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Abstract. Temporal and longitudinal variations in the chemistry of two tributary streams of
Woods Lake in the Adirondack Mountains of New York were monitored before and after a
watershed CaCOj application. One subcatchment of the lake had a large beaver pond and wet-
land at its headwaters, while the second was free-flowing. Treatment of both subcatchments
with CaCOs resulted in an immediate increase in acid neutralizing capacity (ANC) associated
with Ca’* release. The extent and duration of the response to the treatment were greater in
the wetland-impacted stream. Aluminum was retained and complexed with organic solutes
generated within the beaver-pond. In the free-flowing stream, NO;™ concentration increased
significantly after the mamgulation; this pattern was not evident in the wetland-impacted
stream. Net retention of SO, was evident in the beaver pond prior to and following treat-
ment, and this response was enhanced after the watershed liming. Comparisons of beaver
pond inlet/outlet concentrations, mass balance calculatlons, and in-pond proﬁles of chemical
parameters revealed patterns of retention of SO2~,NO;™ and Al, and release of Fe*t, dissolved
organic carbon (DOC) and NH; in the wetland durmg the summer before CaCOj treatment.
Post-treatment releases of Ca2+ from the near-sediment zone in the beaver pond corresponded
to anoxic periods in mid- to late-summer and under ice in winter. These findings demonstrate
the importance of increased microbial processing of organic matter, along with high partial
pressure of CO; (Pcoz) in facilitating the dissolution of the applied CaCOs. Dissolved silica
(H4Si04) was retained in the wetland during the summer prior to treatment but was released
after the manipulation. This phenomenon may reflect the dissolution of diatom frustules or
silicate minerals in the wetland at higher pH and DOC concentrations. Within two years of the
CaCO; treatment 60% of the CaCOs applied to the beaver pond and surrounding wetland was
dissolved and transported from the pond, in contrast to only 2.2% of the CaCOs applied to the
upland subcatchment draining into the wetland. These results, coupled with high quantities of
exchangeable Ca’* found in sediments and on Sphagnum mosses in the pond, demonstrate
the importance of hydrologic source areas and wetlands in facilitating the dissolution of added
CaCO0s, and in regulating the production of chemical species important in ANC generation.

Abbreviations. ANC = acid neutralizing capacity, DIC = dissolved inorganic carbon, DOC
= dissolved organic carbon, EWLS = Experimental Watershed Liming Study, Pco, = partial
pressure of carbon dioxide, SI = saturation index
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Introduction
Calcium carbonate application to hydrologic source areas and wetlands

Recent studies have shown that when CaCOs is applied as an acid neutraliz-
ing agent in hydrologic source areas within watershed subcatchments (e.g.,
wetlands, saturated zones, discharge zones) and in upland soils adjoining
streams and drainage flowpaths (i.e., riparian zones), both the efficiency of
dissolution of the base and the duration of the acid neutralization response
are enhanced (Davis & Goldstein 1988; Grieve 1990; Jenkins et al. 1991).
While the effects of CaCOs additions on upland and wetland soils in forested
catchments have been investigated (Matzner et al. 1983; Persson et al. 1989;
Yavitt & Newton 1990/91), there is relatively little information available con-
cerning the impact of CaCOs treatments on acid neutralizing capacity (ANC)
production within sediments and peat (Young et al. 1989; Gubala & Driscoll
1991). Yavitt & Newton (1990/91) observed higher rates of CaCO;3 dissolu-
tion in the surface layers of wetland soils as compared to upland mineral soils.
Surface peat and wetland soils were also shown to contain higher concentra-
tions of exchangeable Ca?* following CaCO; dissolution. Nye & Amelko
(1987) demonstrated an enhancement of the rate of CaCO3 dissolution in
soils with low pH (<5.0), high partial pressure of carbon dioxide (Pco,)
and high soil moisture content. It is believed that elevated concentrations of
dissolved inorganic carbon (DIC) and high Pco; facilitates CaCOs dissolu-
tion in moist or saturated organic-rich soils and sediments (DePinto et al.
1989). Processes which facilitate the storage of applied Ca?* in sediments,
soil, or peat (e.g., high biological productivity, high sediment and peat cation
exchange capacity (CEC), pH dependent CEC increase, active Sphagnum
exchange of basic cations, etc.) would be expected to enhance the release of
Ca®* upon subsequent reacidification. Limited sediment/water interaction is
expected with most surface waters in lakes (except perhaps during turnover
periods), whereas sediment/water contact (both spatially and temporally) is
greater in shallow ponds and wetlands. This condition could facilitate the
dissolution and movement of sediment-bound Ca?* in these systems. Burial
of applied CaCOs, surface deactivation by iron oxides or siderite, and coating
by organic materials (Plummer et al. 1979; Sverdrup et al. 1984) could make
further dissolution dependent upon sediment/porewater processes like diffu-
sion, diagenesis, and bioturbation (Aller 1980; Berner 1980). Such processes
dominate shallow wetland sediments which are warm, exposed to sunlight,
and microbiologically active. Increased benthic or sediment microbial activity
has been observed subsequent to CaCOj3 treatments in Europe (Ivarson 1977,
Raddum et al. 1986; Persson et al. 1989).
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Hydrological and biogeochemical impacts of wetlands and beaver ponds

The importance of wetlands and beaver ponds in controlling surface water
hydrology and biogeochemical cycling has recently been demonstrated in a
number of studies (Naiman et al. 1988; Johnston & Naiman 1990; Woo &
Waddington 1990; Cirmo & Driscoll 1993). Hydrological consequences of the
damming and flooding of stream valleys include elevated water tables, lower
stream velocity and increased hydraulic residence times (Parker et al. 1985;
Apple 1985; Szaro & DeBano 1985; Parker 1986; Dahm et al. 1987; Woo
& Waddington 1990). The accumulation of allocthonous particulate organic
matter in beaver ponds also results in increased organic content of sediments.
Carbon accretion, along with increased hydraulic residence time, enhances
O, consumption by microbial decomposition processes. Recent studies also
indicate that flooding of stream valleys and wetlands by beaver leads indi-
rectly to higher CH, fluxs due to anoxic conditions favoring methanogenic
bacteria (Ford & Naiman 1988; Nisbet 1989; Naiman et al. 1991; Yavitt et al.
1990,1992; Roulet & Ash 1992).

As available O, is depleted due to aerobic mineralization processes,
alternate electron acceptors are used by facultative and obligate anaerobic
microbial communities. These alternate electron acceptors include NOj,
Mn*t, Fe** and SO3~. Many of these biotically-mediated decomposition
processes, along with mineral weathering and cation exchange, involve the
uptake of HY and the generation or consumption of ANC (Table 1). Acid
neutralizing capacity is a useful measure of the sensitivity of surface waters
to inputs of acidic atmospheric deposition and watershed drainage. The defi-
nition of ANC used here is based on the charge balance approach described
in the introductory paper to this series (Driscoll et al. 1996).

