.1

Medians are time-weighted values, based on interpolated chemistry throughout the bicassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al,)
in any one chemistry sample.

EBINS = East Branch Neversink River.

PIN = Pigeon Creek; WBINS = West Branch Neversink River.




Table 6-3. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Brook Trout in Pennsylvania Streams?®

20-Day Period Full Experiment
Source Starting Total
Stream of Fish Date Days pH Al % Mort pH Al % Mort
FALL 1988
Benner Benner 10/11/88 36 6.14 (5.96-6.53) 0 (0-~10) 15.0 5.94 (6.54-6.53) 6 (0-47) 35.0
Roberts Benner 10/05/88 36 5,69 (4.86-6.51) 28 (2-202) 9.5 5.69 (4.86-6,51) 28 (2-202) 14.3
Roberts | 10/05/88 36 5,69 (4.86-6.51) 28 (2-202) 10.3 5.69 (4.86-6.51) 28 (2-202) 10.3
Stone 10/05/88" 36 5.69 (4.86-6.51) 28 (2-202) 4.5 5,69 (4.86-6.51) 28 (2-202) 4.5
Stone Benner 10/06/88 35 6.12 (6.02-6.26) 0 (0-9) 25.0 5.44 (5.19-6.26) 5 (0-189) 45.0 .
Roberts | 10/06/68 35 6.12 (6.02-6.26) 0 (0-9) 5.7 5.44 (5.19-6.26) 5 (0-189) 5.7
Stone 10/06/88 35 6.12 (6.02-6.26) 0 (0-9) 30.3 5.44 (5.19-6.26) 5 (0-189) 30.3
§ Baldwin Baldwin 10/13/88 36 6.78 (6.63-6.94) 9 (0-11) 11.1 6.69 (6.25-6.94) 9 (0-26) 19.4
Linn Baldwin 10/13/88 36 5,92 (5.12-6,39) 55 (0-458) 2.7 5,78 (4.98-6.39) 79 (0-500) 18.9
Benner 10/13/88 36 5,92 {5.12-6.39) | 55 (0-458) 21.4 "5.78 (4.98-6.39) | 79 (0-500) 214
SPRING 1989
Benner gi’;’;f{é 2/21/89 42 5.82 (5.55-6.09) 15 (0-46) 00 | 582 (4.91-6.09) 17 (0-152) 42.9
Roberts Roberts 2/23/89 39 5.19 (4.95-5.31) 115 (104-171) 429 5.21 {4.59-5.31) ‘ 117 (104-233) 524
Stone Stone 2/22/89 40 5.08 (4.97-5.15) 212 (208-326) 76.2 5.18 (4.63-5.47) 173 (0-443) 90.5
Baldwin Baldwin 2/27/89 39 5.99 (5.95-6.09) "1 4 (13-14) 9.5 5.99 {5.37-6.16) 14 (5-95) 52.4
Linn Linn 2/28/89 37 5.63 (5.08-5.97) 200 (62-453) 929 5.38 (4.95-5.97) 208 (62-494) 97.6
&  Medians are time-weighted values, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al
in any one chemistry sample.
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Table 6-3. Fish Mortality and Chemistry (Median, Range) During /n Situ Bioassays with Brook Trout in Pennsylvania Streams

(Continued)?
20-Day Period Full Experiment
Source Starting Total
Stream of Fish? Date Days pH Alim % Mort pH Al % Mort
SPRING 1989 (cont) .
Roberts Roberts 3/14/89 20 5.10 (4.59-5.27) 127 (111-233) 28.6 5.10 (4.59-5.27) 127 (111-233) 28.6
Stone Stone 3/14/89 20 5.22 (4.63-5.47) 149 (0-443) 19.0 5.22 (4.63-5.47) 149 (0-443) 19.0
Linn Linn 3/20/89 17 5.30 (4.95-5.60) 208 (151-494) 85.7 5.30 (4.95-5.60) 208 (151-494) 857
FALL 1989
Benner Benner 10/30/89 21 5.96 (4.91-6.19) 11 (2-131) 14.3 5.96 (4.91-6.19) 11 (2-131) 14.3
Roberts Stone | 10/31/89 20 5.55 (4.81-5.77) 71 (48-233) ‘343 5.55 (4.81-5.77) 71 (48-233) 343
Stone Stone 10/31/89 20 5.90 (5.34-6.03) 8 (0-156) 229 5.90 (5.34-6.03) 8 (0-156) 229
Baldwin cP 11/02/89 20 6.30 (6.23-6.46) 12 (10-17) 29 6.30 (6.23-6.46) 12 (10-17) 29
Linn cP 11/02/89 20 5.84 (4.99-6.15) 44 (19-496) 2.9 5.84 (4.99-6.15) 44 (19-496) . 29
SPRING 1990
Benner cP 3/02/90 20 6.06 (5.12-6.22) 2 (0-101) 0.0 6.06 (5.12-6.22) 2 (0-101) 0.0
Stone CcP 3/02/30 20 5.18 (4;.80—6.05) 204 (0-324) 914 5.18 (4.80-6.05) 204 (0-324) 91.4
Benner CP 3/22/90 20 5.92 (5.16-6.17) 9 (0-90) 2.9 5.92 (5.16-6.17) 9 (0-90) 2.9
Stone CcP 8/22/90 20 5.13 (4.74-5.85) 239 (12-496) " 943 5.13 (4.74-5.85) 239 (12-496) 94.3

a

b

Medians are time-weighted values, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al,.)
in any one chemistry sample.
CP = commion pool (see Section 4.4.1 for explanation).
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Table 6-4. Fish Mortality and Chemistry (Median, Range) During /n Sifu Bioassays with Blacknose Dace in Adirondack Streams®

20-Day Period Full Experiment
Source Starting Total 3 a
Stream® of Fish® Date Days pH Al % Mort® pH Aliry % Mort
FALL 1988 |
FPO CP 11/01/88 30 6.52 (6.20-6.84) 20 (20-20) 0.0 6.51 (6.20-6.84) 20 (20-20) 0.0
BMB CP 11/01/88 30 4,97 (4.64-552) 198 (106-415) 90.0 497 (464-552) | 198 (106-415) 90.0
BCK cP 11/01/88 30 4,77 (4.64-5.10) 209 (192-497) | 100.0 4.79 (4.64-5.10) | 329 (192-497) | 100.0
st ol 11/01/88 80 4,95 (4.65-5.42) 210 (97-841) 95.0 4.94 (4.65-5.42) 210 (97-841) 95.0
SPRING 1989
FPO cP 5/08/89 10 — — —_ 6.64 (6.61-6.78) 20 (20-20) 0.0
BMB CP 5/08/69 10 - — — 5.04 (5.02-5.15) | 172 (151-230) | 100.0
BCK CP 5/08/89 10 — — —_ 476 (4.75-4.83) | 834 (327-897) 100.0
sl CP 5/08/89 10 - _ - 4.96 (4.93-5.08) | 171 (156-224) 95.2
FPO cpP 5/18/89 41 7.03 (7.02-7.08) 14 (0-107) 0.0 7.06 (6.47-7.15) 19 (0-107) 14.3
BMB cP 5/18/89 41 5.84 (5.67-6.11) 85 (18-163) 0.0 6.12 (5.67-6.36) 39 (0-169) 0.0
BCK CP 5/18/89 41 5.20 (5.13-5.42) 149 (113-207) 52.4 5.38 (5.13-6.01) 92 (0-207) 66.7
st CP 5/18/89 41 5.54 (5.44-5.67) 97 (72-1835) 0.0 5.68 (5.44-6.11) 51 (9-135) 0.0
FALL 1989 '
FPO CP 9/27/89 40 7.07 (7.04-7.22) 42 (20-71) 0.0 7.00 (6.58-7.22) 39 (6-142) 0.0
BMB cP 9/27/89 40 6.33 (6.15-6.51) 22 (17-30) 0.0 6.01 (5.05-6.51) 41 (17-421) 0.0
BCK cP 9/27/89 40 5.38 (5.36-5.49) 173 (143-249) 90.0 5.20 (4.58-5.49) | 200 (143-359) | 100.0
st cP 9/27/89 40 5.61 (5.67-5.90) 54 (31-88) 5.62 (4.84-5.90) 83 (31-250) 10.0

0.0

2}

Medians are time-weighted values, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al )
in any one chemistry sample.
FPO = Fly Pond Outlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Lake Inlet.
CP = common pool (see Section 4.4.1 for explanation).

— = bioassay did not last 20 days; therefore, no statistics are provided for the 20-day period.




" Table 6-4. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Blacknose Dace in Adirondack Streams

’ (Continued)?®
20-Day Period Full Experiment
Source Starting Total
Stream® of Fish® Date Days pH Al % Mort pH Al % Mort
SPRING 1990
FPO cP 4/30/90 30 6.58 (6.19-6.91) 25 (10-107) 0.0 6.62 (6.19-6.91) 20 (10-107) 0.0
BMB CP 4/30/90 30 5.65 (4.74-5.87) 52 (15-277) 80.0 5.20 (4.74-5.87) 136 (15-316) 100.0
BCK CP 4/30/90 30 4,93 (4.54-5.07) 269 (196-434) 100.0 4.82 (4.54-5.07) 296 (196-446) 100.0
sul . CP 4/30/90 30 5.17 (4.74-5.37) 157 (87-236) 95.0 5.17 (4.74-5.41) 164 (87-280) 100.0

Medians are time-weighted velues, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al )
in any one chemistry sample.

FPO = Fly Pond Outlet; BMB = Bald Mountain Brook; BCK = Buck Creek; SLI = Seventh Lake Inlet.

CP = common pool (see Section 4.4.1 for explanation).
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Table 6-5. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Slimy Sculpin in Catskill Streams®

20-Day Period Full Experiment
b S | Somes | oo He A, d % Mort® H Al % Mort
Stream of Fish Date Days P im P im
FALL 1988
Black Black 11/10/88 35 6.22 (6.08-6.75) 19 (0-43) 0.0 6.42 (6.08-6.75) 19 (0-43) 0.0
Biscuit Biscuit 11/03/88 41 5.91 (5.59-6.21) 18 (18-71) 0.0 5,99 (5.59-6.21) 18 (10-71) 0.0
SPRING 1989
Black PIN afos/eg -| 19 — - — 6.42 (6.52-6.83) 12 (5-20) 0.0
High Falls PIN 4/06/89 21 5.96 (5.86-6.77) 5 (0-17) 0.0 6.35 (5.86-6.77) 6 (0-17) 0.0
Biscuit PIN 4/06/89 21 5.87 (5.51-6.06) 13 (6-25) 4.8 5.87 (5.51-6.28) 18 (0-25) 4.8
EBrNS PIN 4/06/89 21 4.81 (4.56-4.96) 281 (173—-312)» 57.9 4.83 (4.56-4.96) 229 (173-312) 68.4
High Falls | WBINS | 5/04/89 18 —_ — — 6.19 (5.40-6.50) 7 (0-83) 0.0
Biscuit WBINS | 5/04/89 13 —_ — —_ 5.47 (4.97-5.92) 51 (27-145) 0.0
EBINS WBINS | 5/04/89 9 — — — 452 (4.45-4.69) | 301 (232-505) 48
FALL 1989
Black WBINS | 10/04/89 36 6.55 (5.44-6.78) 17 (10-73) 0.0 6.55.(5.44-6.86) 20 (10-73) 0.0
High Falls | WBINS | 10/04/89 35 6.64 (5.47-6.95) 12 (0-84) 0.0 6.58 (5.47-6.95) 3 (0-34) 0.0
Biscuit WBINS | 10/04/89 35 6.20 (5.04-6.32) 12 (7-55) 4.8 6.04 (5.04-6.34) 12 (5-55) 48
EBINS WBINS | 10/04/89 34 4.88 (4.27-5.12) 162 (138-237) 4.8 471 (4.27-5.12) | 184 (138-243) 9.5
High Falls H.Falls 10/05/89 34 6.65 (5.47-6.95) 4 (0-34) 0.0 6.55 (5.47-6.95) 3 (0-34) 0.0
EBINS EBINS 10/07/89 31 4.86 (4.27-5.12) 162 (138-237) 0.0 4.71 (4.27-5.12) 184 (138-243) 0.0

a

00U

Medians are time-weighted values, based on interpolated chemistry throughout the bioassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al;;)
in any one chemistry sample.
EBNS = East Branch Neversink River.
PIN = Pigeon Creek; WBINS = West Branch Neversink River.

— = bioassay did not last 20 days; therefore, no statistics are provided for the 20-day period.




Table 6-5. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Slimy Sculpin in Catskill Streams

(Continued)?
20-Day Period Full Experiment
Source Starting Total

Stream® of Fish® Date Days - pH Aliey % Mort pH Alirn % Mort
FALL 1989

High Falls WBINS 11/08/89 22 6.48 (6.00-6.73) 11 (0-28) 0.0 6.48 (6.00-6.73) 11 (0-28) 0.0

EBINS WBINS 11/08/89 22 4.74 (4.52-4.90) 211 (175-264) 0.0 4,74 (4.52-4.90) 211 (175-264) 4.8

High Falls H.Falls 11/08/89 22 6.48 (6.00-6.73) 11 (0-28)° 0.0 6.48 (6.00-6.73) 11 (0-28) 0.0

EBINS EBINS 11/07/89 23 4.74 (4.52-4.88) 210 (175-264) 0.0 4,74 (4.52-4.90) 211 (175-264) 4.8

Medians are time-weighted values, based on interpolated chemistry throughout the bicassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al )
in any one chemistry sample.

