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EXECUTIVE SUMMARY

Sullivan et al. (1990, 1991, 1992) recently compared MAGIC model hindcasts and
paleolimnological inferences of historical acidification (based on diatom-inferred pH) for a set of
33 statistically-representative Adirondack lakes. This study represented the only regional and
statistical model verification exercise conducted for a process-based acid-base chemistry model.
Both assessment methods suggested that acidification of low-ANC Adirondack lakes had
occurred since pre-industrial times. They differed primarily in that MAGIC inferred greater
acidification and also that acidification had occurred in all lakes in the comparison. The diatom
approach inferred that acidification had been restricted to low-ANC lakes (currently < about 50
ueq L.

The lack of organic acid representation in the MAGIC simulations conducted by Sullivan et al.
(1990, 1991, 1992), and similarly by the U.S. EPA’s Direct Delayed Response Project (Cosby et al.
1989, Church et al. 1989) and the NAPAP Integrated Assessment analyses (NAPAP 1991), may
have been an important factor contributing to the observed discrepancy. Organic acids
commonly exert a large influence on surface water acid-base chemistry, particularly in dilute
waters having moderate to high dissolved organic carbon (DOC) concentrations.

Recently, Driscoll et al. (1990, in review) modeled the organic acidity of lakewater sampled by
the Adirondack Lakes Survey Corporation (ALSC). The ALSC data base was fitted to mono-, di-,
and triprotic organic acid models, and also to the model of Oliver et al. (1983). The work of
Driscoll et al. is important because of the large ALSC data base (> 1400 lakes) and wide range of
organic acid contributions to the lakewater chemistries. An objective of this ongoing research
project has been to couple Driscoll et al.'s (1990, in review) or a similar approach with MAGIC to
produce a more rigorous evaluation of organic acid influence on the comparison results. This
improved version of MAGIC might be superior for NAPAP projections than the version without

organic acid representation used thus far within NAPAP. The ongoing research described in this
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report involves development of an organic acid representation to be incorporated into the MAGIC
model and testing of the improved model using independent data.

The 33 study lakes included in this project were sampled as part of the U.S. EPA’s Eastern
Lake Survey (ELS-, Linthurst et al. 1986). They were also included in EPA's Direct Delayed
Response Project (DDRP) and the Paleoecological Investigation of Recent Lake Acidification-
Phase |l study (PIRLA-II).

A number of organic acid analog models were examined, using data from the Adirondack,
NY lakes. The models ranged from simple monoprotic acids to the variable pK model of Oliver et
al. (1983). The possibility was also examined that complex formation between aluminum and the
organic anion might be important in Adirondack lakes, and it was determined that for at least the
diprotic and triprotic analog models, inclusion of these complexes improved the fit to observed
data. The organic acid analog models and the aluminum complexation reactions were evaiuated
to determine if they could improve the agreement between pH values simulated by MAGIC and
those inferred from paleolimnological reconstructions.

The calibration procedure consisted of numerical fitting of the pK values and site densities of
each model to observed pH, aluminum, dissolved organic carbon, and calculated charge
imbalance (i.e. assumed to be organic anion charge) for all of the lakes in the ALSC data base.
The object of the fitting routine was to minimize the differences (across all lakes) between the
organic charge simulated by the pertinent organic acid model and the observed organic charge
for the !akes. This error minimization procedure resulted in the calibrated values for the
parameters of each organic model that are used in this work. Driscoll et al. (in review) concluded
that the triprotic acid model gave the best fit to the ALSC data.

Paleolimnological reconstructions of past lakewater chemistry used in this study were based
on transfer functions derived from relationships between measured current chemistry and
assemblages of recently-deposited diatom or chrysophyte remains collected from surface

sediment of 71 lakes within the Adirondack region. Predictive equations were developed from
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these relationships to infer water chemistry, especially pH. The correlation coefficient for the
relationship between measured and inferred pH for the Adirondack Mountain lakes used for the
calibration was high (* = 0.91); the apparent root mean square error (RMSE) (0.31) and the
RMSE using a bootstrap technique (0.35) indicate that pH can be inferred with an error of about
one-third of a pH unit (Cumming et al. 1992, Dixit et al. in press).