Acid neutralizing capacity generation and acid deposition impacts in
wetlands

The generation of ANC in anoxic lake and wetland sediments is well docu-
mented. The neutralization of atmospheric and drainage inputs of SOﬁ‘ via
microbial reduction is an example (Schindler et al. 1980; Kelly et al. 1982;
Schindler 1986; Cook et al. 1986; Cirmo & Driscoll 1993). Sulfate reduction
has been demonstrated in peatlands receiving high inputs of SOﬁ‘ (Wieder
et al. 1987, 1990) as well as in a beaver pond wetland in the Adirondacks
(Driscoll et al. 1987; Cirmo & Driscoll 1993). Denitrification and Fe3t reduc-
tion have been observed in aquatic systems (Lovley & Phillips 1986; Driscoll
et al. 1987), and seasonal variations in NOj retention, NHJ release, and
denitrification have been observed to coincide with variations in temperature
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Table 1. Acid neutralizing capacity (ANC) generating and consuming reactions. CH,O is a
simplified empirical formula for organic matter.

Process Equivalents of
ANC generated
per mole of reactant

Sulfate Reduction:

SO2~ +2CH,0 + 2H* = 2CO; + H;S + H,0 +2
Denitrification:

NOj + 1.25CH;0 + H* = 1.25CO; + 0.5N; + 1.75H,0 +1
Sulfide Oxidation:

H;S +20, =SO2™ +2H* -2
Nitrification:

NH} +20, =NOj + H,0 +2H* -2
Ammonification:

CH;ONH; + O; + Ht =NH} +CO; + H,0 +1
Iron Reduction:

FeOOH(s) + 0.25CH;0 + 2H* = Fe’* + 0.25CO; + 1.75H,0 +2
Iron Oxidation:

Fe** + 0.250; + 2.5H,0 = Fe(OH);(s) + 2H* -2
Cation Exchange:

Ca’t + H,X = CaX + 2H* -2
Anion Exchange:

SO2~ + X(OH); = XSO, +20H™ +2
Aluminum Weathering (e.g.):

ALO3-3H,0 + 6H' = 2AP* + 6H,0 +6

and hydrologic regime in beaver ponds (Naiman & Melillo 1984; Francis
et al. 1985; Maret et al. 1987; DeVito et al. 1989; Cirmo & Driscoll 1993).
Relatively few studies of the effects of acidic deposition on wetlands and
peatlands have been conducted (Gorham et al. 1984, 1985; Bayley et al. 1987;
Wood 1989). The acidity in wetlands is generally attributed to organic acid
production, the oxidation of organic or inorganic reduced S, CO, production
from decomposition, cation exchange processes, or acidic atmospheric inputs
of S and N (Gorham et al. 1985; Kerekes et al. 1986; Wood 1989; Hemond
1990). The production of dissolved organic carbon (DOC) from incomplete
decomposition processes in wetlands has also been widely reported. Organic
solutes contribute to the acidity of drainage waters due to the dissociation of
both strong and weak organic acid functional groups ( Driscoll et al. 1989b;
Hemond 1990, Perdue 1990). Dissolved organic carbon also has an important
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role in the complexation and transport of trace metals such as Al, Fe, and Hg
(Reuter & Perdue 1977; Driscoll et al. 1994). Wetlands and beaver ponds, as
sources of DOC and as sinks for strong acid anions (i.e., SOi_ and NO3)
and metals (e.g., Al), warrant study as systems which can contribute to either
acidity or ANC.

Cation exchange on mosses, peat, and sediments

The polygalacturonic acid complex found in the cell walls of Sphagnum
species is known to exchange cations (particularly divalent cations like Ca?*
and Mg?*) for H* (Clymo 1963; Spearing 1972; Bunzl et al. 1976). Sphag-
num species are thought to play an active role in the maintenance of acidity
in wetland systems (Craigie & Maass 1966; Moore & Bellamy 1974; Andrus
1986). The acidity contributed by Sphagnum as well as the measureable ‘field’
cation exchange capacity of living Sphagnum and Sphagnum peat, have been
the subject of some controversy (Kilham 1982; Andrus 1986). Under similar
field and laboratory conditions , base-rich peat seems to release basic cations
upon acidification while base-poor peat tends to remove cations from solution
(Wood 1989). After CaCO; treatment the exchange complex on these mosses
might act as a Ca®* sink depending on the biological integrity of acidophilic
moss species. This biological integrity may be tenuous after a liming since
evidence of aquatic macrophyte and moss mortality has been reported subse-
quent to a lake CaCOj3 treatment (Clymo 1973; Bukaveckas 1988). Loss of
the exchange complex on these mosses could affect the ecological functioning
of wetlands in CaCOj;-treated catchments (Curran et al. 1991).

Research questions

We studied the biogeochemistry of two tributary streams of Woods Lake,
New York to observe the response of stream water and wetland biogeochem-
istry to a watershed CaCOs3 treatment. This study included an evaluation of
the chemical characteristics of both a wetland-impacted and a free-flowing
stream, as well as comparisons of the inlet, outlet and water-column biogeo-
chemistry of a beaver pond within a CaCOs-treated catchment. Our goal was
to address the following research questions: a) What is the biogeochemical
response of headwater streams to a watershed CaCOj- treatment, and what
factors control the extent of this response, b) how does a watershed CaCO;
treatment affect the biogeochemistry and generation or consumption of ANC
within a beaver pond and associated drainage waters, and c) is the CaCOs
treatment of a wetland or hydrologic source area within a drainage system an
effective approach to increasing the supply of base and ANC to downstream
waters?
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Fig. 1. The Woods Lake watershed and subcatchments including locations of stream sampling
sites and the beaver pond within subcatchmentII.

Methods
Study site description, hydrology, and CaCO3 application

Woods Lake has two major tributary streams draining subcatchments I and IV
of the watershed (Fig. 1). Hydrologic discharge was monitored with United
States Geological Survey (U.S.G.S) gauging stations on both streams just
upstream of their entrance to Woods Lake. The operation of these gauging
stations and a description of the associated stream sampling is described in
the introductory paper to this series (Driscoll et al. 1996).