- EBrNS = East Branch Neversink River.
PIN = Pigeon Creek; WBrNS = West Branch Neversink River.
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Table 6-6. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Sculpin in Pennsylvania Streams®

20-Day Peyiod Full Experiment
Source Starting Total
Stream Species | of Fish® Date Days pH Al % Mort pH Al % Mort
FALL 1988
Benner Slimy Benner | 10/11/88 36 6.14 (5.96-6.53) 0 (0-10) 1.8 | 5.94 (5.54-6.53) 6 (0-47) 30.9
Roberts Slimy Benner 10/05/88 36 5.69 (4.86-6.51) 28 (2-202) 4.3 5.69 (4.86-6.51) 28 (2-202) 38.3
Stone Slimy Benner 10/06/88 35 6.12 (6.02-6.26) 9 (0-9) 7.4 5.44 (5.19-6.26) 5 (0-189) 7.4
Linn Slimy Benner 10/13/88 36 5,92 (5.12-6.39) 55 (0-458) 0.0 5.78 (4.98-6.30) 79 (0-500) 0.0
Baldwin Mottled | Baldwin | 10/13/88 36 6.78 (6.63-6.94) 9 (0-11) 0.0 | 6.69 (6.25-6.94) 9 (0-26) 0.0
Linn Mottled | Baldwin | 10/13/88 36 5.92 (5.12-6.39) 55 (0-458) 00 | 5.78 (4.98-6.39) 79 (0-500) 30.4
SPRING 1989
Benner Slimy SixMile | 2/21/89 42 5.82 (5.55-6.09) 15 (0-46) 0.0 | 5.82 (4.91-6.00) 17 (0-152) 0.0
Roberts Slimy SixMile | 2/22/89 40 5.03 (4.83-5.31) | 126 (104-198) | 33.3 5.16 (4.50-5.31) | 128 (104-233) 81.0
Stone Slimy SixMile | 2/22/89 39 5.08 (4.97-5.15) | 212 (208-326) | 47.6 | 5.18 (4.63-5.47) 173 (0-443) 100.0
Baldwin Mottled Linn 2/27/89 38 5.99 (5.95-6.09) 14 (13-14) 0.0 5.99 (5.37-6.16) 14 (5-95) 33.3
Linn Mottied | Baldwin | 2/28/89 37 5.63 (5.03-5.97) | 200 (62-453) 57.1 5.38 (4.95-5.97) 208 (62-494) | 100.0
SPRING 1990
Benner Slimy CP 3/02/90 20 6.06 (5.12-6.22) 2 (0-101) 0.0 6.06 (5.12-6.22) 2 (0-101) 0.0
Stone Slimy cP 3/02/90 20 5.18 (4.80-6.05) 204 {0-324) 48.6 5.18 (4.80-6.05) 204 (0-324) 48,6
Benner Mottled cP 3/02/90 20 6.06 (5.12-6.22) 2 (0-101) 00 | 6.06 (5.12-6.22) 2 (0-101) 0.0
Stone Mottled cP 3/02/00 20 | 5.18 (4.80-6.05) 204 (0-324) 457 5.18 (4.80-6.05) 204 (0-824) 45.7

a

b

Medians are time-weighted values, based on interpolated chemistry throughout the bicassay period
one chemistry sample.
CP = common pool {see Section 4.4.1 for explanation}.

, Maximum and minimum are the highest and lowest values measured (or estimated for Al;,) inany




Table 6-6. Fish Mortality and Chemistry (Median, Range) During In Situ Bioassays with Sculpin in Pennsylvania Streams
(Continued)?

20-Day Period " Full Experiment
Source Starting Total
Stream Species | of Fish? Date Days pH Al % Mort pH Al % Mort
SPRING 1990
Benner Slimy cP 3/22/90 20 | 5.92 (5.16-6.17) 9 (0-90) 114 | 5.92 (5.16-6.17) 9 (0-90) 30.9
Stone Slimy cP 3/22/90 20 | 5.13 (4.74-5.85) | 239 (12-496) 014 | 5.12 (4.74-5.85) | 239 (12-496) 38.3
Benner Mottled CP 3/22/90 20 | 5.92 (5.16-6.17) 9 (0-90) 00 | 592 (5.16-6.17) 9 (0-90) 7.4
Stone Mottled CP 3/22/90 20 | 5.13 (4.74-5.85) | 239 (12-496) 429 | 5.18 (4.74-5.85) | 239 (12-496) 0.0

a

Medians are time-weighted values, based on interpolated chemistry throughout the bicassay period. Maximum and minimum are the highest and lowest values measured (or estimated for Al.) in any )
one chemistry sample. :
CP = common pool (see Section 4.4.1 for explanation).

b
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Table 6-7. Fish Mortality (% Mortality after 20 Days) in In Situ Bioassays in Reference and Nonreference Streams

% Mortality
Statistical Comparisons: Wilcoxon Rank

Species (Group) Reference Stream Nonreference Streams Sums (p-value)
All fish Mean 3.1 33.0 0.0001

(Std. Dev.) (5.6) (33.6)

(n=) (n = 46) (n = 84)
Brook trout Mean 4.8 30.6 0.0001
(all) (Std. Dev.) (6.6) (30.2)

(n =) (n=27) (n = 53)
Brook trout Mean 5.3 32.1 0.0009
(common pool)  (Std. Dev.) (7.2) (80.7)

(n =) (n=17) (n = 32)
Blacknose dace Mean 0.0 585 - 0.0441
(common pool)  (Std. Dev.) (0.0) (45.0)

(n =) n=4 (n=12)
Sculpin® Mean 1.2 26.2 0.0017
(common pool)  (Std. Dev.) (3.4) (28.3)

(n =) (n =11) (n = 15)

& Mottled and slimy sculpin combined.
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Acidic Episodes, and Chronically Acidic®

Table 6-8. Fish Mortality (% Mortality after 20 Days) in In Situ Bioassays Classified by ANC as Nonacidic (Reference Bioassays),

% Mortality Statistical Comparisons: Wilcoxon Rank Sums (p-value)
; Acidic Chronically Nonacidic vs. Acidic Episode vs.
Species (Group)
Nonacidic Episode Acidic Acidic Episode Chronically Acidic
Brook trout Mean 8.0 31.6 31.4 0.0017 0.8769
(all) (Std. Dev.) (13.3) (30.9) (31.4)
(n =) (n = 33) (n=14) (n=12)
Brook trout Mean 10.2 29.7 44 1 0.0257 0.4954
(common pool) (Std. Dev.) (15.8) (27.9) (36.9)
(n =) (n=23) (n = 8) (h = 4)
Blacknose dace Mean 5.8 92.0 — 0.0011 —
(common pool) (Std. Dev.) (17.5) (7.6) -
(n =) (n=09) (n=79) (n=0)
Sculpin® Mean 0.9 20.6 23.1 0.0951 0.9999
(common pool) (Std. Dev.) (1.9) (81.7) (26.5)
(n=)" (n=11) (n = 3) (n = 6)

& Nonacidic: ANC always > 0 peq/l.
Chronically acidic: ANC always < 0 geq/L
Acidic episode: Initial ANC > 0, with at feast two consecutive ANC values < 0 ueqy/L during the 20-day period. Analyses were also conducted wnh acidic episode
defined by at least one value < O ueq/L. Results were similar, but in general, the differences between nonacidic and acidic episode biocassays were less distinct.

Mottled and slimy sculpin combined; sample sizes too small to subset for common pool sculpin,




Table 6-9. Equations for Calculating Acidic Stress Index (from J. Baker et al. 1990a)?

Model based on laboratory bioassay with brook trout swim-up fry:

AS]. = 100
¢ =
1 + exp[-23.49 + 5.35pH + (2.97 x 1073)Ca - (1.93 x 10‘3)Alim]
Model based on laboratory bioassay with rainbow trout fry:
ASI, = 100

1 + exp[-8.90 + 1.56pH + (4.08 x 1073)Ca - (7.04 x 1072)A/,, ]

Model based on laboratory bioassay with adult brook trout:

ASl;_oq = 100(1 - P/0.9627), where

1
1 + exp[-3.25 + (1.30 x 107°) (Al;,)?]

P=

B Ca units ueq/l; Al units ug/L. of inorganic monomeric Al; pH as pH units.
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Table 6-10. Regression Coefficients (r2) from Single-Variable Linear and Logistic Regression of 20-Day Percent Mortality as a
Function of Time-Weighted Median Values of pH, AL, (ug/L), and Three Acidic Stress Indices for Brook Trout
{Common Pool and All Fish), Blacknose Dace, and Slimy and Mottled Sculpin Using Both Observed and Adjusted

Mortality?

Dependent Variables and Model Types

mortality (n = 24)

0.57

Response Variables Linear Linear Linear Linear Linear Linear Logistic Logistic
A | Logy, Al pH ASI ASI, I Al pH

Trout, common, unadjusted

mortalty (0 49 056 0.41 0.37 0.31 0.29 058 059 0.41

Trout, common, adjusted "n

mortalty (h = 49 0.60 0.46 0.38 0.33 0.31 0.61 0.64 0.43

All trout, unadjusted '

mortallty (n = 74) 0.47 0.36 0.25 0.29 0.14 0.46 0.49 0.25

31” _t__r°_;':) adjusted mortality | 4g 0.36 0.25 0.27 0.16 0.48 0.51 0.25

gy custed morally 1 - o.75 0.73 0.65 050 0.45 0.54 0.79 0.7

All sculpin, unadjusted

mortalty (h = 82) 0.55 0.38 0.27 0.41 0.01 0.63 0.61 0.14

Slimy sculpin, unadjusted 0.45 0.28 0.23 0.31 0.01 0.52 0.13

AS|, see Table 6-9. Regression resuits presented as r? values for linear regression and logistic-regression analog for r* (Agresti, 1990). See text for definition of
adjusted mortality. Measured Al Is used where available; otherwise Al is estimated as described in Section 4.3.3.




Table 6-11.  Logistic Regression Model Predicting 20-Day Percent Mortality of Brook Trout
(Common Pool) as a Function of the Time-Weighted Median Al Concen-

tration
Parameter Standard
Variable Estimate Error Pr > Chi-Square
Intercept —2.707 0.1434 0.0001
Median Al,_, (ug/L) 0.0136 0.0089 0.0001

Model deviance = 887.0
Variance of residuals = 323.7

r2 = 0.592

Table 6-12, Logistic Regression Model Predicting 20-Day Percent Mortality of Brook Trout
(Common Pool): Best 3-Variable Model.

Parameter Standard _ n
Variable Estimate Error Pr > Chi-Square
Intercept -10.86 1.34 0.0001
Median Al . (zg/L) 0.0191 0.0016 0.0001
Minimum pH 1.853 0.263 0.0001
Median Ca (ueg/L) -0.0174 0.0028 0.0001

Model deviance = 826.1
Variance of residuals = 221.9

r? = 0.720
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Table 6-13. Logistic Regression Model Predicting 20-Day Percent Mortality of Brook Trout
(Common Pool): Best 5-Variable Model.

Parameter Standard
Variable Estimate Error Pr > Chi-Square
Intercept -8.334 1.32 0.0001
Median Al (ug/L) 0.0206 0.0016 0.0001
Minimum pH 1.501 0.256 0.0001
Median Ca (ueq/L) —0.0141 0.0029 0.0001
Median DOC (mg/L) -0.2589 0.0635 0.0001
Catskill Region -1.3111 0.263 0.0001
Model deviance = 793.5
Variance of residuals = 166.3
r? = 0.790

i

Table 6-14. Ordinary Least Squares Regression Model Predicting the Logit Transformation

of the 20-Day Percent Mortality of Brook Trout (Common Pool): Best Overall

Mode.l.
Parameter Standard :
Variable Estimate Error Pr > Chi-Square
Intercept -6.177 1.91 0.0023
Median Al («g/L) 0.0124 0.0022 0.0001
| Minimum pH 1.085 0.367 0.0050
Median Ca (ueq/L) -0.0136 0.0039 0.0012
Variance of residuals = 256.6%
r? = 0.6512

8 Model statistics calculated based on predicted probability of fish mortality rather than logit transformed mortality, for
comparison to logistic models.

279




Table 6-15. Logistic Regression Model Predicting 20-Day Percent Mortality of Blacknose

Dace
Parameter Standard
Variable Estimate Error Pr > Chi-Square
Intercept —7.838 2.399 0.0011
Log (integral concentration-duration for
Al > 200 pg/L) 4.111 1.060 0.0001

Model deviance = 102.0
Variance of residuals = 52.9

2 = 975

Table 6-16.

Logistic Regression Model for Predicting 20-Day Percent Mortality of Séulpin

Parameter Standard
Variable Estimate Error Pr > Chi-Square
Intercept -5.677 0.424 0.0001
Median Al (uzg/L) 0.0189 0.0016 0.0001
Region 1.837 0.319 0.0001

Model deviance = 448.0
Variance of residuals = 118.1

2 = 799
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Table 6-17. Chemical Conditions during Telemetry Studies with Net Downstream Movement of Brook Trout

Study Period Episode or Period Associated with Initiation of Movement?
Net pH Al ‘(yg/L) Ca (ueq/b) Discharge (cfs) Duration (d) | Bioassa
Moverr;ent Episode/ [ Min. | Max.Al % i
Stream Dates m) Median?| Range | Mediand| Range |Median®| Range | Mediand| Range | Period | PH | (wa/U'] ol >160{ Al >200| Al >300 Mor;ta t
Bald Mt. |10/04- Episode
Brook 11/03/89 -50 6.10 | 5.05-6.51 28 17-421 | 112 102-124 1.0 0.7-12.9 #13 5.05 421 1.55 0.93 0.00 5%
Buck  |10/04- ' nitial | 5.41- q _
Creek 11/03/89 150 5.21 | 4.58-5.49] 187 153-359] 121 110-129 0.9 0.6~1 9? conditionsl 5.49 143-153 10%
Buck 5/07- . Initial .
Creek 6/05/90 =200 4.82 | 4.54-6.16] 308 22-446 | 105 96-162 9.1 2.2-49.0 conditions 4,86 317 4.0 4.0 1.52 50%
East Br. |4/13- ; Initial
Neversink| 4/28/89 =300 4.80 | 4.72-4.97| 186 157-284] 76 74-80 38.7 18-102.8 conditions 4,72 284 4,0 4.0 0.00 81%
. 10/16- ‘ Episode

¥ - -

9 Linn Run 11/14/88 200 6.28 | 4.98-6.41 69 0-500 | 179 139-192 5.0 2.8-31.2 #2 5.12 458 2.00 0.71 0.45 3%
Linn Run Zgg;sg -400 520 |495-581| 252 | 62-a0a| 151 [113-160] 109 | 6.9-644 Ep';gde 503 | 357 | 3.0 344 | 148 | o3
Stone 3/07- Initial
RUN 4/05/90 -850 5.16 4.80—6.05 218 0-324 95 74-120 6.4 4.8-13.2 condition5| 5.17 211 4.0 1.09 0.00 91%

(L=

2 From figures presented in D. Bath, Adirondack Lake Survey Corporation, Ray Brook New York, pers. comm., 1992; Murdoch et al. (1991), and Gagen (1991). ‘
Episodes defined as described in Section 5.2.1. Hitial conditions indicates that fish movement started within one to a few days after fish were released; chemistry summaries are for first
four days. ‘

¢ No chemistry samples analyzed during first four days of study; range indicates values for samples collected immediately before and after four-day period.