The principal objectives of the on-going project described in this report are to test further the
MAGIC model and to assess the degree to which the discrepancy between the diatom and
MAGIC inferences can be improved by including a rigorous organic acid model in the MAGIC
applications.

Three independent data sets (DDRP, PIRLA-Il, and ALSC) and three independent interpretive
models (MAGIC, diatom, and Driscoll's triprotic organic acid analog) were combined to test the
consistency of the results between the diatom approach and the improved MAGIC model,
incorporating organic acid, for estimating pre-industrial lakewater pH. Driscoll's triprotic organic
acid model was incorporated into MAGIC and simulated pH values were then compared with
diatom-inferred pH. This comparison vielded considerably closer agreement for pre-industrial pH
than did the comparison that excluded the effects of organic acids. The mean difference in
MAGIC versus diatom estimates of pre-industrial pH was 0.6 pH units when organic acids were
omitted from the modeling scenarios, with the greatest discrepancies occurring in the lakes with
diatom-inferred pH < 6.0. This mean difference was only 0.2 pH units when the triprotic organic
acid analog model was incli: lied, and the agreement for individual low-pH lakes improved by as
much as a full pH unit.

Comparisons of MAGIC based on alternative formulations for the organic acid analog model
and diatom estimates yielded similar results. Although the triprotic acid was judged to provide
the best empirical fit to the ALSC data, use of the ALSC-fitted monoprotic, diprotic, and Oliver
models produced similar regional patterns when compared to diatom reconstructed historical

pH's.



The three basic models that we evaluated for estimating pre-industrial pH (diatoms, MAGIC
without organics, and MAGIC with triprotic organic acid) all resulted in cumulative frequency
distributions of pre-industrial pH that were higher than current measured (ELS-) pH. The diatom
estimates suggested the least amount of acidification, and MAGIC without organic acids
suggested the greatest amount of acidification. MAGIC estimates with the triprotic organic acid
were intermediate, but were closer to diatom estimates than to the MAGIC estimates without
organics.

Results of the hindcast comparisons between paleolimnological inferences of pre-industrial
lakewater pH and MAGIC simulations, with and without the inclusion of organic acids, illustrate
three important points:

1. There is a systematic departure with decreasing pH between diatom and MAGIC model
hindcasts of pre-industrial pH when organic acids are not included in the MAGIC
simulations.

2. Inclusion of a reasonable formulation for organic acidity in the MAGIC simulafions of pre-
industrial pH greatly improves their agreement with diatom reconstructions, particularly
for lakes having pH < 6.0.

3. The choice among organic acid analog models (e.g., mono-, di-, triprotic, or Oliver
model) does not aiter the degree of agreement with diatom reconstructions to an
appreciable degree for a regional analysis.

The inclusion of organic acids in the MAGIC model simulations of pre-industrial pH did not
alter the agreement between diatom and MAGIC model hindcasts for lakes with pH values greater
than about 6.5. Previous hindcast comparisons (Sullivan et al. 1991) that did not inclﬁde an
organic acid representation had obtained good agreement for these high-pH lakes. For low-pH
lakes, however, the lack of organic acid representation had resulted in an increasing level of
divergence between diatom and MAGIC mode: hindcasts of pre-industrial pH for the lower-pH
lakes. Thus, the lakes of most relevance with respect to potential biological effects of
acidification, especially those having pH less than 5.5, exhibited increasingly larger discrepancies

with decreasing pH between diatom and MAGIC model estimates of pre-industrial pH when

organic acids were omitted from the analysis. The inclusion of an organic acid representation in



the MAGIC simulations conducted in this study resulted in a great improvement in the agreement
between these two modeling approaches. Coupling of Driscoll's triprotic organic acid analog
model to MAGIC resulted in pre-industrial pH estimates that were, on average, 0.4 pH units closer
to diatom estimates than were the MAGIC hindcasts that excluded organics. For lakes having pH
less than 6.0, the improvement was even more pronounced; inclusion of the triprotic organic acid
analog model reduced the discrepancy between diatom and MAGIC pH hindcasts for there lakes
by 0.6 of a pH unit, from a mean ditference of 0.8 to a mean difference of 0.2. For some
individual lakes, the improvement was a f;.lll pH unit.