A beaver pond wetland is located at the headwaters of the tributary stream
in subcatchment II (Fig. 1). The beaver pond has a volume of 7500 m3, a
surface area of approximately 1.26 ha, and a mean depth (based on winter
bathymetry) of 0.59 meters (Fig. 2). The main surface inlet to the pond is
a small, nearly perennial first-order stream (sampling site W24). There are
also several ephemeral inlets as well as lateral subsurface flow occurring on
the west side of the pond in an extensive saturated wetland zone. Total pond
surface and surrounding saturated wetland area is estimated as 2.4 ha. Float-
ing logs and standing dead timber dominate the beaver pond area. Edge and
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contour interval = 0.25 m
surface area = 1.26 ha

PROFILE SAMPLING SITE

Fig. 2. Bathymetric map of the Woods Lake beaver pond including sampling sites.

shallow zone sediments are predominantly Sphagnum covered, and include
the species S. papillosum Lindb., S. girgensohnii Russow, and S. magellan-
icum Brid. Extensive areas of Polytrichum commune are also evident. A large
coverage of Utricularia purpurea Walter is common in the water column dur-
ing the summer months. Deeper portions of the pond contain highly organic
sediments. The pond and surrounding wetland are underlain by glacial till
and outwash deposits, topped by peat of from 0.25 to 1.5 meters in depth.
Water draining the wetland was sampled below the beaver dam (site W14).
Pond outlet discharge at this site was estimated as 96% of the discharge
measured and recorded at the gauging station downstream at site W02. This
percentage was based on an areal pro-rating of the discharge within the sub-
catchment containing the wetland (LaZerte 1993). Estimates of hydrologic
inputs to the wetland and pond were made by areal pro-rating of the discharge
of the free-flowing stream in subcatchment IV (at gauging site W04) to the
upland area draining into the beaver pond (26.6 ha) and its surrounding wet-
lands. The free-flowing stream in subcatchment IV drains similar topography
and is not intersected by a wetland. Sampling of the water chemistry of both
main tributaries to Woods Lake, as well as the beaver pond inlet, outlet and
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water-column (at site W23), was conducted at three-week intervals from June
1989 to September 1991.

Flux and mass balance calculations were performed based on observed
solute concentrations from the beaver pond inlet and outlet streams, in com-
bination with the aforementioned discharge measurements and hydrologic
input estimates. Solute concentrations at each three-week sampling period
were assumed to be representative of the daily concentrations existing for
half the period between previous and subsequent sampling dates. Precipi-
tation totals and chemical wet deposition fluxes were calculated based on
data from a nearby precipitation monitoring site (Nick’s Lake) operated by
the New York State Department of Environmental Conservation (New York
State Atmospheric Deposition Monitoring Network 1991). Piezometer and
well recovery data indicated that subsurface flow into the wetlands around the
beaver pond was lateral and extremely slow, as influenced by the low hydraulic
conductivity (< 1077 cm sec™!) of the glacial till underlying the pond. Due
to this fact, and since the pond represented a topographic low except for the
area around its outlet, subsurface outseepage from the pond was assumed to
be negligible. For budget calculations and statistical comparisons, ‘summer’
was defined as July 1 through September 30, and ‘non-summer’ as October
1 through June 30.

The mean CaCOj application rate to the two subcatchments was estimated
as 6.89 Mg CaCOs3 ha~! (Driscoll et al. 1996). Calcium carbonate was applied
to the pond and wetland as part of the treatment of subcatchment II. Floating
basket collections on the pond during the CaCOs application (n=7) revealed
that 8.71 + 1.63 Mg (6.91 + 1.29 Mg ha™!) of pelletized limestone was
applied directly to the ponded waters. Based on 82% CaCOj; content of the
limestone (Driscoll et al. 1996), a total application of 7.14 & 1.34 Mg CaCO3
(5.67 + 1.06 Mg CaCOs ha™!) or 143 + 21.1 Keq Ca** (114 £ 16.7 keq
Ca** ha~!) was determined for the pond and its associated wetland.

Chemistry and data analysis

Standard chemical methods and quality assurance/quality control (QA/QC)
procedures were followed in all analyses, as described in Driscoll et al.
(1995). Ferrous iron was determined in the field at the time of sampling using
a modified o-phenanthroline method (APHA 1985) with immediate fixation
and spectrophotometric readings done using a portable spectrophotometer.
Bottles for Fe?* analysis were wrapped in aluminum foil and chilled to 4 °C
if analysis could not be immediately conducted. Dissolved oxygen was fixed
in the field and titrated within 12 hours using a modified Winkler method
(APHA 1985). Temperature and pH were measured in situ or within four
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hours of collection (for pH) at the laboratory facility in Thendara, New
York.

Sediment cores were collected along with living Sphagnum from the
Woods Lake beaver pond and wetland, as well as from an untreated reference
beaver ponded wetland at nearby Pancake-Hall Creek (Cirmo & Driscoll
1993) for determination of exchangeable Ca’*. Standard sediment/soil
extraction techniques were followed (Cappo et al. 1987) using NH4Cl and
KClI extractants. A Ca?* exchange study was also conducted using pond
water and living Sphagnum from both the CaCQOs -treated (Woods Lake) and
untreated (Pancake-Hall Creek) beaver ponds.

Inorganic monomeric Al (Al;y,) was calculated as the difference between
measured values of total monomeric Al (Aly,) and organic monomeric Al
(Alom) (Driscoll 1984). The chemical thermodynamic equilibrium model
ALCHEMI (version 4.0, Schecher & Driscoll 1994) was used to calculate
the equivalency of inorganic monomeric Al, or Al"*. The ALCHEMI model
allows the thermodynamic calculation of Al speciation and complexation
with inorganic and organic ligands, as well as dissolved inorganic carbon
(DIC) speciation and solid mineral phase saturation index. Saturation index
is defined as:

where Q, is the ion activity product and K, is the thermodynamic solu-
bility product of the mineral phase of interest. Negative SI values indicate
conditions of undersaturation with respect to a given solid phase, whereas
positive values suggest oversaturation. Water-column chemistry was eval-
uated with regard to the solubility of aluminum mineral phase hydroxides
(AI(OH)3(s)) including synthetic gibbsite (log *Ks, = 8.11) and amorphous
Al hydroxide (log *Ky, = 10.80), as well as for CaCO; (log Ky, = 8.34).
The equivalence of organic acids (RCOO™ ) used in ANC budget calculations
was estimated using a triprotic organic acid analog model (Driscoll et al.
1994). The chemical thermodynamic equilibrium model MINEQL+ (version
2.2, Schecher & McAvoy 1991) was used to estimate saturation with respect
to manganite (MnOOH, log *Ky, = 25.27) and siderite (FeCOs, log Ky, =
10.55) solubility. Saturation indexes were calculated relative to atmospheric
CO; (Pco, = 1073%) for stream chemistry, and as closed to atmospheric CO,
for post-treatment beaver-pond chemistry.