Time-weighted median.




c8e

Table 6-18.

Chemical Conditions during Telemetry Studies with Little, If Any, Net Downstream Movement of Brook Trout

Discharge (cfs)

a Time-weighted median.
Estimated Al;,,, as described in Section 4.3.3,

© Episode #15 occurred during study but resulted in no net movement: Al > 100 ug/L for 2.6 days; maximum Ay, = 156 HlL.

4

pH Bioassay AL (egl)® Ca (veq/L)
. a % Mortality o ] )
Stream Dates Median Range Median® | Range | Median® | Range | Median®| Range
Fly Pond Outlet | 5/22-6/20/89 7.08 | 7.02-7.15 0 19 0-28 235 |[225-290| 05 | 0.4-1.0
Fly Pond Outlet | 10/05-11/03/89 | 6.97 |6.58-7.22| 10% 39 6-142 253 |194299| 05 | 0.2-1.7
Fly Pond Outlet | 5/05-6/05/90 6.68 | 6.19-7.00 0 16 10-42 197 |152-241| 1.2 | 0.8-4.7
aT:f“th Lake 5/23-6/20/89 |- 5.68 | 5.55-5.85 0 51 o115 | 124 |[121-128| 25 | 2.3-5.
High Falls Brook | 4/13-4/27/89 6.26 |586-677| 19% 9 2-12 201 |198204| 64 |57-11.5
Baldwin Creek | 10/16-11/14/88 | 6.44 |6.28694| 11% 2 0-26 125 | 84244 | 16 | 1.2-68
Baldwin Creek 3/03-4/02/89 599 |5.37-6.16 9% 14 | 5-95 160 |142-184| 58 |5.8-68.7
Benner Run 11/06-11/28/89 | 599 |4.91-619| 14% 9 0-131 66 63-109 | 59 |4.3-31.6
Benner Run 8/07-4/06/90 6.03 |5.12-6.22 0 3 0-101 83 | 61-167 | 46 | 4.0-10.0
Stone Run® 11/06-11/30/89 | 555 |5.24-603| 23% 59 0-166 116 |103-132| 32 | 1.4-64




Table 6-13. Number of Brook Trout and Blacknose Dace Caught in Fish Traps Moving
Upstream and Downstream in Bald Mountain Brook and Fly Pond Outlet in
Relation to Average Daily Stream Minimonitor pH?
Brook Trout Blacknose Dace
Minimonitor . ’
Stream pH Upstream | Downstream | Upstream | Downstream
Bald Mountain
Brook <50 0 0 0 16
Bald Mountain
Brook > 5.0 10 31 0 8
Fly Pond Outlet > 6.0 23 54 2 19

2 Source: D. Bath, ALSC, pers. comm.

Table 6-20. Number of Days Brook Trout Were Captured in Fish Traps in Bald Mountain
Brook and Fly Pond OQutlet in Relation to Stream Minimonitor pH?

Daily
Minimonitor No Downstream Upstream Both

Stream pH Movement Movement Movement Directions
Bald Mountain <50 43 0 0 0
Brook

Bald Mountain > 50 217 23 7 1
Brook

Fly Pond Outlet > 6.0 233 49 23 9

2 Fish traps were operational in both streams for 296 days; source: D. Bath, ALSC, pers. comm.




Table 6-21. Species Caught in ERP Streams®

Stream Chemistry Fish Species Acid Sensitivity®
Stream :ae:g:‘ltgb Median pH Median Al (ug/L)° Acid Tolerant Intermediate Acid Sensitive
Low Flow | High Flow | Low Flow | High Flow
East Branch Neversink River 1 4.91 4.50 58 347 Brook trout
Roberts Run 2 6.05 4.71 20 196 Brook trout (Brown trout)®
Stone Run 2 6.02 4.80 10 426 Brook trout
Linn Run 3. 6.40 5.12 0 387 Brook trout
Buck Creek 3 6.20 4,57 47 375 Eﬁr:;)ri;i:gg\t/v (Céf:wkncrrgztf Blacknose dace
Bald Mountain Brook 4 6.59 4.77 43 331 Brook trout Creek chub
Seventh Lake Inlet 4 6.19 478 59 225 af:;i:ggfﬁl g'aene; csg'_"b
§ Biscuit Brook 5 6.31 5.38 3 70 Brook trout Brown trout Slimy sculpin
Benner Run 5 6.21 5.23 0 68 Brook trout Brown trout Slimy sculpin
Brook trout
Fly Pond Outlet 6 7.22 6.19 20 20 White sucker Creek chub
Yellow perch
Black Brook 6 6.82 6.10 183 - 34 Brook trout Slimy sculpin
High Falls Brook 6 6.87 6.04 0 21 Brook trout Brown trout Slimy sculpin
Baldwin Creek 6 6.44 5.89 11 19 Brook trout Mottled sculpin

Streams ranked by severity of stream chemistry; fish species classified according to their acid sensitivity, Species caught using electrofishing—all sampling dates, except presence/absence of species
involved in transplant experiments (brook trout, blacknose dace, and sculpin) based only on pre-transplant survey in fall 1988.

Severity of stream chemistry ranked from 1 (most severe) to 6 (least severe); see text for explanation.

Using measured and estimated Al,,, combined, as described in Section 4.3.3.

Acid sensitivity classified based on Figure 4.2 in Baker and Christensen (1991). Species classified as acid tolerant if at least some populations are expected to survive in lakes with pH < 4.7 (i.e.,
lower range for critical pH < 4.7); intermediately sensitive, with lower pH range between 4.8 and 5.0 inclusive; and acid sensitive if species is expected to eccur only in
waters with pH > 5.0. Mottled sculpin were not included in Figure 4.2 and were assumed to be in the same acid sensitivity class as slimy sculpin, based on their similar
mortality levels in ERP in situ bioassays (Section 6.1). Unknown darter species caught in Seventh Lake Inlet arbitrarily classified as intermediate sensitivity.

Only one brown trout was caught, in total, duting ali sampling dates. Thus, this species occurs in very low abundance.

r




Table 6-22. Rank Correlation Coefficients (and Associated P-Values for Test of Zero
Correlation) Relating Brook Trout Density and Biomass (Mean Values from
Spring and Fall Samples) to Annual Median Stream Chemistry (Weekly
Samples) and Median Chemistry during Low and High Stream Discharge

Median Chemistry Trout Density Trout Biomass
Weekly pH +0.852 +0.890
(0.0002) (0.0001)
High flow pH +0.725 +0.830
(0.0050) (0.0005)
Low flow pH +0.728 +0.780
(0.0027) (0.0017)"
Weekly AL, -0.610 ‘ -0.687
(0.0269) (0.0095)
High flow Al, - -0.703 —-0.808
. (0.0073) (0.0008)
Low flow Al -0.055 -0.126
(0.8585) (0.6808)




Table 6-23. Density and Biomass of Brook Trout Measured in ERP Streams?

Density (number/0.1 ha)
Biomass
95% Upper (9/0.1 ha)
Stream Date Caught Estimate Confidence Caught®
Limit
Buck Creek 09/22/88 4 4 14 265
04/25/89 31 31 © 35 344
06/22/89 69 71 77 1208
09/11/89 57 57 59 1255
11/10/89 83 86 96 1092
04/24/90 39 43 55 417
06/14/90 26 26 28 367
06/15/91 6 6 8 120
Bald Mountain 10/11/88 162 180 216 1441
Brook 04/24/89 117 122 140 1140
06/22/89 194 198 212 2068
09/01/89 171 185 212 1946
11/07/89 135 - 135 140 1423
04/19/90 135 140 - 158 1068
06/13/90 113 122 144 1505
06/15/91 90 90 104 1230
Fly Pond Outlet 10/12/88 516 522 530 | 3452
04/24/89 308 329 352 2014
06/21/89 216 222 233 2121
09/12/89 236 236 242 1882
11/08/89 167 167 173 1986
04/19/90 115 115 121 1219
06/13/90 239 : 256 282 1896
06/15/91 89 89 153 1179
Seventh Lake 09/22/88 49 51 58 1125
Inlet 04/25/89 69 71 78 1063
06/27/89 67 67 70 1629
09/07/89 71 71 74 1788
11/14/89 69 69 71 1418
04/20/90 27 27 28 418
06/12/90 43 44 49 838
06/15/91 24 26 - 26 646
Biscuit Brook 10/10/88 59 60 62 : —
12/12/88 60 67 77 —
05/30/89 87 102 116 1475
08/22/89 126 133 141 —
10/29/89 141 162 161 1858
06/02/90 86 94 103 1879

2 Data from Gagen (1991) for Pennsylvania streams; D. Bath (ALSC, pers. comm.) for Adirondack streams; B. Baldigo .
(USGS, pers. comm.) for Catskill streams.
— = fish welghts not measured.




Table 6-23. Density and Biomass of Brook Trout Measured in ERP Streams (Continued)?

Density (number/0.1 ha)
Biomass
b 95% Upper (9/0.1 ha)
Stream Date Caught Estimate Confidence Caught®
Limit°

Black Brook 11/10/88 233 268 297 3582
06/20/89 231 24 256 2749
08/28/89 528 554 ‘579 —
10/25/89 354 395 433 3697
11/27/89 205 233 272 —
06/04/90 331 331 336 3849
High Falls Brook 11/15/88 147 155 165 2217
05/01/89 82 85 92 1387
08/22/89 197 235 277 —
10/13/89 187 193 203 2073
06/02/90 68 75 88 1620
East Branch 06/07/89 28 45 71 394
Neversink River 08/23/89 35 36 38 —
10/16/89 13 14 15 195
06/06/90 13 14 17 283
Benner Run 07/14/88 218 227 240 1976
11/15/88 142 146 153 —_
03/30/89 60 62 72 393
06/29/89 87 91 102 957
08/22/89 111 116 127 1582
11/28/89 53 . 55 64 744
04/06/90 62 62 66 587
06/05/90 180 189 . 202 2062
Baldwin Creek 07/12/88 84 85 87 1976
11/22/88 111 111 116 —
04/06/89 100 114 140 393
06/28/89 166 172 182 957
08/25/89 187 193 203 1582
12/01/89 129 132 140 744
04/03/90 92 98 112 587
05/31/90 108 119 139 2062
Linn Run 07/12/88 — 11 — —_
- 11/22/88 2 2 — —
04/06/89 2 2 — 50
06/28/89 4 4 — 252
08/25/89 9 9 —_ 278
12/01/89 4 4 15 196
04/03/90 2 2 — —
05/31/90 7 7 9 311

Data from Gagen (1991) for Pennsylvania streams; D. Bath (ALSC, pers. comm.) for Adirondack streams; B. Baldigo
(USGS, pers. comm.) for Catskill streams.

— = data not obtained from regional cooperators.

— = fish weights not measured.
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Table 6-23. Density and Biomass of Brook Trout Measured in ERP Streams (Continued)?

Density (number/0.1 ha)
Biomass
95% Upper (9/0.1 ha)
Stream Date Caught Estimate Confidence Caught
Limit

Roberts Run 07/14/88 84 85 87 1942
11/15/88 51 51 55 742
03/29/89 64 68 80 978
06/30/89 38 38 42 758
08/22/89 53 53 57 1036
11/30/89 36 38 47 578
04/10/90 29 29 33 569
06/05/90 42 42 45 751

Stone Run 07/14/88 159 166 178 1965
11/17/88 71 78 92 944
03/29/89 59 61 71 641
06/30/89 85 88 96 1350
08/22/89 95 100 109 1539
11/29/89 66 69 76 1220
04/05/90 39 39 44 1010
06/05/90 49 48 53 945

8 pata from Gagen (1991) for Pennsylvania streams; D. Bath (ALSC, pers. comm.) for Adirondack streams; B, Baldigo
(USGS, pers. comm.) for Catskill streams.
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SECTION 7
SUMMARY AND CONCIL.USIONS

During the Episodic Response Project (ERP), we studied episodic acidification and the effects of
episodic acidification on fish in 13 streams in the Adirondack Mountains, the Catskill Mountains,
and the Northern Appalachian Plateau in Pennsylvania for approximately 20 months, startirig in
fall 1988 and concluding in spring 1990. Intensive field efforts were successful in collecting
hydrologic, chemical, and biological data with which to accomplish project objectives. This

section summarizes findings from the ERP by objective; major conclusions of the project follow.

Objective 1. Determine the magnitude, duration, frequency, and characteristics of episodic
chemical changes that accompany hydrological evenis (showmelt and rainstorms) in
streams.

Episodes were a common phenomenon in all three regions. We recorded from 19 to 33 episodes
in each of the study streams. Episode durations ranged from less than 1 day to more than 10
days. There was a direct reiations;hip between ANC level at the beginning of episodes and the
. magnitude of ANC depressions that occurred during episodes. When conditions were nearly
acidic at the beginning of episodes, ANC depressions tended to be smaller than during episodes
in which initial ANC values were higher. However, the small ANC depressions in low ANC sys-
tems often produced acidic episocdes with the lowest minimum ANC values. Acidic episodes
occurred in at least some of the streams in all regions and were' common where ANC values of
streams immediately before the episodes were = 50 ,ueq/L. When acidic episodes occurred, they

were accompanied by depressed pH levels and elevated AL, concentrations.