An analysis of predicted 1984 pH, using MAGIC with the triprotic organic acid representation,
versus the measured pH values obtained in 1984 by the ELS-| yielded a mean difference of 0.22
pH units and root mean squared difference of 0.33 pH units. These differences were generally
similar to the differences obtained between the diatom and triprotic model estimates for both 1984
and 1844 simulations (0.29 and 0.21 pH units, respectively). In other words, the MAGIC triprotic
model matched diatom estimates nearly as well as it matched measured values. Thus, the
diatom estimates and MAGIC triprotic estimates of pre-industrial pH agreed nearly as closely as
one could expect, given the uncertainties inherent in the model formuiations and the fundamental
differences in approach.

Comparisons of lakewater chemistry between pre-industrial and modern times also may be
sensitive to a number of factors that are not represented in process models of acidification.
Changes in acid base chemistry may have occurred in response to climatic differences,
anthropogenic activities (e.g., logging, road building), forest growth, or beaver abundance, for
example. These changes are expected to be reflected in diatom reconstructions, but not process
model simulations. The influence of such factors on historic changes in lakewater chemistry is
poorly known. The differences between MAGIC and diatom estimates of pre-industrial pH based
on the MAGIC/triprotic model were well within the range of expected differences due to annual

and seasonal variability, uncertainties in the algorithm used to calculate pH from measured ion
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chemistry, and the influence of dissolved CO, on the measured air-equilibrated pH values that
were used to calibrate the diatom model. Although further model testing is needed, the inclusion
of organic acids in MAGIC is a necessary and important component of modeling the effects of
acid deposition on surface water chemistry using this model.

These results demonstrate that 1) organic acids must be considered in modeling the
response of lakewaters in the Adirondack Mountains to acidic deposition, and 2) once organic
acids are included in the modeling effort, reasonable agreement is obtained in hindcast
comparisons with diatom-inferred pH. It should be emphasized, however, that the test presented
here included only two points in time, and essentially only pH. MAGIC, and other process
models, require further testing and validation. Many important geochemical processes are not
well represented in the model or often in the input data, and it is not clear how this might affect
model results. In particular, there remain problems in simulating hydrological flow paths,
aluminum dynamics, and nitrogen processing.

The results of this intercomparison a;re important for acidic deposition assessment activities in
two respects. First, this study is the first to show quantitative agreement between changes in pH
of natural aquatic systems subjected to acidic deposition, as estimated by two independent and
conceptually different approaches over a large geographic region and over a long temporal span.
Previous model verification and validation studies have been of relatively short duration (e.g.
Norton et al. 1992), site specific (e.g. Renherg and Hultberg 1992), or comparisons among two or
more models that share many fundamental assumptions (e.g., Cook et al. 1992). Second, and
perhaps more importantly, this demonstrated agreement between MAGIC and paleolimnological
model hindcast estimates of lakewater pH is dependent upon inclusion of organic acids in the
process model. The latter result was obtained despite the relatively low levels of DOC in the

study lakes (mean value = 313 uM).

Thus, we have shown here that long-term projections of the effects of acidic deposition on
surface water pH are sensitive to the dynamics of organic acids for lakes having only moderate

concentrations of DOC. Future assessment activities, such as those conducted previously by
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NAPAP (1991) and those on-going in Europe in conjunction with the critical loads debates and
mapping activities (e.g., Bull 1992, Forsius et al. 1992), should consider organic acid effects in the
process models used in conducting assessments. Failure to include consideration of organic
acids may introduce substantial bias into the assessment resuits regarding pH and associated

biological effects.
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1.0 BACKGROUND AND OBJECTIVES