Statistical analyses were conducted using PC-SAS version 6.03 (SAS
Institute Inc. 1985). Values and statistical comparisons of mean annual and
seasonal water quality parameters for the two streams from 1984-1989 (pre-
treatment) are presented elsewhere (Cirmo & Driscoll, unpublished) and are
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used for comparisons in this study. A non-parametric Wilcoxon rank sum
test was used for a comparison of before- and after-treatment streamwater
chemistry. It was not possible to determine statistically significant differences
between pre- and post-treatment chemistry for the beaver pond inlet, outlet
and pond waters due to the inadequate number of pre-treatment observations
(summer of 1989 only), and the lack of replication of the treatment site.
Observations from an untreated beaver pond (Pancake-Hall Creek) were used
in qualitative comparisons (Cirmo & Driscoll 1993). Linear regressions were
calculated between various chemical parameters in the evaluation of controls
on the production of ANC. These regressions were statistically evaluated
using F statistics. True replication of treatment sites was not possible, and the
use of inferential statistics for comparisons should be interpreted in this light
(Hurlburt 1984; Eberhardt & Thomas 1991).

Results and discussion
Stream biogeochemistry after CaCOs3 treatment

The catchment CaCO3 application in October of 1989 had significant impacts
upon the chemistry of both tributary streams to Woods Lake. Over 90% of
the increase in ANC in both streams was associated with increases in Ca*
for up to 18 months after the manipulation, and both streams approached
CaCOs saturation immediately after treatment (Fig. 3). Although both streams
showed immediate and significant increases in pH and ANC, as well as in
Ca?t, Mg?*, and DIC concentrations, there were subtle differences in the
magnitudes of these changes (Figs 3 and 4, Tables 2 and 3). The beaver-ponded
stream remained near saturation with respect to CaCO3 throughout the post-
treatment period, and also exhibited higher export of Ca?* for a longer period.
In comparison to pre-treatment values, concentrations of DOC increased
in both streams immediately after treatment (Table 3). Dissolved organic
carbon concentration was normally higher in the beaver-ponded stream as
compared to the free flowing stream before the treatment, and continued to
be higher during the post-treatment period. As expected from the increase in
pH, calculated concentrations of organic anion (RCOO™) also increased due
to the subsequent deprotonation of acidic functional groups associated with
DOC.

Concentrations of Aly, and Ali;, declined markedly in both streams imme-
diately after the treatment, but returned to near pre-treatment concentrations
rapidly (one summer season) only in the free-flowing stream (Fig. 5). Follow-
ing the CaCO3 application, both streams were oversaturated with respect to
the solubility of synthetic gibbsite and approached saturation with respect to



[133] 275

—— BEAVER-PONDED STREAM
—*— FREE-FLOWING STREAM

1200 |
ANC 800

(neq/L) 400
0

1200

Ca*™ 800
(neq/L) 400

CaCo,
SI

1200

DIC
(umol C/L)

900
600

300 r

|

WATERSHED"|

CaCO, |
TREATMENT

1990 1991 1992

Fig. 3. pH, ANC and Ca’* concentrations (in pequiv L"), CaCOs saturation index (SI), and
dissolved inorganic carbon concentration (DIC, in gmol C L™") of the two tributary streams
to Woods Lake from 1989-1992.

amorphous Al hydroxide (SI = —1.0 to +0.5, Fig. 5). This phenomenon was
also observed after a water column CaCOj5 treatment of Woods Lake (Driscoll
et al. 1989a). Rapid hydrolysis and precipitation of aluminum hydroxides in
the pond could establish a less crystalline solid phase control of Al concen-
trations in the pond outlet stream. This phenomenon was more immediaiely
evident and of longer duration in the beaver-ponded stream as compared
to the free-flowing stream, and reflects a potentially important function for
upstream wetlands as potential sinks for Al mobilized in acidified upland
soils (Cirmo & Driscoll 1993; Bailey et. al. 1995).
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Fig. 4. Dissolved organic carbon (DOC, in pmol C L™"), organic acid anion (RCOO™),
SO2~, NOj, and NH] concentrations (all in pequiv L™") of the two tributary streams to
Woods Lake from 1988-1992.

Pre-treatment differences in H4SiO4 concentration between the two
streams became insignificant after the manipulation (Fig. 5, Tables 2 and
3). Moreover, retention of H4SiO4 in the pond was observed during the pre-
treatment period, a phenomenon which has also been observed in another
Adirondack wetland (Cirmo & Driscoll 1993). In contrast, H4SiO4 inputs
to the pond were nearly matched by outlet concentrations after the treat-
ment. It is possible that a source of H4SiO4 within the pond may have been
mobilized, since elevated pH, coupled with high DOC, has been shown to
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Table 2. Comparison of mean solute concentrations for the
beaver-ponded (P) and free-flowing (F) streams at Woods Lake
after CaCO; treatment, using a Wilcoxon rank sum test. All
comparisons made at the p < 0.05 level, ns = not significant.

Analyte Annual Summer Non-summer
pH P>F P>F P>F
ANC P>F P>F P>F
DOC P>F ns P>F
DIC P>F P>F P>F
SOZ~ ns ns ns
Cl™ ns ns ns
F P>F P>F P>F
NO; ns P>F ns
NH.4 P>F ns P>F
Nat ns F>P ns
K* P>F P>F P>F
Ca’t P>F P>F P>F
Mgt P>F P>F P>F
Al F>P F>P F>P
Alom F>P F>P P>F
Fe:ot P>F ns ns
Mn;o: P>F ns P>F
H4SiO4 ns F>P ns

accelerate the dissolution of amorphous silica sources, such as opaline silica
in diatom frustules or poorly formed mineral silicates in the underlying peat
and sediments (Bennett et al. 1991; Hiebert & Bennett 1992). The lack of
significant silicate content in the applied pelletized limestone precluded any
additional input from the treatment itself. Dissolved silica concentrations in
both streams increased significantly from pre-treatment conditions during all
seasons.