The occurrence of episodes was most common during the spring, winter, and fall months.
Summer streamflow levels were low and were generally not very responsive 1o ;rains_torms. In-
most of the streams, three to five episodes deveioped much more severe chemical coﬁditions
(lower minimum ANC and pH and higher Al) than did the remainder of the episodes during the
study.

In the Adirondacks, near normal snowpacks developed each winter of the study, and snhowmelt,
or rain on show, produced episodes with the lowest ANC and pH values and the highest concen-
trations of Al;,, recorded. For Buck Creek, Bald Mountain Brook, and Seventh Lake Inlet,
minimum ANC concentrations during snowmelt were typically < —20 ueq/L; minimum pH values

were < 4.6; maximum Al,.. concentrations in Buck Creek exceeded 600 ug/L.
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Snowpack accumulations were much smaller than normal in the Catskills. The majority of major
episodes in the Catskills occurred in response to rainstorms. Spring rainstorms generated acidic
episodes with minimum ANC values of -6 ueq/L in Biscuit Brook and —45 ueq/L in the East
Branch of the Neversink River; maximum Al;., concentrations were 457 ug/L. in the East Branch
and 166 ug/L in Biscuit Brook. Episodes witﬁ similar ANC levels in the fall mobilized much less
Al. The minimum episodic pH was 5.0 in Biscuit Brook and 4.3 in East Branch Neversink.

Virtually no showpacks developed in Pennsylvania during the study period. Spring and late
winter rainstorms produced most of the major episodes in the Pennsylvania streams. Benner Run
and Baldwin Run were the two reference (highest ANC) streams in Penﬁsylvania. During the
most severe episodes, Linn Run, Roberts Run, and Stone Run had minimum ANC values ranging
from -17 to -562 peq/L, minimum pH values ranging from 4.7 to 4.5, and maximum Al concentra-
tions ranging from 270 to 707 ug/L. Similar amounts of Al mobilized in major spring and fall

episodes.

Because of the small showpacks in Pennsylvania and the Cétskills, episodic conditions in these
regions may not have been as severe during the ERP as during years with normal snowpack
accumulations. However, large rainstorms during the spring and late winter produced high

streamflows and major episodes.

The relationship between ANC and Al during episodes was fairly consistent among Adirondack
streams and among Catskill streams. However, the Pennsyivania streams had distinctive AI/ANC
relationships. For example, Linn Run had higher Al,., concentrations than did Roberts Run at a .

given ANC level.

Evaluation of ion change and concentration data shows that episodic ANC depressions are a
result of complex interactions of multiple ions. These data also provide evidence that both natural
processes and acidic deposition make important contributions to episodic acidification in the

Adirondack, Catskill, and Pennsylvania study streams.

Sulfate in the streams is predominantly, if not solely, a consequence of atmospheric deposition,
because the ERP watersheds do not have internal sources of S. Nitrate in the ERP watersheds
probably is derived from a combination of natural N cycling and atmospheric deposition.

Watersheds in the Adirondacks and Catskills, in which stream water concentrations of NO;™ are

quite high, have in all likelihood been significantly affected by atmospheric deposition of N.
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For all episodes recorded (large and small) in the three ERP regions, base cation decreases were
commonly the most important ion change contributing to ANC depressions. In the Catskills and
Adirondacks, the largest base cation decreases occurred during nonacidic episodes. Base cation
decreases were especially dominant for episodes in-circumneutral streams in the study (Black
Brook, Fly Pond Outlet, and High Falls Brook). However, some base cation decreases in the -

Pennsylvania streams were very large even during acidic episodes.

Organic acid (A7) concentrations were greatest in the Adirondack streams, and A~ increases
during episodes were commonly the second and sometimes the first ranked ion changes during
major episodes. Organic acid contributions tended to be greatest in episodes with acidic or low
ANC, . values. Organic acids were generally less important in Pennsylvania and Catskill
episodes. However, A™ increases were the most important ion changes during several fall
episodes in two Catskill streams. idr’ganic acid pulses were commonly the second most impor-
tant, and occasionally the most important, ion changes during episodes in the Pennsylvania

streams, even though the magnitudes of A™ chariges were small.

Sulfate was the dominant acid anion (C,) virtually at all times in the study streams in all three
regions. For both acidic and nonacidic episodes in the Catskills, 3042‘ concentrations tended to
decrease, thereby reducing ANC depressions. In the Adirondacks, 3042" concentrations were
observed to increase or decrease during episodes. However, 3042‘ concentrations tended to
decrease during acidic episodes. Sulfate concentrations in the Pennsylvania streams were
greater than in Catskill or Adirondack streams. Based on the CéCA ANC definition, these large
8042‘ concentrations (in all regions) provided an acidity base upon which other ion changes
further modified the acid-base status of the stream waters. Another major difference between the
Pennsylvania streams and the Adirondack and Catskill streams is the importance of 3042“ pulses
in Pennéylvania episodes. In some major episodes, 3042’ pulses were the most important ion
change contributing to ANC depressions in three of the five Pennsylvania streams (Baldwin
Creek, Benner Run, and Stone Run) and were consistently the most important ion change in two

of the streams.

Nitrate/behavior and contributions to episodes were different in each of the three regions. Nitrate
concentrations were much greater in the Catskill and Adirondack streams than in‘ Pennsylvania
streams. In the Catskills, NO;™ concentrations typically increased during episodes, particularly
during aéidic episodes. In two of the Catskill streams, Biscuit Brook and East Branch Neversink

River, NO;~ was the most important ion change contributing to ANC depressions during several
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episodes. In the Adirondacks, NO;™ increases were typically the third ranked ion change during
episodes. The largest NO;™ increases occurred during acidic episodes. Even though episodic
changes of NO5~ were relatively small, NO;~ concentrations were large throughout Adirondack
episodes. Nitrate pulses in Pennsylvania streams were generally small and made little

contribution to ANC depressions.

Other ion changes were less important to episodes measured in the ERP. Chloride changes and
concentrations usually had relatively little impact on episodes. However, for a few episodes in
some Pennsylvania streams, CI” increases were the second most important ion change
contributing to ANC depressions. In virtually ail episodes, especially those that were acidic, Al

increases tended to reduce ANC depressions.

From a biological perspective, we are most concerned about major episodes—those that gener-
ate low pH and ANC and high Al for relatively long periods of time (days to weeks). lon
behavior that controlled ANC depressions during major episodes recorded in each stream was
not necessarily the same as the ion changes most important to smaller, more frequent episodes.
In the Adirondacks, the only region to have major showpacks, the most severe episodes generally
occurred during spring snowmelt. During these episodes, base cation decreases were usually
the most important contributions to ANC depressions, and A” and NO,™ changes positively con-
tributed to episodes and were of similar rank (2 or 3). One Adirondack stream experienced a
major snowmelt episode in which an increase in NO;™ was thg most important ion change. Three
of the four Catskill streams experienced one episode influenced by snowmelt in which NOg~

pulses were the first ranked contributor and base cation decreases were the second ranked ion

change.

Within regions, the major episodes generated by rainstorms had more variable ionic controls than
did snowmelt episodes. The large rain-induced Adirondack episodes occurred in the spring and
fall. In these episodes, increases in A~ and decreases in base cations were the most important
jon changes to ANC depressions. In major spring episodes in the Catskills, decreases in base
cations or increases in NO5~ were typically the first or second ranked ion changes contributing to
ANC depressions. For the major episodes in Pennsylvania, base cation decreases and 8042'
increases were usually the most important or second most important ion changes contributing to
ANC depressions. Two Pennsylvania streams experienced major rain-induced episodes in which
A~ increases were the most important ion changes. In another Pennsylvania stream, NO;” pulses

were the second ranked ion change in two major episodes.
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Acidic deposition, as evidenced by stream water 8042" and NO,™ during episodes, contributed
significantly to the occurrence of acidic episodes with low pH and high Al levels in all three study
areas. Although base cation decreases are often the most important ion change that occurs
during episodes, base cation decreases alone cannot create acidic stream water conditions
during episodes. Organic acid pulses, a natural source of acidity, are also important contributors
to ANC depressions in the Adirondack streams and, to a lesser extent, in the Catskill and .
Pennsylvania streams. However, 8042‘ or N03‘ pulses during episodes in study streams from all
three regions augment the natural processes 1o create episodes with lower pH and ANC and
higher AI concentrations than would have occurred from natural processes alone. In addition,
large baseline concentrations of SC)42' and NOj™ reduced episodic minimum ANC, even when

these ions did not change during episodes.

We examined episodic acidification in 13 streams that were specifically selected for the ERP. It is
not possible to make direct regional estimates of episodic acidification from these data. However,
the resujts should be reasonably reepresehtative of episodic acidification responses and processes
in similar streams in the Catskills, the Adirondacks, and the Northern Appalachian Plateau of

Pennsylvania.

Objeétive 2. Evaluate the effects of episodic acidification on fish populations in streams.

Results from the ERP clearly demonstrate that episodic acidification can have long-term adverse
effects on fish populations. Streams with suitable chemistry during low flow {(pH > 6.0), but low
pH (< 5.0-5.2) and high Al , levels (> 100-200 ug/L) during high fiow, supported substantially
lower numbers and biomass of brook trout than nonacidic ERP streams and lacked acid-sensitive

fish pop‘ulations, such as blacknose dace and sculpin.

Three streams were nonacidic (ANC > 0) throughout the period of study (Fly Pond Outlet, Black
Brook, High Falls Brook). Baldwin Creek had ;onIy one brief acidic episode with a minimum ANC
of —1 ueqg/L. These four streams had higher brook trout biomass (average values for each stream,
1.8-3.5 kg/0.1 ha) than all other ERP streams (0.3—-1.6 kg/0.1 ha), and higher brook trout density
(127-309 fish/0.1 ha) than in all but one other ERP stream (4-159 fish/0.1 ha).

Three streams were chronically acidic during the period of study (i.e., median weekly ANC =< 0)
(East Branch Neversink River, Stone Run, Roberts Run). All three supported low numbers (24-71
fish/0.1 ha) and biomass of brook trout (0.3-1.1 kg/0.1 ha).
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Two streams, Buck Creek and Linn Run, were not chronically acidic but commonly had acidic
episodes lasting 10 or more days during hydrologic events. The density and biomass of trout in
these streams (447 fish/0.1 ha and 0.25-0.73 kg/0.1 ha) were substantially less than in nonacidic

ERP streams and similar to levels in the three chronically acidic ERP streams.

The four remaining ERP streams (Benner Run, Biscuit Brook, Seventh Lake Inlet, Bald Mountain
Brook) had chemical conditions of intermediate severity (less frequent and shorter duration acidic
episodes) and intermediate levels of brook trout density and biomass (58-158 fish/0.1 ha; 1.2-1.6
kg/0.1 ha).

As a group, streams that experienced episodic acidification had significantly (p < 0.05) lower
levels of brook trout density and biomass than nonacidic streams. Differences in frout abundance
between episodically and chronically acidic streams were not statistically significant (p > 0.05).

With one exception, acid-sensitive fish populations occurred only in ERP sireams with median
weekly pH > 6.0 (Black Brook, High Falls Brook, Biscuit Brook, Benner Run, Baldwin Run) and
were absent from streams that were chronically acidic or that experienced moderate to severe
episodic acidification (Bald Mountain Brook, Seventh Lake Inlet, East Branch Neversink River, Linn
Run, Stone Run, Roberts Run). '

Likewise, young-of-the-year brook trout were abundant (indicative of successful reproduction
during the study period) in Fly Pond Outlet, Black Brook, High Falls Brook, Biscuit Brook, Benner
Run, and Baldwin Creek, but were absent or rare in Bald Mountain Brook, Buck Creek, Seventh
Lake Inlet, East Branch Neversink River, and Linn Run. Young-of-the-year brook trout were
abundant in Stone Run and Roberts Run in 19888, associated with below normal precipitation
levels in winter/spring 1988, but absent or rare in 1989, following higher than normal precipitation

and presumably more severe episodes in winter/spring 1989.

In situ bioassays demonstrated that fish exposed to episodic acidification can experience signifi-
cant mortality. Fish mortality during bioassays was significantly (p < 0.05) lower in reference
streams (Fly Pond Outlet, Black Brook, High Falls Brook, Baldwin Run, Benner Run} than in non-
reference streams. Mortality rates were significantly higher in bioassays with acidic episodes than
in bioassays with ANC > 0 ueq/L, but similar to bioassays that had chronically acidic conditions

(ANC =< 0). Results were consistent across all fish species.
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Chemical conditions toxic to fish occurred at some time during the study in all ERP streams
except the five reference streams. Maximum observed mortality rates were generally highest in
those streams with the most severe chemical conditions: > 80% in Buck Creek, East Branch

- Neversink River, Stone Run, and Linn Run; between 40% and 50% in Bald Mountain Brook and
Robertsiﬂun; 20% to 30% in Seventh Lake Inlet and Biscuit Brook; and < 20% in all five reference
streams. Because bioassays were not conducted during periods with the most severe chemistry
in each stream, these results provide only a qualitative indicator of the toxicity of ERP streams. All
streams also had at least one bioassay with low mortality (< 10%), indicating that toxic conditions

do not occur throughout the year.

A net downstream movement of radio-tagged brook trout was observed in all streams and study
periods that experienced stressful chemical conditions, but iittle to no net downstream movement
occurred in streams with relatively high pH (> 5.1-5.2) and low Al,, (< 150-160 ug/L) throughout
the study period. Downstream fish movement either was associated with chronically acidic condi-
-tions at the start of the experiment or coincided with the occurrence of one or more episodes with
Al > 160 ug/L for 1.5 or more days. Radio-tagged brook trout died when exposed to high con-
centrations of Al during an episode in Linn Run. During the same episode, radio-tagged trout

surviv_ed if they avoided exposure to peak Al levels.

Objective 3. Define key characteristics of episodes that determine the severity of effects on
fish populations.

Inorganic Al was the single best predictor of fish mortality during in situ bioassays. Calcium, pH,
and DOC were also important predictors of brook trout mortality; at a given Al concentration,

lower mortality occurred in bioassays with lower minimum pH, higher Ca, and higher DOC.