A project for the U.S. Department of Energy, entitled "Incorporation of an organic acid
representation into MAGIC (Model of Acidification of Groundwater in Catchments) and Testing of
the Revised Model Using Independent Data Sources" (DOE Grant DE-FG02-92ER30196.A000)
was initiated by E&S Environmental Chemistry, Inc. in March, 1992. Major components of the
project include:

1. improving the MAGIC model by incorporating a rigorous organic acid representation,
based on empirical data and geochemical considerations, and

2. testing the revised model using data from paleolimnological hindcasts of pre-industrial
chemistry for 33 Adirondack Mountain lakes, and the results of whole-catchment artificial
acidification projects in Maine and Norway.

MAGIC (Cosby 1985a,b,c) has been the principal model used thus far by the National Acid
Precipitation Assessment Program (NAPAP) for making projections of probable future changes in
surface water chemistry throughout the United States in response to various levels of acidic
deposition. The current version of the model has been described in the NAPAP State of
Science/Technology Report on modeling methods (Thornton et al. 1990). MAGIC has also been
described by Jenne et al. (1989) and Church et al. (1989, 1992). Numerous model projections of
future scenarios were presented in the Integrated Assessment (NAPAP 1991).

MAGIC, like other processed-based models, is a simplified representation of catchment
processes. Although rooted in hydrochemical principles, the model includes major temporal and
spatial process aggregation, and some catchment processes are only poorly or not at all
represented in the model. Few data sets are available that contain a sufficiently long period of
record for validating the approach. In the absence of such validation, however, past or future
scenario projections are subject to potentially large, and unquantifiable, uncertainties (Sullivan et
al. 1992).

The most extensive model verification exercise conducted for MAGIC, or any process-based

acid-base chemical model, was the recent comparison between model hindcasts and



paleolimnological inferences of historical acidification (based on diatom-inferred pH) for a set of
33 statistically-representative Adirondack lakes (Sullivan et al. 1990, 1991, 1992). This research
effort was sponsored by the U.S. Department of Energy. Although only model hindcasts (not
forecasts) were evaluated, this represents the only regional and statistical model verification
exercise conducted to date for a process-based acid-base chemistry model. Both assessment
methods suggested that acidification of low-ANC Adircndack lakes has occurred since pre-
industrial times. They differed primarily in that MAGIC inferred greater acidification and also that
acidification had occurred in all lakes in the comparison. The diatom approach inferred that
acidification had been restricted to low-ANC lakes (< about 50 ueq L").

The lack of organic acid representation in the MAGIC simulations conducted by the U.S.
EPA's Direct Delayed Response Project, Sullivan et al. (1991), and the NAPAP Integrated
Assessment analyses may have been an important factor contributing to the observed
discrepancy. Organic acids commonly exert a large influence on surface water acid-base
chemistry, particularly in dilute waters having high dissolved organic carbon (DOC)
concentrations. To investigate the potential role of organic acids in influencing the comparison
resuits, a MAGIC model simulation was conducted by Sullivan et al. (1991) that included a
“reasonable" first-approximation organic acid representation (uniform organic acid contribution
assumed for all lakes, using 20 ueq L™ of organic anion charge at pH=>5, and a diprotic acid with
pK=4.0 and 10.0). The results of this simulation suggested that inclusion of a reasonable
representation of organic acids in MAGIC can substantially improve the agreement between
MAGIC-simulated and diatom-inferred pre-industrial lakewater pH. Quantification of the degree of
improvement was uncertain, however, because a rigorous treatment of organic acids, based on
measurements from individual lakes, was not performed.

Recently, Driscoll et al. (1990, in review) modeled the organic acidity of lakewater sampled by
the Adirondack Lakes Survey Corporation (ALSC). They obtained a good fit between measured

ANC and modeled ANC, by including organic acids in the modeled ANC expression. Mono-, di-,



and triprotic organic acid models, and also the model of Oliver et al. (1983), were fitted to the
ALSC data base. The work of Driscoll et al. (1990, in review) is important because of the large
ALSC data base (> 1400 lakes) and wide range of organic acid contributions to the lakewater
chemistries. An objective of this ongoing project has been to couple Driscoll et al.'s (1990, in
review) or a similar, approach to MAGIC to produce a more rigorous evaluation of organic acid
influence on the comparison resuits. An improved version of MAGIC might be superior for
NAPAP projections than the version without organic acid representation used thus far within
NAPAP.