Nitrate concentrations increased from pre-treatment values in the free-
flowing stream in all seasons (Table 3). Soil response to a simulated CaCO3
treatment at this same site (Yavitt & Newton 1990/91; Simmons et al. 1996)
revealed an increase in nitrification in O-layer soil horizons in contrast to
untreated soils. The lack of a corresponding NO3 increase downstream of
the beaver pond (except during the summer) could be due to the retention of
upland NO3 inputs to the beaver pond, a phenomenon observed elsewhere
(Cirmo & Driscoll 1993). Mean annual ammonium concentrations down-
stream of the beaver pond nearly doubled on an annual basis after treatment,
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Fig. 5. Inorganic monomeric aluminum (Al,), organic monomeric aluminum (Alom) con-
centrations, gibbsite saturation index (SI), total iron (Fe:o:) and dissolved silica (H4SiO4)
concentrations (in gmol L™") of the two tributary streams to Woods Lake from 1988-1992.

but remained unchanged during the summer season. The lack of a significant
summer increase in NHJ concentrations downstream of the beaver pond may
reflect an increase in the rate of nitrification of wetland produced NHJ in the
warmer, higher pH streamwater below the pond. In the free-flowing stream,
NHI concentrations remained low with only a slight increase during the
summer. Notably, an increase in streamwater NO3" was observed during the
snowmelt period of 1990 throughout the region (Driscoll and Van Dreason
1993). It is possible that the observed NOj3 increases noted in the two streams
reflected this trend. The lack of a significant increase in annual NOj3 con-
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Table 3. Comparison of seasonal and annual mean solute concentrations in the
beaver-ponded and free-flowing streams before and after watershed CaCOs treat-
ment. ‘+’ indicates an increase in mean value, ‘—’ a decrease. ns = not significant,
*=p < 0.05, **p < 0.01.

Beaver-ponded stream Free-flowing stream
Analyte Annual Summer Non- Annual Summer Non-
Summer Summer

pH **+ **+ **+ **+ **+ **+
ANC **+ k% + **+ **+ **+ k% 4
DOC ns ns *k 4 ns ns * 4+
DIC k4 ** 4 *¥* 4 * 4+ ns *k
SOi‘ *k *k *k ns ns ns
ClI™ ns *E ns ns * ns
F~ *k _ ns *k _ *k _ ns k¥ _
NOy ns ** 4 ns ** 4 * 4 *k
NH; kg ns k4 ns ns ns
Nat ns ns ns ns *k 4 ns
Kt % 4 ns *k *% 4 ** 4 *% 4
Ca?t *% 4 *% 4 *k 4 *k ** 4 *% 4
Mg2+ *k 4 % 4 ¥ 4 ** 4 *% 4 ** 4
Alm *k _ *k __ *k _ *%k _ *k _ kK _
Alom ** *k ** ns ns ns
Feiot ns ns * 4+ ns ns ns
Mntot kk __ kk __ kk __ kk k¥ __ kk
H4Si0y  ** + *x ** g *ok g ** 4 *k 4

centration in the wetland-impacted stream in comparison to the free-flowing
stream (Table 3) would suggest that the beaver-pond wetland may have been
a sink for any additional NO3 originating in the upland catchment.

Mean SOﬁ' concentrations were significantly lower in the beaver-ponded
stream after CaCOj3 application, but remained unchanged in the free-flowing
stream (Fig. 5, Tables 2 and 3). This decline could reflect enhanced SO%‘
reduction in the pond, although Yavitt & Fahey (1996) did not observe an
increase in SOﬁ’ reduction rate in peat sampled from this pond after the
CaCO; treatment. An increase in SO%‘ reduction might be expected since
the treatment resulted in elevated pH, a condition more favorable for microbial
activity in general. One may hypothesize that SO‘Zf concentrations remained
the same in the free-flowing tributary since elevated pH has relatively little
effect on this conservative solute in upland forest soils of the Northesastern
United States. Total Mn (Mn,,;) declined at all sites and seasons after the
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Table 4. Linear regression analysis between ANC and
major ionic solutes in beaver-ponded and free-flowing
streams after watershed CaCO; treatment. r* values,
*=p < 0.05,** =p<0.01.

Beaver-ponded Free-flowing
DOC **0.68 **0.23
DIC **0.89 ns
orm 0,28 ns
ClI~ ns ns
F~ ns ns
NOy **0.32 *0.22
NH} ns ns
Al't ** (.32 **0.25
Nat ns **0.55
Kt **0.69 ns
Mgt ** 0,75 ns
Ca’t **0.90 **0.33

manipulation, due likely to precipitation and solid phase control by mangan-
ite (MnOOH, SI = —0.07) at elevated pH (Driscoll et al. 1989a). Manganite
has been shown to control the solubility of Mn in acidic Adirondack waters
(White & Driscoll 1987). The bacterial oxidation of soluble Mn?* released
by decomposition from anoxic sites, and the subsequent precipitation of
relatively insoluble Mn**hydroxides, occur more rapidly at elevated pH
(Chapnick et al. 1982).

The watershed CaCO; treatment had a marked effect on the distribution
of ionic solutes, particularly during low-flow conditions in the beaver-
ponded stream. Linear regressions of major ionic solutes contributing to ANC
(Table 4) reveal the chemical controls on ANC production and consumption
after manipulation. Post-treatment controls on changes in ANC were largely
associated with Ca?t, Mg?* and DIC due to CaCO3 dissolution. There were
also significant contributions from DOC, SO2~, NO7, and Al presumably due
to the influence of wetland processes in the beaver-ponded stream (Driscoll
et al. 1987; Cirmo & Driscoll 1993). The free-flowing stream had similar
controls on changes in ANC. A major contribution from Na% is likely due
to the predominant influence of catchment soils and bedrock on this stream
(Newton et al. 1987), in contrast to the wetland and beaver pond controls
from sediment and microbial processes associated with an aquatic system.
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Fig. 6. pH, ANC and Ca?* concentrations (uequiv L™'), CaCOs saturation index (SI), and
dissolved inorganic carbon (DIC) concentration (gmol L™ !Yin the beaver pond inlet and outlet
streams for the pre- and post-treatment period.

Beaver pond biogeochemistry

Beaver Pond Inlet/ Qutlet Comparison — Beaver pond inlet/outlet data prior to
treatment was available for the summer of 1989 only (June through Septem-
ber). Nevertheless, distinct differences in inlet and outlet pond chemistry
were evident, and similar to those found during a more extensive study in
a nearby beaver pond (Cirmo & Driscoll 1993). During the summer before
treatment, ANC and pH rarely exceeded 0.0 ueq/L and 5.00, respectively, in
the pond inlet stream, while these parameters were both elevated in the pond
outlet stream (Fig. 6). After CaCO3 treatment, increases in pH, ANC and
Ca?*t concentrations occurred in both the pond inlet and outlet. In contrast to
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the pond outlet, pond inlet chemistry returned to near pre-treatment values of
pH, ANC and Ca** concentrations within 18 months. This may have been in
response to reacidification of soil water draining the upland catchment (Geary
& Driscoll 1996). The immediate post-treatment increase in pH for both inlet
and outlet water was likely due to rapid dissolution of CaCOs3 deposited in
the upland stream bed and within the beaver pond and wetland itself. The
increase in Ca**, ANC and DIC concentrations in the pond outlet during
low-flow periods in mid-winter and summer was indicative of the dissolution
of CaCOs within the pond (Fig. 6). Most of the release of ANC and DIC
was associated with release of Ca®t from the anoxic near-sediment zone
(discussed later). Dissolved inorganic carbon concentration and CaCOj; SI
values increased between the pond inlet and outlet. Carbon dioxide saturation
declined (90% to 50%) in the outlet stream when ice-out occurred in April
1990, and again during water-column mixing in the Fall of 1990. This pattern
reflects the reaeration of CO,-charged water during discharge over the dam
and downstream. An accumulation of DIC from microbial respiration and/or
CaCOzdissolution was evident under the ice, and in warm, stagnant waters
during summer low-flow periods. Calcium carbonate dissolution within the
ponded waters was again suggested by the continued high CaCO3 SI noted
in the pond outlet (Fig. 6).