Brook trout density and biomass in ERP streams were significantly (p < 0.05) correlated with both
stream pH and Al concentrations, although rank correlations were slightly higher for pH than
given the small number of study streams (n = 13), to distinguish the relative importance of pH

and Al,__.

Because pH and Ali_, are highly correlated, it is difficult, based on field data alone and

The relationships between Al and pH, and between Al and ANC, varied among ERP streams.
High levels of Al (> 200 ug/L) commonly occurred in Linn Run at pH =< 5.4, but only at pH =
5.2 in Stone Run, Bald Mountain Brook, Buck Creek, and Seventh Lake Inlet, and at pH < 5.0 in

‘ Roberts Run and East Branch Neversink River. [No Al levels above 200 ug/L occurred in the
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remaining six ERP streams.] Thus, predictions of potential effects on fish based solely on pH or

ANC may be misleading.

Fish exposed for longer periods of time to high Al levels, in general, had higher mortality rates.
However, the single best predictor of brook trout and sculpin mortality was the time-weighted
median Al concentration during the 20-day bioassay period, as opposed to more complex

expressions of chemical exposure incorporating peak levels and duration.

Blacknose dace are more sensitive to high Al, | than brook trout or sculpin. Dace mortality was
best predicted by an integrated function of duration and Al,,, concentrations. High mortality is

expected to occur with AL, > 250 ug/L for two or more days.

During radiotelemetry studies, some brook trout were able to move downstream or into alkaline
microhabitats and avoided exposure to low pH and high Al during episodes. However, in most
cases, the majority of radio-tagged fish were exposed to relatively high, potentially lethal Al levels.
Fish behavioral avoidance and the occurrence of refugia can partially, but not entirely, mitigate
the adverse effects of episodic acidification on fish populations. Recolonization from groundwater
seeps and more alkaline tributary streams can maintain low densities of fish in streams that
experience toxic episodes, but is hot sufficient to sustain fish densities or biomass at levels near

those expected in the absence of adverse acid-base chemistry.

Brook trout are fairly mobile, f}equently moving more than 1 km. Thus, of the fish species
common in small headwater streams, brook trout are best able to take advantage of refugia.
Sculpin, by contrast, generally move only short distances (e.g., < 10 m in a summer). Sculpin
were as or more tolerant of high Al,, in bioassays than brook trout. Yet, sculpin populations are
absent from streams that maintain low densities of brook trout. We hypothesize that toxic epi-
sodes have a more severe and long-lasting effect on sculpin populationé, compared to brook

trout populations, because of differences in fish mobility.

Better delineation of the specific characteristics of episodes and stream chemistry that are most
important in controlling effects on fish and fish populations would require controlled experiments,

involving specific combinations of chemical variables and exposure magnitude, duration, and

timing.
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Objective 4. Develop and calibrate régional models of episodic chemistry that link
atmospheric deposition to biologically relevant chemistry during episodes.
We have not reported the results of modeling investigations in this report. They will be presented

in future journal articles.
Major Conclusions

e Episodes were a common occurrence in the study streams of all three regions, and acidic
episodes were common when ANC values were < 50 peg/L immediately before the episode.
When acidic episodes occurred, they were accompanied by depressed pH levels and elevated

Al concentrations.

o Acidic deposition, as evidenced by stream water 3042' and NO;~ during episodes, contributed
significantly in two ways to the occurrence of acidic episodes with low pH and high Al levels in-
all three regions. Pulses of 8042“ (in Pennsylvania streams) and NO5~ (in Catskill and
Adirondack streams) during episodes augmented natural processes to create episodes with
lower ANC and pH and higher Al,,, concentrations than would have occurred from natural
processes alone. In addition, large baseline concentrations of 8042' (all regions) and NO;~
(Catskills and Adirondacks) reduced episodic minimum ANC levels, even when these ions did
not change or decreased slightly during episodes.

® Episodic acidification can have long-term adverse effects on fish populations. As a result,
stream assessments based solely on chemical measurements during low flow do not accur-

ately predict the status of fish communities in small streams.

® Fish exposed to low pH and high Al for longer periods of time experienced higher mortality.

Time-weighted median Al,,, concentration was the single best predictor of brook trout mortality.
e. Fish behavioral avoidance only partially mitigated the adverse effects of episodic acidification

in small streams and was not sufficient to sustain fish density or biomass at the levels

expected in the absence of acidic episodes.
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APPENDIX B
. WATER CHEMISTRY PERFORMANCE EVALUATION SAMPLES AND BLANKS

B.1 PERFORMANCE EVALUATION SAMPLES

Synthetic and well-characterized natural performance evaluation (PE) samples were utilized as
single-blind samples to monitor water chemistry analyses for the ERP. Natural PE samples were
characterized through repeated use in a large interlaboratory round-robin program sponsored by
the Long Range Transboundary Atmosphetic Pollutant (LRTAP) program. For most analytes,
target \)alues for natural samples were estimated as the mean of median values reported for each
round-robin study. Each sample was used in at least three rounds of the LRTAP round-robin.
For syhthetic samples, target values represented the theoretical concentration of analyte in the

sample.

Performance objectives for precision and bias and total error were developed for each analysis,
following the approach of Hunt and Wilson (1886). These objectives were used as control criteria
for laboratory quality control samples, and for review of individual performance evaluation resuits.
Two natural PE samples (FN-09 from Seventh Lake, New Yofk, and FN-10 from Big Moose Laké,
New York) were taken to the field and processed through the sample collection devices to pro-.
vide information on the effects of sample collection and handling on analytical performance.
Target values for these two samples were supplied to the laboratories to allow them to monitor
their own performance using a consistent set of samples among all three regions throughout the
entire duration of the project. Addlitional information about the performance evaluation sample

- program for the ERP is pi'esented in the quality assurance project plan (Peck et al., 1988).

At the conclusion of the ERP, results of PE samples were reviewed for outlying observations, and |
those outliers that could be attributed to a defini;ce cause (e.g., calibration problems, sample
-contamination, or dilution) were excluded from statistical summarization. A total of 15 data values .
from the Northern Appalachians region, 36 from the Adirondacks region, and 62 from the Catskills
region were considered invalid and excluded. Other errors, such as reporting errors, were
corrected and included in the summarization. All data (including values considered invalid) from

the PE samples are included as part of the overall ERP database.

In instances where internal quality control or data verification activities indicated the need to

reanalyze samples or batches of samples, associated PEE samples were not reanalyzed. Thus the
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pen‘orrﬁance indicated from the PE samples may be conservative in some cases, because some
PE sample results are no longer associated with routine sample analyses. As the results show,
there were very few instances where an individual laboratory consistently achieved all
performance objectives for an individual analyte. The fact that all three laboratories, each
employing the same QA/QC program and utilizing identical QC samples, could not achieve the
established performance objectives suggests these objectives may be too stringent for routine
implementation over an extended period of time. The objectives established for the ERP were
more stringent than those established for other monitoring programs, such as the National
Surface Water Survey. For the ERP, project management and principal investigators considered
monitoring and assessment of long-term analytical performance to be more important than
performance within individual analytical batches. These opjeétives were based on a desire to
control long-term variability in individual laboratory performance and facilitate comparability of
chemical data among the three ERP regions. Thus, consistency in performance among the three
regions is considered more important than the failure or success of any individual laboratory in

meeting performance objectives.

Performance evaluation sample results for organic monomeric aluminum (Al ), total monomeric
aluminum (Al,.), and total dissolved aluminum (Al,;) are presented in Tables B-1 and B-2!. For
the monometic aluminum analytes, sample sizes for most PE samples were relatively small, -
except for the two field-handled samples (FN-09 and FN-10). In addition, natural samples were
not well characterized for monomeric aluminum species, and target values were developed based
on the results of ERP analyses alone, by calculating a weighted mean value assuming unequal
sample sizes and variances among laboratories, following Taylor (1987). For Al ., and Al,.,,
results from the Northern Appalachians laboratory are also applicable to samples collected in the
Catskills region. Organic Al and Al,, data from all three regions may be subject to considerable
imprecision at higher concentrations (> 0.400 mg/L; Table B-1). For Al,,, data from the
Adirondack region may be subject to positive bias at moderate concentrations (0.400 mg/L),
whereas data from the other two regions may be subject to negative bias at very high concentra-
tions (0.750 mg/L). For Al (Table B-2), data from all three regions may be subject to l

considerable imprecision at higher concentrations.

For pH (Table B-3), performance evaluation sample data indicate little bias and good precision for

acidic samples (pH < 5.00), and for more circumneutral samples, baéed on results of natural per-

IAN tables for this appendix follow the text.




formance evaluation samples. All three regions experienced both bias and precision problems
with two synthetic samples having circumneutral target values. These samplés were prepared
from carbonate compounds and were subject to considerable effects from CO, exchange during
both transport and analysis in the laboratories. These results are presented here to illustrate the
effects that CO, can have on pH measurements of circumneutral sémples of low ionic streﬁgth (if
not protected from atmospheric exchange). Results from natural performance evaluation samples
should be used to evaluate laboratory performance in the circumneutral range. Based on these
results, ﬂata from the Northern Appalachians region are subject to more imprecision in the
circumneutral range than data from the other two regions. Peck and Metcalf (1991) provide

additional discussion of the problems associated with these synthetic samples.

Results for ANC analyses of PE samples (Table B-4) indicate data from the Northern

Appalachians region may be subject to some negative bias and larger imprecision than data from
the other two regions. Speciﬁc conductance data (Table B-5) are generally acceptable for all
three regions, although some unexplained problems (possible dilution or cross-contamination)
were noted with one of the field-handled samples (FN-09) from the Catskills region. As similar
problems were not observed for other PE samples, this is not believed to have an impact on

- overall data quality. Analysis of dissolved inorganic carbon (DIC) was optiona] for the ERP, and
thus was not subject to the same level of quality control as other analytes. Results of PE samples
(Table B-6) indicate that DIC data from the Adirondacks may be subject to greater imprecision '
than data from the Catskills region, possible due to larger variations in atmospheric carbon

dioxide concentrations in the Adirondacks laboratory affecting unbrotected samples.

Results of dissolved organic carbon (DOC) analysis (Table B-7) did not indicate any major
problerris with performance. There were indications of possible field handling effects in PE
samples from both the Northern Appalachians and the Catskills regions, and some evidence of

imprecision at lower concentrations from the Northern Appalachians region.

In generail, no major problems were indicated from the results of cation analyses (Tables B-8
through B-12). No problems were indicated with ca®* (Table B-8) or Mg2+ (Table B-9) analyses.
Sodium (Table B-10) and K* (Table B-11) results from the Northern Appalachians and Catskills
regions region show greater imprecision than data from the Adirondacks region. Ammonium was
an optional analyte and was not measured in the Catskills region. Results from PE samples
(Table B-12) indicate NH4+ data from both the Northern Appalachians and Adirondacks regions

may be more imprecise than expected at higher concentrations.
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Performance evaluation sample resuilts for major anions indicate that CI” data from the Northern
Appalachians region (Table B-13) may be more imprecise than data from the other two regions.
Some imprecision was indicated at very low (0.3 mg/L) and very high (15 mg/L) concentrations in
the Adirondacks region, and at very high concentrations (15 mg/L) in the Catskills region,
possibly a result of dilution errors. Nitrate data from the Northern Appalachians region appear to
be more imprecise than data from the other two regions (Table B-14), and there may be some‘
influence of field handling in NO,™ data from the Adirondacks region. No major problems were
indicated for SO,?~ data (Table B-15).

No major problems were identified for SiO analyses in any region (Table B-16). Results of some
PE samples indicate that data from the Adirondacks may be more imprecise than data from the

other two regions.

In summary, the performance evaluation sample results indicate that data from all three regions
are generally comparable (with the exception of aluminum species data) and may be combined
for certain types of analyses and interpretative activities. Systematic errors in the data set are not
an important concern for almost all analytes, and there are only a few analytes where imprecision
may affect data interpretation or its use in modeling activities. Another poinf of interest is that the
field-handled samples did not indicate large effects of sample collection or handling on either
random or systematic errors. This result indicates that the major source of measurement error is
the laboratory, and that laboratory-only QC data sets can provide a reasonable assessment of

data quality with respect to collection and measurement error.