The ongoing research in this project involves development of an organic acid representation
to be incorporated into the MAGIC model and testing of the improved model using three
independent data sources. This work has been subdivided into four discrete tasks, as follows:

Task 1 - Develop an organic acid model subroutine, based upon empirical data and
theoretical considerations, and incorporate it into the MAGIC model.

Task 2 - Conduct MAGIC model hindcasts, using the revised model, for 33 statistically-
selected Adirondack Mountain lakes for which diatom-inferred current and pre-
industrial lakewater pH and ANC estimates are available; test the revised MAGIC
model by comparing hindcast results with the diatom pH and ANC inferences.
Task 2 also includes site visits to the two project sites to be studied within Tasks
3 and 4. '

Task 3 - Conduct MAGIC model forecasts, using the revised model and pre-acidification
baseline chemistry, for the U.S. EPA's watershed manipulation project (WMP) site
in Maine, and compare simulated streamwater chemistry with the measured
chemistry resuiting from chemical manipulation.

Task 4 - Conduct MAGIC model forecasts, using the‘revised model and pre-acidification
baseline chemistry, for the Norwegian whole-catchment manipulation project
(HUMEX), and compare simulated lakewater chemistry with the measured
chemistry resulting from chemical manipulation.

The research during Year 1 has included conducting two workshops to agree on an
approach for the organic acid modeling, developing the organic subroutine and incorporating it
into MAGIC (Task 1), conducting MAGIC hindcasts for Adirondack lakes and comparing the
results with paleolimnological reconstructions (Task 2), and conducting site visits to the
manipulation project sites in Maine and Norway. The research to be completed in Year 2 will

include conducting MAGIC forecasts (based on pre-treatment and dose application data) of



catchment responses to experimental acidification at WMP and HUMEX and comparing those
forecasts with post-treatment measured chemistry (Tasks 3 and 4). Results of a modeling
exercise for the first year of results at WMP were reported by Norton et al. (1992). Lakewater
responses at HUMEX have not yet been modeled.

Two workshops were conducted during Year 1, prior to and after development and
refinement of the organic acid subroutine. An approach to the modeling was agreed upon by the
workshop participants (Table 1). Detailed acid-base chemical data were examined at the
workshops for brown-water systems from the northeastern United States and Scandinavia. These
empirical data, and also theoretical geochemical considerations, formed the basis for the
modeling approach.

The agreed-upon organic acid modeling approach has been incorporated as a subroutine
into the MAGIC model. A series of sensitivity analyses has been conducted to evaluate parameter
uncertainty and internal consistency of callbrated and calculated variables. The comparisons
between model output results and independent measurements and paleolimnological inferences
providé important information on: (1) the accuracy of the model projections, and (2) the

importance of organic acid modeling to the accuracy of those results.

Table 1. List of workshop participants

T. Sullivan F&S Environmental Chemistry, inc.

C. Driscoll Syracuse University

B. Cosby University of Virginia

H. Hemond Massachusetts Institute of Technology

H. Seip University of Oslo

P. Wigington  U.S. EPA

J. Eilers E&S Ernvironmental Chemistry, Inc:

Gi. Taugbel University of Oslo 5!

D. Charles Patrick Center for Environmental Research

Academy of Natural Sciences of Philadelphia




The purpose of this report is to provide a summary of the work that has been conducted on
this project during Year 1. Tasks 1 and 2 have now been completed. Several project deliverables
have been prepared as manuscripts for submission to peer-reviewed scientific journals (Appendix

A).