An increase in DOC in pond waters occurred during the summer after
treatment (Fig. 7) reflecting similar conditions in the nearby reference beaver
pond at Pancake-Hall Creek (Cirmo & Driscoll 1993). The beaver pond con-
tinued to be important source of DOC to the receiving stream and downstream
lake (Driscoll et al. 1996). Sulfate concentrations were substantially lower in
the outlet stream compared te the inlet during the summer before treatment
due to extensive SO3~ reduction within the pond. A further decline in outlet
SOﬁ“ concentration during the summer after treatment suggests enhanced
microbial reduction at higher pH values, or a decline in O, availability due to
higher decomposition rates in pond sediments. Tentative findings during the
summers after liming indicate that the pond sediments and peat have expe-
rienced an increase in O, consumption rate subsequent to the manipulation
(Cirmo, unpublished). The rapid development of anoxic conditions and low
redox potential, along with circumneutral pH, might support higher rates of
SO;™ reduction. Inlet SO~ concentrations did not change in response to the
treatment, once again reflecting the conservative nature of SOﬁ" transport
through the upland terrestrial soils.

Nitrate concentrations in the beaver-pond inlet and outlet generally
reflected seasonal biological activity within the watershed (Fig. 7). Concen-
trations were low in both pond inlet and outlet waters during the growing
season (May-September), while concentrations were below detection limits
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Fig. 7. Dissolved organic carbon (DOC, in gmol C LY, organic anion (RCOO™), SOﬁ",
NO7, and NH;,iL (all in pequiv L™") of the beaver pond inlet and outlet streams for the pre-
and post-treatment period.

in the pond outlet at mid-summer low flow, both before and after the CaCO;
application. Ammonium was released in an irregular fashion for most of
the year (Fig. 7) and beaver-pond outlet NHj’ concentrations exceeded inlet
concentrations throughout the summer. Ferrous iron concentrations were con-
sistently higher in the pond outlet in comparison to the inlet, with highest
concentrations occurring during low-flow conditions in late summer (Fig. 8).
Similar patterns in Fe?* concentrations were observed during summer low-
flow periods in the outlet of the reference pond at Pancake-Hall Creek (Cirmo
& Diriscoll 1993). Ferrous iron concentrations in this CaCQOjs-treated system
could be controlled by siderite (FeCQOs3) solubility, although these waters
remained undersaturated with respect to FeCO3 during the observation period



284 [142)]

—— POND INLET —— POND OUTLET

T WATERSHED T ]
- CaCo,

TREATMENT 5

AL 20

.
m

(umol/L) 10

Al

om

(nmol/L)

o NAOO
jjg
r- +
A

/

Gibbsite

SI
0

Fe** 40
(neq/L) o

150
H,SiO, 100

(nmol/L) 50

Dat

JUL l .JAN JUL JAN JUL
1990 1991

Fig. 8. Inorganic monomeric aluminum (Alm), organic monomeric aluminum (Alom) con-
centrations, gibbsite saturation index (SI), total iron (Fe:.:) and dissolved silica (H4SiO4)
concentrations (in umol L™") of the beaver pond inlet and outlet streams for the pre- and
post-treatment period.

(SI = —1.0 to —2.0). The oxidation rate of Fe?* (to relatively insoluble Fe3*
oxyhydroxides) is greater in circumneutral waters (Stumm & Morgan 1981).
A rapid reoxidation of Fe?* released from anoxic zones in the pond could
lead to lower ‘observed’ in-pond concentrations, regardless of the rate of
generation of Fe?* within the pond sediments and waters.

Concentrations of Al;;, were lower in the pond outlet compared to inlet
waters during the summer before treatment (Fig. 8). This phenomenon has
also been observed in the reference beaver pond (Cirmo & Driscoll 1993)
and in a headwater pond in New Hampshire (Bailey et al. 1995). Pond water
was near saturation with respect to the solubility of synthetic gibbsite during
this period, while after treatment (up to 18 months) the beaver-pond outlet
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was closer to saturation with amorphous Al hydroxide. Pond inlet SI values
also approached the solubility of amorphous Al hydroxide, but were closer to
synthetic gibbsite solubility control during the subsequent winter and spring
snowmelt. Pond inlet concentrations of all forms of Al began to increase
again within one year of CaCO; treatment, while Al concentrations in the
outlet stream remained extremely low. In-pond retention of Al became an
increasingly important phenomenon as the upland drainage water reacidified,
with subsequent mobilization and transport of Al to the circumneutral pond
and wetland water.

Retention of H4SiO4 in the beaver pond (evident during the growing
season prior to treatment) was not evident in the two subsequent seasons
(Fig. 8). An increase in H4Si04 concentration was also noted at both tributary
stream sampling sites after treatment (see previous section). Concentrations of
H4Si0y4 in the beaver-pond outlet were greater throughout the post-treatment
period, again suggesting the mobilization of a source of H4SiOj in the pond
(dissolution of silicates or diatom frustules at the higher pH and DOC concen-
trations). Laboratory analysis of the applied limestone revealed that silicates
in the limestone matrix were not soluble in the conditions present in the pond
(Driscoll et al. 1996).

Beaver Pond Water-Column Chemistry — Pond surface temperatures of up
to 24.1 °C were attained during the summer, and the pond developed a weak
clinograde thermal stratification during this period, with effective isolation
of near-sediment waters from surface waters, except during large storms and
hydrologic events. A reverse thermal stratification developed under thick ice
cover (up to 0.5m) in winter and resulted in isolation of deeper pond water
during mid-winter. Near anoxic conditions (<20 ymol/L O,) developed near
the sediments during these times. These seasonal anoxic periods corresponded
with an accumulation of ANC (Fig. 9) in the near-sediment zone during the
summer pre-treatment period and the initial winter after treatment. The near-
sediment accumulation of ANC was predominantly associated with Ca?*.
This was likely due to enhanced microbial activity induced by the circum-
neutral pH, or to the decomposition of organic or Fe coatings surronnding the
CaCOs particles. High Pco, near the sediments would also facilitate CaCO;
dissolution during these periods (DePinto et al. 1989; Nye & Amelko 1987).
Through the succeeding summer and winter stratification periods, patterns of
Ca’t-associated ANC accumulation and dissipation occurred. The accumula-
tion of Fe2* and NH;" in the near-sediment zone (Fig. 9) was also indicative
of microbial anaerobic decomposition associated with Fe3* reduction and
organic-N mineralization, respectively. An initially large Fe?* release in the
winter and summer following treatment declined by the summer of 1991,
indicating either a depleted source of readily soluble Fe, or possible siderite
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Fig. 9. Isopleths of acid neutralizing capacity (ANC), Ca®*, Fe?*, and NH7, in pequiv/L, at
the deepwater site over time in the Woods Lake beaver pond.