B.2 BLANKS
Tables B-17 to B-19 summarize analyses of ERP field blanks. These results indicate that appro-
priate container cleaning and sample handling procedures were used during the project and that

sample contamination was not a significant problem.
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Table B-1. Performance Evaluation Sample Summary for the Episodic Response Project:
Organic Monomeric and Total Monomeric Aluminum (mg/L)

Performance objectives: MDL® = 0.006; precision and bias = +0.006 or +3%; total error = 0.018
or 10%. ‘

Lot  TargetValue n Mean Std. Dev. Bias® Precision® Total Error®

Organic Monomeric Aluminum

Adirondacks Region

LN-14 0.001 7 0.007 0.019 +0.006 +0.040 . 0.030
LN-13 0.034 7 0.033 0.019 -0.001 +0.038 0.037
LN-15 0.058 4 0.068 0.027 +0.010 +0.054 0.064
FN-09 0.007 8 0.019 0.017 +0.012 +0.034 0.046
FN-10 0.042 9 0.048 0.026 +0.006 +0.052 0.058

Catskills and Northern Appalachians Regions®

LN-13 0.034 6 0.035 0.018 +0.001 +0.036 0.037
FN-09 0.007 18 0.010 0.005 +0.003 +0.010 0.013
FN-10 0.042 15 0.041 0.006 -0.001 +0.012 0.013

Total Monomeric Aluminum

Adirondacks Region

LN-14 0.010 7 0.015 0.024 +0.005 +0.048 0.053
SYN-1 0.050 4 0.049 0.024 -0.001 +0.048 0.049
LN-13 0.058 7 0.048 0.035 -0.010 . +0.070 0.080
LN-15 0.146 4 0.157 0.028 +0.011 +0.056 0.067
SYN-2 0.400 4 0.468 0.127 +17% +54% 71%
SYN-3 0.750 4 0.755 0.062 +1% +16% 17%
FN-09 0.041 7 0.013 0.015 +0.028 +0.030 0.002
FN-10 0.158 9 0.177 0.031 +0.019 +0.062 0.081

Catskills and Northern Appalachians Regions®

LN-14 0.010 6 0.003 0.001 -0.007 +0.002 0.009
SYN-1 0.050 10 0.044 0.006 -0.006 +0.012 0.018
LN-13 0.058 6 0.059 0.009 +0.001 +0.018 0.019
SYN-2 0.400 10 0.363 0.021 -9% +12% 21%
SYN-3 0.750 8 0.649 0.079 -14% *24% 38%
FN-09 0.013 18 0.013 0.006 0.000 +0.012 0.012
FN-10 0.158 16 0.171 0.016 +0.013 +0.032 0.045

b MDL = method detection limit.
Biag = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100.
Precision = 2 x standard deviation. Relative precision = 2 x [(Standard deviation + Mean) x 100].
Total error = lbias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
Organic monomeric and total monomeric aluminum samples collected in the Catskills region were sent to the Northern

Appalachian region laboratory for analysis.
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Table B-2. Performance Evaluation Sample Summary for the Episodic Response Project:
Total Dissolved Aluminum (mg/L)

Performance objectives: MDL® = 0.006; precision and bias = +0.006 or +3%; total error = 0.018
or 10%. ’

Lot Target Value n Mean Std. Dev. Bias® Precision® Total Error®

Adirondacks Region

LN-14 0.010 7 0.008 0.005 -0.002 +0.010 0.008
SYN-1 0.050 7 0.040 0.007 -0.010 +0.014 0.004
LN-13 - 0.070 7 0.104 0.015 +0.034 +0.030 0.064
LN-15 0.183 4 0.207 0.032 +0.024 +0.064 0.088
SYN-2 0.400 7 0.382 0.025 —4% +13% 17%
SYN-3 0.750 7 0.718 0.030 —4% +8% 12%
FN-09 0.041 15 0.051 0.016 +0.010 +0.032 0.042
FN-10 0.187 17 .208 0.046 +0.021 +£0.092 0.113
Catskills Region

LN-14 0.010 8 0.012 0.011 ~  +0.002 ©+0.022 - - 0.024
SYN-1 0.050 12 0.036 . 0.007 -0.014 +0.014 0.000
LN-13 0.070 10 0.083 0.017 +0.013 +0.034 0.047
LN-15 " 0.183 4 0.231 0.029 +0.048 +0.058 0.106
SYN-2 0.400 9  0.359 0.058 -10% +32% 42%
SYN-3 - 0.750 8 0.718 0.099 —-4% *+28% 32%
FN-09 0.041 11 0.037 0.013 -0.004 +0.026 0.030
FN-10 0.187 12 0.163 0.030 -0.024 +0.060 0.084
Northern Appalachians Region

LN-14 0.010 10 0.014 0.009 +0.004 +0.018 0.022
SYN-1 . 0.050 16 0.048 0.006 -0.002 +0.012 0.014
LN-13 0.070 10 0.052 0.011 -0.018 +0.022 0.040
SYN-2 0.400 16 0.392 0.040 —2% +20% 22%
SYN-3 0.750 13 0.759 0.122 +1% +32% 33%
FN-09 0.041 19 0.041 0.012 0.000 +0.024 0.024

FN-10 0.187 19 0.171 0.024 -0.016 +0.048 0.064

MDL = method detection limit.

Bias = Mean — Target Value. Relative bias = [(Mean -~ Target Value) + Target Value] x 100.

Precision = 2 x standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100].
Total error = Ibias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-3. Performance Evaluation Sample Summary for the Episodic Response Project:
pH (pH units)

Performance objectives: MDL?= not appliocable; precision and bias = +0.08; total error = 0.25.

Lot TargetValue n :© Mean Stid. Dev. Bias? Precision® Total Error?

Adirondacks Region

SYN-1 4.40 7 4.43 0.02 +0.03 +0.04 0.07
LN-15 5.52 4 5.70 0.17 +0.18 +0.34 0.52
LN-13 5.95 7 5.90 0.12 -0.05 +0.24 0.29
SYN-2 6.53 7 6.39 0.09 -0.14 +0.18 0.32
LN-14 7.07 7 6.97 0.24 -0.10 +0.48 0.58
SYN-3 7.49 7 7.33 0.22 -0.16 +0.44 0.60
FN-09 6.83 16 6.93 0.11 +0.10 +0.22 0.32
FN-10 5.15 17 5.20 0.03 +0.05 +0.06 0.11
Catskills Region

SYN-1 4.40 11 4.42 0.04 +0.02 +0.08 0.10
LN-15 5.52 4 - 549 0.03 -0.03 +0.06 0.09
LN-13 5.95 8 5.89 0.05 -0.06 +0.10 0.16
SYN-2 6.53 10 6.08 0.21 -0.45 +0.42 -0.87
LN-14 7.07 10 7.06 0.06 -0.01 +0.12 0.13
SYN-3 7.49 11 6.99 0.16 -0.50 +0.32 -0.82
FN-09 6.83 12 6.72 0.19 -0.11 +0.38 0.49
FN-10 5.15 13 5.26 0.24 +0.11 +0.48 0.59

Northern Appalchians Region

SYN-1 4.40 14 4.48 0.05 +0.08 +0.10 0.18
LN-15 5.52 4 5.71 0.12 +0.19 +0.24 0.43
LN-13 5.95 10 5.89 0.08 -0.06 +0.,16 0.22
SYN-2 6.53 13 6.29 0.20 -0.24 +0.40 0.64
LN-14 7.07 10 6.90 0.16 -0.17 +0.32 0.49
SYN-3 7.49 14 7.10 0.24 -0.39 +0.48 0.87
FN-09 6.83 21 6.78 0.11 -0.05 +0.22 0.27
FN-10 5.15 19 5.22 0.07 +0.07 +0.14 0.21
; MDL = method detection limit.

Bias = Mean - Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100.
Precision = 2 X standard deviation. Relative precision = 2 x [(Standard deviation + Mean) x 100].
Total error = lbias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-4. Performance Evaluation Sample Sdmmary for the Episodic Response Project: ‘
Acid Neutralizing Capacity (zeq/L) : , -

Performance objectives: MDL? = not applicable; precision and bias = +2.5 or +3%; total error =
7.5 or 10%.

Lot = TargetValue n Mean Std. Dev. Bias® Precision® Total Error?

Adirondacks Region

SYN-1 -39.9 7 -37.6 46 +2.3 - +9.2 115

. LN-15 7.7 4 103 29 +2.6 +*5.8 8.4
SYN-2 - 15.0 7 16.5 14 +1.5 +2.8 4.3
LN-13 20.5 7 249 58 +4.4 +11.8 16.2
SYN-3 . 140.0 7 1443 8.7 +3% +12% 15%
LN-14 223.3 7 228.6 16.4 +2% +14% 16%
FN-09 152.3 16 157.0 3.8 +3% +4% 12%
FN-10 -0.8 17 +0.9 3.9 +1.7 *+7.8 9.5
Catskills Region
SYN-1 -39.9 12~ -39.2 4.1 +0.7 +8.2 8.9
LN-15 . 7.7 4 11.7 2.0 +4.0 +4.0 8.0
SYN-2 15.0 10 17.0 3.1 +2.0 *6.2 8.2
LN-13 20.5 10 23.3 3.5 +2.8 +7.0 9.8
SYN-3 140.0 13 133.0 71 5% +11% 16%
LLN-14 - 2233 10 2245 - 24 +0.5% *2% 2%
FN-09 152.3 12 147.0 10.4 —4% - £14% 18%
FN-10 -0.8 13 1.8 3.9 +2.6 +7.8 10.4

- Northern Appalachians Region
SYN-1 -39.9 12 -47.2 4.7 7.3 *9.4 16.7
LN-15 7.7 4 4.8 2.2 2.9 +4.4 7.3
SYN-2 - 15.0 13 9.2 6.1 -5.8 +12.2 -18.0
LN-13 20.5 8 15.5 2.6 5.0 +5.2 10.2
SYN-3 140.0 14 1373 10.7 2% +16% 18%
LN-14 223.3 8 242.1 14.8 +8% +12% 20%
FN-09 152.3 21 153.2 7.0 +1% +9% 10%
FN-10 -0.8 19 5.2 3.6 4.4 +7.2 v 116 .
Z MDL = method detection limit. ‘
- - Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] X 100.

; Precision = 2 x standard deviation. Relative precision.= 2 x [(Standard deviation -+ Mean) x 100].

Total error = |bias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).




Table B-5. Performance Evaluation Sample Summary for the Episodic Response Project: -
Specific Conductance (uS/cm @ 25°C) '

Performance objectives: MDL? = not applicable; precision and bias = *1 or +3%; total error =
3 or 10%. .

Lot Target Value n Mean Std. Dev. Bias? Precision® Total Error?

Adirondacks Region

SYN-1 1.4 7 2.0 0.1 +0.6 +0.2 0.8
SYN-2 17.0 7 16.7 0.6 -0.3 +1.2 1.5
LN-13 22,2 7 22,5 0.2 +0.3 +0.4 0.7
LN-15 25.9 4 25.8 0.2 -0.1 +04 0.5
SYN-3 455 7 46.7 1.8 +3% +8% 11%
LN-14 54.1 7 54.2 0.7 +0.2% +3% 3%
FN-09 52.1 16 50.1 0.7 4% +3% 7%
FN-10 23.5 17 22.8 0.5 -0.7 +1.0 1.7
Catskills Region

SYN-1 1.4 B 2.0 0.2 +0.6 +0.4 1.0
SYN-2 17.0 10 16.3 1.2 -0.7 +2.4 341

LN-13 22,2 7 22.2 0.1 0.0 +0.2 0.2
LN-15 259 4 25.6 0.1 -0.3 +0.2 -0.5
SYN-3 45.5 10 45.2 1.4 1% +6% 7%
LN-14 541 10 53.2 0.6 -2% +2% 4%
FN-09 52.1 12 47.8 22 . —8% +9% 17%
FN-10 23.5 13 22.6 0.4 -0.9 +0.8 1.7
Northern Appalachians Region

SYN-1 1.4 13 1.9 0.2 +0.5 +0.4 0.9
SYN-2 17.0 14 16.1 1.0 -0.9 +2.0 2.9
LN-13 22.2 10 22.0 05 -0.2 +1.0 1.2
LN-15 25.9 4 254 0.3 -0.5 +0.6 1.1

SYN-3 45.5 14 44.8 2.7 -2% +=12% 14%
LN-14 54.1 10 53.1 0.8 —2% +3% 5%
FN-09 52.1 21 48.1 1.2 —8% +5% 13%
FN-10 235 19 223 0.5 -1.2 +1.0 -2.2
g MDL = method detection limit. _

c Bias = Mean — Target Value. Relative bias = [(Mean - Target Value) + Target Value] X 100.

d Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100].

Total error = iblas (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).




Table B-6. Performance Evaluation Sample Summary for the Episodic Response Project:
Dissolved Inorganic Carbon (mg C/L) -

Performance objectives: MDL? = 0.05; precision and bias = +0.05 or +3%; total error = 0.15 or
10%. '

Lot  Target Value n Mean Std. Dev. Bias® =~ Precision® Total Error®

Adirondacks Region

SYN-1 0.12 7 0.19 0.23 +0.07 +0.46 0.53
SYN-2 0.30 7 0.41 0.12 +0.11 +0.24 0.35
LN-15 0.37 4 0.34 0.16 -0.03 +0.32 0.35
LN-13 0.46 7 0.56 0.18 +0.10 +0.36 0.46 .
SYN-3 1.80 5 2.05 0.23 +14% +22% 36%
LN-14 2.82 7 3.18 0.20 +13% *+13% 26%
FN-09 - 2.06 12 2.21 0.13 +7% *12% 19%
FN-10 0.49 13 0.38 0.10 -0.11 +0.20 0.31
Catskills Region

SYN-1 0.12 7 0.15 0.02 +0.03 +0.04 0.07
SYN-2 0.30 7 0.37 0.04 +0.07 +0.08 0.15
LN-15 0.37 0 .

LN-13 . 0.46 6 0.61 0.01 +0.15 +0.02 0.17
SYN-3 1.80 6 1.80 0.05 0% +6% 6%
LN-14 2.82 6 3.10 0.04 +10% +3% 13%
FN-09 2.06 6 2.20 0.19 +7% +17% 24%
FN-10 0.49 5 0.58 0.12 +0.09 +0.24 0.33

Northern Appalachians Region

Dissolved inorganic carbon was not measured at this laboratory.

MDL = method detection limit.

Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100.

Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100].
Total error = lbias (or relative bias)| + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-7. Performance Evaluation Sample Summary for the Episodic Résponse Project:
Dissolved Organic Carbon (mg C/L) ' o V

Performance objectives: MDL? = 0.1; precision and bias = +0.1 or +5%; total error = 0.3 or
15%.

Lot Target Value n Mean Std. Dev. - Bias® = Precision® Total Error®

Adirondacks Region

SYN-1 25 7 2.6 0.1 +4% +8% 12%
LN-14 3.8 7 4.2 0.1 +11% +5% 16%
LN-15 3.9 4 42 0.1 +8% +5% 13%
SYN-2 5.0 7 52 0.2 +4% +8% 12%
LN-13 6.1 7 6.4 0.1 +5% +3% 8%
SYN-3 10.0 7 101 0.3 +1% +6% 7%
FN-09 4.4 16 4.1 0.2 —7% +10% 17%
FN-10 3.3 17 35 0.2 +6% +11% 17%
Catskills Region

SYN-1 2.5 14 2.7 0.1 +8% *7% 15%
LN-14 3.8 7 43 0.2 +13% +9% 22%
LN-15 3.9 0

SYN-2 5.0 14 4.9 0.2 2% +8% 10%
LN-13 6.1 8 6.2 0.1 +2% +3% 5%
SYN-3 10.0 13 10.0 0.3 0% +6% 6%
FN-09 4.4 11 4.2 0.3 5% +14% 19%
FN-10 3.3 12 3.9 0.3 +18% +15% 33%
Northern Appalachians Region

SYN-1 25 13 29 0.3 +16% *+21% 37%
LN-14 3.8 10 43 0.4 +13% +19% 32%
LN-15 3.9 4 4.0 0.2 +3% +10% 18%
SYN-2 5.0 13 5.4 0.3 +8% +11% 19%
LLN-13 6.1 10 6.1 03 0% +10% 10%
SYN-3 10.0 13 10.3 0.4 +3% . *=8% 11%
FN-09 4.4 21 4.2 0.5 5% +24% 29%
FN-10 3.3 19 3.6 0.5 +9% +28% 37%
f; MDL = method detection limit.