2.0 INFLUENCE OF ORGANIC ACIDS ON SURFACE WATER ACID/BASE STATUS

Although organic substances have been well studied in recent years (e.g., Thurman 1985;
Aiken et al. 1985), quantitative evaluation of organic acidity is difficult. A direct measurement
technique is not available for organic acid anions, and the influence of organic matter on the pH
and ANC of natural water is an area of considerable uncertainty. Dissolved organic carbon (DOC)
is commonly measured as a surrogate for organic acidity. DOC includes a large variety of
organic compounds that differ in molecular weight and degree of dissociation. DOC contains
many types of functional groups, including carboxylic acids, phenols, thiols, and alcohols (Perdue
1985). it is difficuit to characterize the complex and heterogeneous mixture of organic solutes
present in natural waters. The contribution of H* from dissolved organic matter io surface waters
depends on the number and type of functional groups present, and the degree to which those
functional groups are dissociated. In addition, organic matter which is not in solution also may
provide H* to surface waters, but the importance of this contribution is not known. Accounting for
this latter type of organic acidity is beyond the scope of the current research.

This section of the report is divided into three subsections, that cover empirical evidence
illustrating the important role of organic acidity in natural waters (Section 2.1), approaches for
modeling the acid-base characteristics of dissolved organic substances (Section 2.2) and

hypotheses concerning historic changes in organic acidity (Section 2.3).



2.1 Empirical Evidence

Although the dominating role of organic acids in peatlands had been long hypothesized, and
was later demonstrated by Hemond (1980) and by Gorham et al. (1985), organic acids were not
widely thought to be important in the acidity of most streams and lakes until quite recently.
Studies of watershed acidity during the past decade in Europe and North America have now
revealed a significant role of organic acids in surface water acidity in many cases. The question
of the importance of organic acids in connection with acidification was debated within the
Norwegian SNSF (Acid Precipitation - Effects on Forests and Fish, 1972-1980) Project (e.g.,
Giover and Webb 1979, Henriksen and Seip 1980). SNSF conciuded that organic acids may
cause low pH values in softwater lakes, but that there was no evidence to support the hypothesis
that recent regional acidification was due to organic acidity (Overrein et al. 1980).

In the U.S., NAPAP concluded that 22% of acidic lakes (all larger than 4 ha in area) and 27%
of acidic streams surveyed had organic anions as the dominant anion (Baker et al. 1991). The
organically-acidic waters were commonly associated with organic soils or wetlands in their

watersheds, and had DOC > 800 uM. An even larger fraction of acidic lakes sampled in the
Adirondacks regiori of New York State by the Adironciack Lakes Survey Corporation (ALSC) was

found to be acidic as a consequence of organic acids; more than 38% of the lakes had a pH < 5
due largely to organic acids, despite the fact that they would have pH > 5 if the organic acids
were removed (ALSC 1990). The ALSC survey included lakes as small as 0.5 ha in surface area,
a fact suspected to account in part for the larger average organic influence (Suliivan et ai. 1990).
ALSC reported an average charge density of about 5 peq/mg organic carbon, and an average pH
depression due to organic acids of 0.5 to 2.5 pH units. Again, a positive relationship between
organic acid concentrations and wetlands within the watersheds was observed.

In Canada, Campbell et al. (1992) reported that episodic acidification of 3 Quebec North

Shore rivers is due primarily to organic acids, with average "anion deficits" (= organic anion)

rising from around 35 peq/L to the range of 70-100 peq/L during high flows at snowmeit (causing



3.0 APPROACH AND METHODS
3.1 Lake Selection

The 33 study lakes included in this project were sampled as part of the U.S. EPA’s Eastern
Lake Survey (ELS-, Linthurst et al. 1986). They were also included in EPA's Direct Delayed
Response Project (DDRP) and the Paleoecological Investigation of Recent Lake Acidification-
Phase Il study (PIRLA-I).