(FeCO3) precipitation and/or coating of CaCOj3 particles. Increased H4Si04
concentrations in the near-sediment zone immediately after the CaCOs appli-
cation (not shown) indicated the enhanced dissolution of an ‘in-place’ source
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Fig. 10. Acid neutralizing capacity budget (sources and sinks) for the Woods Lake beaver
pond in the pre-treatment period.

of H4Si04, perhaps diatomacous detritus deposited during the previous sum-
mer season. This dissolution of a H4Si04 source in the sediments is reflected
in the downstream observations previously discussed. These profiles reveal
that near-sediment processes during relatively anoxic periods were important
to the control of beaver-pond outlet stream chemistry, and may have enhanced
the dissolution of CaCOj3 particles which reached the pond sediments.

Acid neutralizing capacity and Ca** budgets

The determination of element mass balances and ANC budgets for the beaver
pond and wetland during the pre- and post-watershed manipulation periods
allowed identification of the biogeochemical processes most important in the
production and consumption of ANC within this wetland complex (Figs 10
and 11, Table 5). During the pre-treatment period (summer of 1989) Al"*
retention (3070 equiv) and RCOO™ release (1150 equiv) were the major ANC
sinks, while SOﬁ_ and NOj retention (6300 and 747 equiv, respectively) and
Fe?* release (525 equiv) were the major ANC sources in the pond (Fig. 10).
The ANC production rate of 822 mequiv m~2 yr~' is high in comparison to
other aquatic systems (Schindler 1986). Aluminum retention was consistent
with hydrolysis of Al;,, inputs from the headwater stream, and the pond was
an important sink for Al mobilized in the watershed during the post-treatment
period.
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Table 5. Inputs, outputs and retention/release of major solutes from the Woods Lake beaver
pond. DOC, DIC, Aly, and HsSiO4 in moles x 10°. All others in equivalents x 10°. ‘=’ =
retention, ‘+’ = release.

Pre-treatment Post-treatment

July 1, 1989-September 30, 1989 October 1, 1989-September 30, 1990
Constituent  IN OUT +/— IN OUT  +/—
DOC 254 342 4880 93.4 147 +53.6
RCOO™~ 192 307 4115 10.4 17.5 +7.10
(ol 049 032 -0.16 427 2.62 +1.65
NO; 106 031 —0.75 22.8 12.2 -10.6
F~ 0.13 011 -0.02 0.36 0.53 +0.17
SO%~ 10.7 440 -630 38.1 30.4 -177
NH/ 020 025 +0.04 0.55 476 +421
Nat 160 123 -037 6.60 7.76 +1.16
K* 073 075 +4.02 2.63 3.93 +1.30
Ca*t 289 312 4023 62.1 185 +123
Mgt 8.02 817 +40.15 586  11.1 +5.24
Al 149 044 —1.05 1.35 0.88 -0.48
Al'* 418 111 =307 2.36 0.61 —1.75
Fe?* 0.17 070 40.53 0.46 3.15 +2.69
H4Si04 429 233 259 27.5 28.5 +1.00

BEAVER POND ANC BUDGET

(Post-Treatment)
160000 —
Fe(Il) release —
1 Sulfate __—
120000 - Fetention |
) Mg, K, Na
S release Nitrate
E 80000 — retention
'S
S 1 Calcium
40000 | Organic Acids release
Aluminum
1 retention (123000)

SINKS SOURCES

Fig. 11. Acid neutralizing capacity budget (sources and sinks) for the Woods Lake beaver
pond in the post-treatment period.
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Fig. 12. Mass balance of Cat from the beaver pond and wetland compared to that from the
upland headwater catchment above the beaver pond.

During the first year after treatment a large release of Ca?* was observed.
The pond contributed 123000 equiv of Ca** downstream (12100 mequiv
m~2 yr~!), or 78% of total ANC generation (Fig. 11). An increase in NOJ
retention also contributed to ANC production. This increased retention could
be due to increased microbial activity within the pond. The increased input
of NO3 from the upland catchment after treatment (Simmons et al. 1995;
Driscoll et al. 1995) most likely contributed to this increase in observed
retention. Increased NO; concentration in the free-flowing tributary stream
(Fig. 3, Table 3), supports the hypothesis of increased nitrification in CaCOj3
amended catchment soils (Yavitt & Newton 1990/91; Geary & Driscoll 1996;
Simmons et al. 1996). Net ANC generation in the pond began to decline in
the second year after treatment as the supply of CaCO3; became depleted or
inactivated.

A Ca?* budget was constructed to determine the percentage of applied
Ca?* which was transported both from the contributing catchment surround-
ing the beaver pond (26.6 ha), and from the Ca?* applied to the beaver pond
and surrounding wetland itself (2.4 ha). Discharge-concentration relations for
Ca’* were determined for the pond inlet and outlet streams during the pre-
treatment period, and predicted base-flow Ca?* concentration was subtracted
from actual post-treatment Ca®t concentration to determine the flux due to
CaCO3 dissolution within the pond. By June of 1990, only 1.2% of the 4020
keq of Ca* applied to the upland portion of subcatchment II had been trans-
ported downstream into the beaver-pond (Fig. 12). By June of 1991, only an
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additional 1.0% had been transported into the pond. In contrast, of the 288
keq of Ca?* applied directly to the combined pond/wetland area, 34.2% was
exported downstream by June of 1990, and a total of 59.5% by June 1991. Itis
evident that processes in the pond and wetland area, or simply the percentage
of wetted surface in the hydrologic source area, enhanced the dissolution of
CaCOs.

Exchangeable Ca** on beaver pond sediments and Sphagnum

Sediments and mosses in the Woods Lake beaver pond contained elevated
concentrations of exchangeable Ca’* compared to those in the nearby
untreated beaver pond at Pancake- Hall Creek. The organic sediment located
near the beaver dam contained nearly ten times the exchangeable Ca?* as the
untreated reference site (Table 6). Elevated concentrations of exchangeable
Ca®* were largely restricted to the upper 10 cm of sediment with concentra-
tions decreasing markedly with depth in cores. This pattern may reflect the
potential importance of cation exchange between sediments and the dissolved
CaCOs in the overlying water. Undissolved CaCOs was not detected in the
treated-pond sediments or Sphagnum. A mean of 10.8 + 4.5 mg Ca?t g~!
dry weight (n=12, total exchangeable Ca) was determined for the surficial
sediments of the treated beaver pond at Woods Lake, while a mean of 1.25 +
0.76 mg Ca?t g~! dry weight was determined for the reference pond.