Blas = Mean — Target Value. Relative bias = [(Mean - Target Value) + Target Value] x 100,
Precision = 2 x standard deviatior‘. Relative precision = 2 x [(Standard deviation + Mean) X 100]}.
Total error = lbias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (19886),
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Table B-8. -Performance Evaluation Sample Summary for the Episodic Response Project:
Calcium (mg/L) ' ‘

Perfbrmance objectives: MDL? = 0.01; precision and bias = +0.01 or £3%; total error = 0.03 or
10%.

Lot ‘Target Value' n Mean  Std.Dev. . Bias® Precision® Total Error

Adirondacks Region

LN-13 2.08 7 2.15 006 . +3% +6% 9%
LN-15 2.31 4 2.26 0.09 2% +8% 10%
SYN-1 2.50 7 2.58 0.07 +3% +5% 8%
SYN-2 4.50 6 4.60 0.08 +2% - *3% 5%
LN-14 5.59 7 5.23 1.30 —6% +50% 56%
SYN-3 7.00 7 7.10 0.08 +1% +2% 3%
FN-09 5.02 16 5.09 - 0.23 +1% +9% 10%
FN-10 1.82 17 1.81 0.06 -1% +7% 8%
Catskills Region

LN-13 2.08 8 2.05 0.04 -1% *+4% 5%
LN-15 2.31 4 2.22 0.14 4% +13% 17%
SYN-1 2.50 10 2.53 0.09 +1% +*7% 8%
SYN-2 4.50 10 457 0.19 +2% +8% 10%
LN-14 5.59 8 5.51 0.19 1% *+7% 8%
SYN-3 7.00 10 7.04 0.18 +1% +5% 6%
FN-09 5.02 12 4.51 0.44 -10% +20% 30%
FN-10 1.82 13 1.78 0.05 —2% +6% 8%
Northern Appalachians Region

LN-13 2.08 10 2.08 0.11 - 0% +11% 11%
LN-15 2.31 4 2.38 0.17 +3% +14% 17%
SYN-1 2.50 13 2.48 0.16 -1% +13% 14%
SYN-2 4.50 14 4.54 0.23 +1% +10% 11%
LN-14 5.59 10 5.48 0.14 2% +5% - 7%
SYN-3 7.00 14 7.01 0.25 0% *+7% 7%
FN-09 5.02 21 4.87 024 = -3% . *=10% 13%
FN-10 1.82 19 1.74 0.13 4% +15% 19%

2 MDL = method detection limit. . -

Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Vaiue] x 100.

Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100].
Total error = lbias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-9. Performance Evaluation Sample Summary for the Episodic Response Project:
Magnesium (mg/L)

Performance objectives: MDL® = 0.01; precision-and bias = +0.01 or +3%; total error = 0.03 or
10%.

Lot Target Value n Mean Std. Dev. Bias® Precision® Total Error®

Adirondacks Region

LN-15 0.36 4 0.37 - 0.01 +8% +5% 8%
LN-13 0.48 7 0.48 0.01 0% +4% 4%
SYN-1 0.50 7 0.52 0.04 +4% - +15% 19%
SYN-2 0.80 7 0.83 0.04 +4% +10% 14%
LN-14 1.47 7 1.46 0.04 1% - 5% 6%
SYN-3 1.50 7 1.51 0.04 +1% +5% 6%
FN-09 0.78 16 0.82 0.06 +5% +15% 20%
FN-10 0.29 17 0.30 0.02 +0.01 +0.04 0.05
Catskills Region
LN-15 0.36 4 0.35 0.02 -3% +11% 14%
LN-13 048 8 0.48 0.02 0% +8% 8%
SYN-1 0.50 10 0.52 0.01 +4% +4% . 8%
SYN-2 0.80 11 0.82 0.02 +2% +5% 7%
LN-14 1.47 8 1.46 0.04 1% 5% 6%
SYN-3 1.50 11 1.52 0.05 +1% *7% 8%
FN-09 0.78 12 0.73 0.06 —6% +16% 22%
FN-10 0.29 12 0.29 0.02 0.00 +0.04 0.04
Northern Appalachians Region
LN-15 0.36 4 0.34 0.02 —6% +12% 18%
LN-13 0.48 10 047 0.02 -2% +8% 10%
SYN-1 0.50 12 0.51 0.01 +2% +4% 6%
SYN-2 0.80 14 0.82 0.03 +2% +7% 9%
LN-14 1.47 10 1.42 0.04 -3% +6% 9%
SYN-3 1.50 13 1.46 0.16 —-3% +22% 25%
FN-09 0.78 20 0.78 0.02 0% +5% 5%
FN-10 0.29 19 -0.28 0.02 -0.01 +0.04 0.05
§ MDL = method detection limit. ‘

Bias = Mean — Target Value. Relative bias = [(Mean - Target Value) + Target Value] x 100.
; Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100]. -

Total error = Ibias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-10. Performance Evaluation Samble Summary for the Episodic Response Project:
Sodium (mg/L)

Performance objectives: MDL? = 0.01; precision and bias = *+0.01 or £3%; total error = 0.03 or
10%.

Lot Target Value  n Mean Std. Dev. Bias® Precision® Total Error®

Adirondacks Region

LN-13 0.54 7 0.54 0.02 0% *+7% 7%
LN-15 0.70 4 0.69 0.01 -1% +3% 4%
SYN-1 10.80 7 0.82 0.10 +3% +24% 27%
LN-14 1.56 7 1.57 0.02 +1% +3% 4%
SYN-2 3.50 7 3.55 0.23 +1% +13% 14%
SYN-3 6.00 7 6.04 0.21 +1% *7% 8%
FN-09 2.59 16 2.59 0.05 0% +4% 4%
FN-10 0.57 17 0.56 0.06 —2% *21% 23%
Catskills Region

LN-13 - 0.54 8 0.53 0.02 -2% +8% 10%
LN-15 0.70 4 0.67 0.01 4% +3% 7%
SYN-1 0.80 ik 0.80 0.03 0% +8% 8%
LN-14 1.56 8 1.56 0.04 0% +5% 5%
SYN-2 3.50 11 3.47 0.06 1% +3% 4%
SYN-3 6.00 10 5.85 0.14 3% +5% 8%
FN-09 2.59 12 2.41 0.20 7% +17% 24%
FN-10 0.57 13 0.57 0.03 0% +11% 11%

Northern Appalachians Region

LN-13 0.54 8 0.55 0.01 2% +4% 6%
LN-15 0.70 4 0.54 0.16 —23% +59% 82%
SYN-1 0.80 13 0.81 0.08 1% +20% 21%
LN-14 1.56 10 1.41 0.23 -10% *+33% 43%
SYN-2 3.50 14 3.43 0.37 —2% +22% 24%
SYN-3 6.00 13 6.08 0.15 1% +5% 6%
FN-09 2.59 21 2.44 0.31 —6% +25% 31%
FN-10 0.57 19 0.56 0.10 -2% +36% 38%
g MDL = method detection limit.
Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100.
; Precision = 2 X standard deviation. Relative precision = 2 x [(Standard deviation + Mean) X 100].

Total error = |bias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-11. Performance Evaluation Sample Summary for the Episodic Response Project:
Potassium (mg/L)

Performance objectives: MDL® = 0.01; precision and bias = +0.01 or 3%, total error = 0.03 or
10%.

Lot Target Value n Mean Std. Dev. Bias® Precision® Total Error?

Adirondacks Region

SYN-1 0.25 7 0.25 0.02 0.00 +0.04 0.04
LN-13 0.32 7 0.31 0.01 -0.01 +0.02 0.03
SYN-2 0.35 7 0.34 0.07 —3% +41% 44%
LN-15 0.42 4 0.42 0.01 0.00 *+5% 5%
SYN-2 0.60 7 0.59 0.04 —2% +14% 16%
LLN-14 0.73 7 0.72 0.01 -1% +3% 4%
FN-09 047 16 0.44 0.01 6% 4% 10%
FN-10 0.32 17 0.31 0.03 -0.01 +0.06 0.07
Catskills Region

SYN-1 0.25 10 0.25 0.02 0.00 +0.04 0.04
LN-13 0.32 8 0.32 0.01 0.00 +0.02 ‘ 0.02
SYN-2 0.35 11 0.36 0.04 +3% +22% 25%
LN-15 0.42 4 0.41 0.02 —2% +10% 12%
SYN-2 0.60 11 0.60 0.02 0% +7% 7%
LN-14 0.73 8 0.74 0.04 +1% +11% 12%
FN-09 0.47 12 042 . 0.05 -11% 24% 35%
FN-10 0.32 13 0.30 0.02 -0.02 +0.04 0.06
Northern Appalachians Region

SYN-1 0.25 13 0.24 0.02 -0.01 +0.04 0.05
LN-13 0.32 8 0.33 0.01 0.01 +0.02 0.03
SYN-2 0.35 13 0.36 0.03 +3% +17% 20%
LN-15 0.42 4 0.38 0.04 -10% +21% 31%
SYN-2 0.60 14 0.59 0.04 ~2% +14% 16%
LN-14 0.73 10 0.71 0.05 -3% +=14% 17%
FN-09 047 21 0.44 0.04 —6% 18% 24%
FN-10 0.32 19 0.30 0.06 -0.02 +0.12 0.14

MDL = method dstection limit.

Bias = Mean - Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100.

Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) X 100].
Total error = |bias (or relative bias)| + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-12. Performance Evaluation Sample Summary for the Episodic Response Project:
Ammonium (mg/L)

" Performance objectives: MDL? = 0.01; precision and bias = +0.01 or %5%; total error = 0.03 or
15%.

Lot Target Value n -Mean Std. Dev. - Bias? Precision® Total Errord

Adirondacks Region

LN-14 0.01 7 0.00 0.02 -0.01 +0.04 0.05
LN-15 0.03 4 0.04 0.01 +0.01 +0.02 0.03
LN-13 0.04 7 0.06 0.01 +0.02 +0.02 ' 0.04
SYN-1 0.10 7 - 0.0 0.01 0.00 +0.02 0.02
SYN-2 0.25 7 0.24 0.03 -4% +25% 29%
SYN-3 0.50 6 0.48 0.08 -4% +33% 37%
FN-09 0.01 15 0.02 . 0.03 +0.01 +0.06 0.07
FN-10 0.04 16 0.04 0.02 0.00 +0.04 0.04

- Catskills Region
Ammoﬁium was not determined for this region.

Northern Appalachians Region

LN-14 0.01 10 0.01 0.005 0.00 +0.01 0.01
LN-15 0.03 4 0.03 0.003 0.00 +0.01 - 0.01
LN-13 .. 0.04 10 0.05 0.01 - +0.01 +0.02. 0.03
SYN-1 0.10 13 0.10 0.02 0.00 +0.04 0.04
SYN-2 0.25 13 0.23 0.02 —8% *17% 25%
SYN-3 0.50 14 0.46 0.04 -8% +17% 25%
FN-09- 0.01 21 0.01 0.01 0.00 © +0.02 0.02
FN-10 - - 0.04 18 0.03 0.01 -0.01 +0.02 0.03
2 MDL = method detection limit.
Bias = Mean — Target Value. Relative bias = [(Mean - Target Value) + Target Value] X 100.
: Precision = 2 X standard deviation, Relative precision = 2 X [(Standard deviation = Mean) x 100].

Total error = |bias {or relative bias)| + precision {or relative precision), following Hunt and Wilson (1986).
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Table B-13. Performance Evaluation Samplie Summary for the Episodic Response Project:
Chloride (mg/L) '

Performance objectives: MDL® = 0.01; precision and bias = +0.01 or +3%; total error = 0.03 or
10%. : ‘

Lot Target Value n Mean Std. Dev.: Bias® Precision® Total Error®

Adirondacks Region

LN-138 0.36 7 0.32 0.02 -11% +18% : 24%
LN-15 0.50 4 0.49 0.03 —2% +12% 14%
SYN-1 0.80 7 0.75 0.02 —6% +5% 11%
LN-14 2.09 7 1.99 0.04 5% +4% 9%
SYN-2 5.00 7 4.77 0.13 5% +5% 10%
SYN-3 15.0 7 14.7 11 —2% +15% 17%
FN-09 3.96 16 3.93 0.13 -1% 7% 8%
FN-10 0.30 17 0.32 0.05 +7% +31% 38%
Catskills Region

LN-13 0.36 7 0.37 0.01 +3% +5% 8%
LN-15 0.50 4 0.50 0.003 0% *+1% 1%
SYN-1 0.80 10 0.79 0.02 1% +5% 6%
LN-14 2.09 7 2.04 0.05 —2% +5% 7%
SYN-2 5.00 13 5.09 0.19 +2% +7% 9%
SYN-3 15.00 12 15.55 148 +4% +19% 23%
FN-09 3.96 1 3.92 0.23 —1% +12% 13%
FN-10 0.30 12 0.35 0.04 +17% +28% 40%
Northern Appalachians Region

LN-13 0.36 10 0.36 0.03 0% *+17% 17%
LN-15 0.50 4 0.49 0.06 —2% *+24% 26%
SYN-1 0.80 15 0.74 0.09 -8% +24% 32%
LN-14 2.09 10 2.04 0.1 —-2% +11% 13%
SYN-2 5.00 14 4.78 0.59 —4% +25% 29%
SYN-3 15.00 12 15.26 1.02 +2% +13% 15%
FN-09 3.96 21 3.82 0.55 —4% +29% 33%
FN-10 0.30 19 .0.33 0.03 +10% +18% 28%

g MDL = method detection limit.

c Bias = Mean ~ Target Value. Relative bias = [(Mean — Target Value) + Target Value] X 100.

d Precision = 2 x standard deviation. Relative precision = 2 % [(Standard deviation + Mean) X 100].
Total error = |bias (or relative bias)l + precision {or relative precision), following Hunt and Wilson (1986).

332




Table B-14. Performance Evaluation Sample Summary for the Episodic Response Project:
Nitrate (mg/L)

Performance objectives: MDL? = 0.006; precision and bias = +0.006 or +3%; total error = 0.018
or 10%.

Lot Target Value  n Mean .  Std. Dev. Bias? Precision® Total Errord

Adirondacks Region

LN-14 0.055 7 0.019 0.047 -0.036 +0.094 0.140
LN-13 .0.126 7 0.142 0.053 +0.016 +0.106 0.122
SYN-1 0.300 7 0.309 0.017 +3% C211% 14%
LN-15 1.415 4 1.442 0.080 +2% £11% 183%
SYN-2 3.000 7 2.980 0.118 1% +8% 9%
- SYN-3 6.000 7 5.960 0.360 ~1% +12% 13%
FN-09 1.063 16 0.979 0.062 -8% +13% 21%
FN-10 0.886 17 0.945 0.069 +7% +15% ' 22%
Catskills Region
LN-14 0.055 7 - 0.050 0.000 -0.005 +0.000 -0.005
LN-13 0.126 7 0.120 0.014 —0.006 . *0,028 - 0,034
SYN-1 0.300 10 0.312 0.034 +4% +22% 26%
LN-15 1.415 4 1.438 0.016 +2% 2% 4%
SYN-2 3.000 12 2.918 0.104 -3% 7% 10%
SYN-3 6.000 12 5.722 0.289 -5% +10% 15%
FN-09 1.063, 11 .0.925 0.057 -13% *+12% 25%
FN-10 0.886 12 0.899 0.023 +2% +5% 7%

Northern Appalachians Region

LN-14 0.055 10 0.046 0.034 -0.009 +0.068 0.077

LN-13 0.126 10 0.120 0.053 -0.006 +0.106 0.106
SYN-1 0.300 15 0.313 0.034 +4% +22% 26%
LN-15 1.415 4 1.147 0.021 -19% *+4% 23%
SYN-2 3.000 13 2.985 0.166 ~0.5% *11% 12%
SYN-3 6.000 12 6.019 0.867 +0.3% +29% 29%
FN-09 1.063 19 0.898 0.091 -16% +20% 36%
FN-10 0.886 19 0.855 0.102 —4% +24% 28% -

MDL = method detection limit. ‘

Bias =.Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] X 100.

Precision = 2 x standard deviation. Relative precision = 2 x [(Standard deviation + Mean) x 100].
Total error = 1bias (or relative bias)l + precision (or relative precision), following Hunt and Witson (1986).

a

b
c
d




Table B-15. Performance Evaluation Sample Summary for the Episodic Response Project:
Sulfate (mg/L) E

Performance objectives: MDL? = 0.06; precision and bias = +0.06 or +3%; total error = 0.18 or
10%.

Lot Target Value n Mean Std. Dev. Bias® Precision® Total Errord

Adirondacks Region

1.96 0.04 —2% +4% 6%

SYN-1 2.00 7

LN-13 5.60 7 5.54 0.08 -1% +3% 4%
SYN-2 6.00 7 5.87 0.06 -2% +2% 4%
LN-15 6.45 4 6.32 0.08 —2% +2% 4%
LN-14 8.80 7 8.80 0.18 0% +4% 4%
SYN-3 10.00 7 9.87 0.14 -1% +3% 4%
FN-09 6.36 16 6.45 0.07 +1% +2% 3%
FN~10 5.65 17 5.87 0.17 +4% +6% 10%
Catskills Region

SYN-1 2.00 12 2.02 0.03 +1% +3% 4%
LN-13 5.60 7 5.68 0.08 0.5% +3% 4%
SYN-2 6.00 13 5.92 0.08 -1% 3% 4%
LN-15 6.45 4 6.30 0.39 -2% +12% ‘ 14%
LN-14 8.80 7 8.94 0.15 +2% +4% 6%
SYN-3 10.00 10 9.93 0.09 ~1% *2% 3%
FN-09 6.36 11 6.35 0.32 -0.2% +10% 10%
FN-10 5.65 13 5.90 0.10 +4% +3% 7%
Northern Appalachians Region

SYN-1 2.00 11 1.78 0.09 ~11% +10% 21%
LN-13 5.60 10 5.38 0.20 —4% +7% 11%
SYN-2 6.00 14 5.60 0.34 ~7% +12% 18%
LN-15 6.45 4 6.11 0.12 -5% +4% 9%
LN-14 8.80 10 8.71 0.37 -1% +8% 9%
SYN-3 10.00 15 9.67 0.60 -3% +12% 15%
FN-09 6.36 21 6.26 0.48 —2% +15% 17%
FN-10 5.65 19 5.67 0.34 +0.4% +12% 12%

2 MDL = method detection limit.

Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] x 100,

® Precision = 2 x standard deviation, Relative precision = 2 X [(Standard deviation + Mean) x 100].
Total error = |blas (or relative bias)] + precision (or relative precision), following Hunt and Wilson (1986).

b

d




Table B-16. Performance Evaluation Sample Summary for the Episodic Response Project:
Silica (mg/L) '

Performance objectives: MDL® = 0.05; precision and bias = +0.05 or +3%; total error = 0.15 or
10%. : ' ‘

Lot ‘ Target Value n Mean Std. Dev. BiasP Precision® Total Error?

Adirondacks Region

SYN-1 0.70 7 0.66 0.04 -0.04 +0.08 0.12
LN-13 1.10 7 1.10 0.08 0.00 *+0.16 0.16
LN-14 2.15 7 2.24 - 0.19 +4% +17% 21%
SYN-2 . 3.00 7 3.05 0.13 +2% +8% 10%
LN-15 =~ 4.16 4 4.32 0.30 +4% *+14% 18%
SYN-3 . 7.00 7 7.06 0.47 +1% " +13% 14%
"FN-09 4.07 15 433 0.34 +6% *+16% 22%
FN-10 3.47 17 3.74 . 0.23 +8% +12% 20%

* Catskills Region
SYN-1 - 0.70 8 0.76 0.07 0.06 +0.14 : 0.20
LN-13 1.10 8 1.19 0.08 - 0.09 +0.16 0.25
LN-14 2.15 8 2.35 0.07 +9% *+6% 15%
SYN-2 - 3.00 8 3.15 0.13 +5% . - 8% 13%

~ LN-15 4.16 4]

. .SYN-3 7.00 7 6.70 0.15 -4% +5% ‘ 9%
- FN-09 4.07 11 4.18 0.29 +3% *+14% ’ 17%

FN-10 - 3.47 13 3.74 0.22 +8% *+12% 20%

* Northern Appalachians Region

SYN-1 0.70 11 0.72 0.07 +0.02 +0.14 0.16
LN-13 ~.1.10 10 1.06 0.07 -0.04 +0.14 0.18 -
LN-14 2.15 10 2.00 0.10 7% +10% 17%
SYN-2 -3.00 16 . 2.88 0.16 —4% *11% -15%
LN-15 4.16 4 3.65 0.18 -12% 10% 22%
SYN-3 - 7.00 13 6.72 0.31 -4% *+9% 13% .
FN-09 4.07 21 4.02 = 027 —1% *+13% 14%
FN-10 . 3.47 19 3.34 0.28 —4% +17% 21%

a

b MDL = method detection fimit. ;

Bias = Mean — Target Value. Relative bias = [(Mean — Target Value) + Target Value] -x 100.
-Precision = 2 X standard deviation. Relative precision = 2 X [(Standard deviation + Mean) x 100].
Total error = bias (or relative bias)l + precision (or relative precision), following Hunt and Wilson (1986).
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Table B-17. Field Blank Sample Results for Measured Variables for the Adirondacks

Constituent Number of . Standard Lower 95% Upper 95%

characteristics Observations  Mean Minimum Maximum Deviation Cl ct
Aluminum, organic monomeric (mg/l) 69 -0.0003 -0.0340 0.0480 0.0171 -0.0344 ~ 0.0338
Aluminum, total dissolved (mg/L) 128  -0.0019 -0.0228 0.0299 0.0078 -0.0173 0.0135
Aluminum, total monomeric (mg/L) Al 0.0007 -0.0360 0.0490 0.0165 -0.0321 0.0335
ANC (ueg/L) 128 2.7480 -5.8300 68.0900 7.0736  -11.2483 16.7443
Calcium (mgA) 105 0.0845 -0.0470 5.6040 0.5637 -1.0332 1.2022
Chloride (mg/L) 107 0.0364 -0.0990 0.5160 0.0766 -0.1153 0.1881
Specific conductance (18) 128 1.6581 0.7600 18.4200 2.1185 -2.5338 5.8499
Dissolved inorganic carbon (mg/L) 74 0.1421 -0.1320 0.9950 0.1435 -0.1439 0.4280
Dissolved organic carbon (mg/L) 106 0.2538 -0.2200 1.4100 03928 - -0.5248 1.0326
Potassium (mg/L) 105 0.0113 -0.0510 0.8870 0.0909 -0.1690 0.1916
Magnesium (mg/L) 105 0.0084 -0.0160 0.3000 0.0332 -0.0574 0.0742
Sodium (mg/L) 105 ° 0.0076 -0.0530 0.3160 0.0526 -0.0967 0.1119
Ammonium (mg/L) 107 0.0111 -0.0150 0.2770 0.0326 -0.0536 0.0757
Nitrate (mg/L) 107 0.0016 -0.0538 0.1448 0.0259 -0.0498 0.0530
pH (pH units) 128 5.6928 5.1800 6.8200 0.1930 53109 6.0748
Sitica (mg/L) 107 0.0238 -0.1780 2.3660 0.2626 -0.4967 0.5444
Sulfate (mg/) 107 0.0718  0.0300 1.0830 0.1207 -0.1675 03111

Table B-18. Field Blank Sample Results for Measured Variables for the Catskills

Constituent Number of Standard Lower 95% Upper 95%

characteristics Observations ~ Mean Minimum Maximum Deviation Cl Cl

Aluminum, organic monomeric {mg/L) 6 0.0217 0.0030  0.091 0.03426  -0.0622 0.1055
Aluminum, tota dissolved (mg/L) 52  0.0183 -0.0010 0.411 0.06786 -0.1173 0.1550
Aluminum, total monomeric (mg/L) 8 0.0581 0.0020 0.420 0.14631 -0.2793 0.3955
ANC (uzeq/L) 60 1.4810 -9.0500 10.650 4.16079 -6.8418 9.8038
Calcium (mg/L) . 64 0.0484 0.0050 0.700 0.09195 -0.1353 0.2321
Chioride (mg/L) 3 0.1197  0.0890 0.174 0.04718 -0.0305 0.2698
Specific conductance (.5) 65 1.1620  0.6900 2.430 0.34633 0.4703 1.8537
Dissolved inorganic carbon (mg/L) 45 0.2320 0.0700 0.940 0.15938 -0.0890 0.5530
Dissolved organic carbon (mg/l) 61 0.7367 0.1800 10.400 1.29975 -1.8623 3.3357
Potassium (mg/L) 62 0.0134 0.0100 0.100 0.01280 -0.0122 0.0390
Magnesium (mg/.) 63 0.0116  0.0100 0.040 0.00515 0.0013 0.0219
Sodium (mgA) 64 0.0377  0.0100 0.840 0.10804 -0.1782 0.2535
Nitrate (mg/L) 2 0.0440 0.0430 0.045 0.00141 0.0379 0.0501
pH (pH units) 66 5.6941  5.1900 6.370 0.21218 5.2705 6.1177
Silica (mg/L) 4 03098 0.0100 6.920 1.07605 -1.8634 2.4829
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Table B-19. ' Field Blank Sample Results for Measured Variables for Pennsylvania

Constituent Number of Standard Lower 95% Upper 95%
characteristics ] Observations Mean Minimum Maximum - Deviation ct . Cl
Aluminum, organic monomeric (mg/L) 4 0.0060  0.0000 0.0220 0.0107 -0.0237 0.0357
Aluminum, total dissolved (mg/L) 24 0.0022 -0.0010 0.0070 0.0021 -0.0021 0.0065
Aluminum, total monomeric {mg/L) 4 0.0008  0.0000 0.0030 0.0015 -0.0034 0.0049
ANC {ueq/L) 24 -5.4025 -12.3300  4.6100 3.5674  -12.7653 1.9603
Calcium (mg/L) 0.0308 0.0080  0.0640 0.0196 -0.0136 0.0752

0.0243 0.0000  0.0510 0.0190 -0.0186 0.0673

9
Chloride (mg/L): 9
Specific conductance (uS) 9 14211 10200 3.2100 0.6844 -0.1270 2.9693
Dissolved organic carbon (mg/L) 8 0.6500  0.0900 1.5100 0.4663 -0.4253 1.7253
Potassium (mg/L) 9 -0.4418 -2.0000 0.0120 0.8834 -2.4403 1.5567
Magnesium (mg/L) 9 0.0034 0.0000 0.0070 0.0023 -0.0018 -~ 0.0086
Sodium (mg/L) 9 0.0132 0.0010  0.0650 0.0203 -0.0328 0.0592
Ammonium (mg/L) 9 0.0060 0.0000  0.0120 0.0030 -0.0008 0.0128 .
Nitrate (mg/L) 9 0.0182 0.0000  0.0440 0.0173 -0.0208 0.0573
pH (pH units) 25 55996 4.7800  5.8400 0.2237 5.1389 - '
Sitica (mg/L) _ ' 9 0.1111  0.0500 0200 - 0.0547  -0.0125 0.2347
8

Sulfate (mg/L) 0.0256 0.0000  0.039 0.0125 -0.0033 0.0545
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