In an exchange experiment, live Sphagnum samples (n=4) from the
untreated reference beaver pond were exposed to pond surface water from
the CaCOs-treated beaver pond. A reciprocal treatment of Sphagnum sam-
ples (n=7) taken from the CaCOs-treated beaver pond was performed with
pond water from the untreated beaver pond. A mean of 1.25 mg Ca?*g~!
dry weight of Sphagnum (£ 0.32 mg Ca**g~! dry weight ) was exchanged
onto the mosses from the CaCOs-treated water. In the reciprocal experiment,
a mean of 0.65 mg Ca?tg~! dry weight (+ 0.17 mg Ca**g~! dry weight)
was released into untreated pond water. These results are highly suggestive of
an active Ca?* exchange complex associated with theSphagnum. The poten-
tial for continued release of Ca** from beaver pond water to reacidifying
upland inlet drainage is likely, although its continued importance would be
controlled by the viability of the mosses and the exchange complex at higher
pH conditions due to the liming (Bukaveckas 1988; Curran et al. 1991).

A dry weight areal estimate of Sphagnum coverage within the Woods Lake
beaver pond was made based on 10 cm effective depth of living Sphagnum
(approximate), resulting in an estimate of 0.79 ha of Sphagnum coverage
within the Woods Lake beaver pond (mid-summer observation). A mean of
11.3 £+ 4.7 Keq of Ca?* was estimated to occupy exchange sites on pond
Sphagnum. This value represents 7.9% of the CaCOs originally applied to
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Table 6. Sediment and Sphagnum exchangeable Ca®t (mg Ca®*/g dry weight) in
Woods Lake beaver pond (CaCOs treated) and Pancake Hall Creek beaver pond
(untreated).

n Mean Range Std. dev.

CaCO;-Treated Beaver Pond

Deep Sediment (organic muck) 8 920 13.6-580 2.52
Sphagnum 12 108 22.3-6.70 450
Sediment/Peat Cores:  0-2cm 4 127 14.7-7.00 3.30
2-10cm 4 290 472-155 1.14
10-20cm 6 1.62 2.62-0.13 0.92
>20cm 7 077 207-0.15 083

Untreated Beaver Pond

Deep Sediment (organic muck) 2 1.31 1.36-125 -

Sphagnum 7 1.27 1.79-025 0.76

Sediment/Peat Cores:  0-2cm 2 267 294239 -
>20cm 4 133 3.05-0.76 1.00

the pond itself (143 Keq Ca?t). Assuming that the surface sediments and
peat in the other portions of the pond contained comparable Ca?* pools, it is
likely that the beaver pond acted as an effective sink for the directly applied
Ca?*, and that this pool of Ca?* should be available for continued release
and neutralization of reacidified beaver-pond inlet waters.

Significance and conclusions

Headwater wetlands and beaver-ponded streams are normally hydrologic
source areas and potential discharge zones. In this study, it has been shown
that such areas may be important in enhancing the treatment effects and
efficiency of dissolution of the acid neutralizing agent CaCOj3. The major
findings of this study are summarized below.

1. A comparison of beaver-ponded and free flowing streams in different
CaCO;-treated subcatchments within the same watershed revealed the impor-
tance of saturated conditions and the extent of wetted area in enhancing the
dissolution of CaCOs3. The beaver-ponded stream responded more quickly,
and supplied ANC to downstream waters over a longer period, than the free-
flowing upland stream. The beaver pond and its surrounding wetlands were
more important than the uplands in facilitating the dissolution and transport
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of CaCOs to acidic drainage waters, with over 50% of the CaCQOj3 applied to
the ponded wetland being mobilized to the stream within two years. In the
uplands portions of the subcatchment, only 2.2% of the applied CaCO3 was
mobilized. This demonstrates the importance of hydrologic source areas and
wetlands as effective zones for the application of acid neutralization mate-
rials, and may indicate that the economic efficiency of watershed liming may
be enhanced by concentrating applications of base to hydrologic source areas,
wetlands and near-stream zones. The long-term efficiency of this method is
largely unknown at this time.

2. The abundant Sphagnum and peat within the beaver pond acted as a
cation exchange sink for applied Ca?*. Moreover, the potential for release
of Ca®* upon reacidification of the sedimznts was demonstrated. Therefore,
cation exchange sites associated with Sphagnum, peat and wetland sediments
are important buffers of added ANC, delaying reacidification of drainage
waters. This effect would depend on the viability of emergent and submer-
gent vegetation, including Sphagnum, after a CaCOs3 treatment. The effects
of elevated pH on acid tolerant species, and on the exchange complex of
sediments and vegetation, may have unforeseen effects on the effectiveness
of this potential Ca®* sink.

3. The application of CaCOs resulted in an increased release of NO; from
upland drainage, while retention of NO3 by ponded waters increased. The
production of NHJ from decomposition reactions in the pond also increased.
There was evidence for an increase in nitrification rate of the NH} released
from the pond due to higher pH after the manipulation. Wetlands and ponds
intersecting headwater drainages could offset increased NO5 inputs due to
possible enhanced nitrification in forest soils from a CaCO; treatment. This
retention of NOj3 is important because the release of NO3 supplies acidity,
counteracting the production of ANC from CaCOs3 application. Retention of
NOj7 retention could also have implications for the role of wetlands as sinks
for increased NO3 concentrations in drainage waters due to observations
suggesting that the Adirondacks have reached a stage of ‘nitrogen saturation’
(Aber et al. 1989, Stoddard 1994) or from elevated N deposition in the eastern
United States (Driscoll & van Dreason 1993).

4. The beaver pond was an important sink for uplands mobilized Al, before
and after the CaCO; treatment, and assumed a larger role in Al retention
after a fairly rapid reacidification of the upland drainage inlet to the pond.
The accumulation of hydrolyzed and precipitated Al solid phases within the
beaver pond has implications for its potential remobilization if the beaver pond
returns to more acidic conditions, or collapses in the usual pond construction-
collapse cycle. The fraction of Alym/Aly, was higher in the ponded stream
and outlet waters in comparison to inlet waters, indicating the role of wetlands
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and beaver ponds as not only sinks for Al, but also in the supply of organic
ligands which complex Alj, and mitigate its biotic toxicity.
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