The DDRP lakes in the northeastern United States (Church et al. 1989) represent a
subsample of lakes sampled in Phase | of the ELS-l. ELS-| consisted of a probability-based
survey of lakes in regions of the eastern United States containing lakes (identified on 1:250,000

scale maps), generally > 4 ha in surface area, and expected to have alkalinity < 400

peq L', based on a regional compilation of published and unpublished surface water alkalinity
data (Linthurst et al. 1986). Lakes were stratified on the basis of subregions and three alkalinity
map classes (< 100; 100-200; > 200 peq L"). Within each strata approximately 50 lakes were
systematically selected from an ordered list following a random start. Thus each lake was
selected with a known inclusion probability; the inclusion probability varied among strata. The
sample structure for ELS-| lakes in the Northeast is shown in Table 2.

DDRP included lakes greater than 1.5 m deep. Lakes with gross anthropogenic disturbances
were excluded from the DDRP subsampling frame along with several other minor exclusion
categories. Lakes with ANC > 400 peq L", surface area > 2000 ha, and watershed area > 3000
ha were excluded (Church et al. 1989).

Lakes in the frame selected for the northeastern region of the DDRP were grouped into three
clusters based on ANC measured in ELS-I: ANC (1) < 25 peq L"; (2) 25-100 peq L"; and
(3) 100-400 peq L'. Approximately 50 lakes were selected from each cluster using a variable
probability systematic sampling design that resulted in the selected lakes having nearly equal
inclusion probabilities within and among strata. This was accomplished by having DDRP
selection probabilities inversely proportional to ELS-l inclusion probabilities. The resuiting sample

structure for the DDRP is presented in Table 3.
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Table 2. Description of sample and target populations for the Eastern Lake Survey for the
northeastern United States (Linthurst et al. 1986). The Adirondack Mountains, New
York are represented by Strata 1A1, 1A2, and 1A3.

STR N’ n’ n" W N SE(N)
1A1 711 75 57 9.633 549.08 33.08
1A2 542 65 51 8.338 425.24 26.13
1A3 431 68 47 6.719 315.79 22.14
1B1 208 70 49 3.192 156.41 9.29
182 96 70 48 1.477 70.90 3.00
183 1682 68 47 27.209 1278.82 90.37
1C1 631 88 63 7.822 492.79 27.31
1C2 752 70 54 10.743 580.12 36.20
1C3 650 74 47 8.953 420.79 34.59
1D1 443 70 47 6.572 308.88 23.00
1D2 656 95 43 6.905 296.92 31.14
103 1568 93 37 19.426 718.76 85.22
1E1 1038 130 89 8.070 718.23 39.71
1E2 606 74 48 8.344 400.51 31.80
1E3 744 72 41 10.333 423.65 41.55
STR = Stratum

N’ = Frame population of mapped lakes

n = Number of lakes in the probability sampling

.
e

n = Number of lakes sampled

W = Expansion factor

N = Estimated target population size, after excluding certain nontarget lakes
SE(N) = Standard error of N

3.2 MAGIC Model
3.2.1 Model Formulation and Application

The Model of Acidification of Groundwater in Catchments (MAGIC) is a lumped-parameter
model of intermediate complexity, originally developed to predict the long-term effects (i.e.
decades to centuries) of sulfur deposition on surface water chemistry (Cosby et al. 1985a,b,c).
One of the model's principal assumptions is that a small number of critical processes in a

watershed influence the long-term response to sulfur deposition. The MAGIC formulation was
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Table 3. Sample structure for tha Direct/Delayed Response Project - Northeastern sample
(Church et al. 1989)

DDRP Lakes Estimated Numbers of
Sampled from Lakes in DDRP
ANC Cluster* ANC Group Target Population
1 55 796
2 46 1100
3 44 1772
Total 145 3668

* Group 1 = ANC < 25 peq L
Group 2 = 25-100 peq L
Group 3 = ANC > 100 peq L
based on recalculated ANC values

parsimonious in the processes selected for inclusion and was intended to be used as a heuristic
tool for understanding the influences of the selected processes on surface water acidification.
The spatiél/temporal scales in the model refle..ed the intended use for assessment and
multiscenario evaluations. The model simulates soil solution chemistry and surface water
chemistry to predict the monthly or annual average concentrations of the water chemistry
constituents listed in Table 4. Both equilibrium and rate-controlied expressions are used to
represent geochemical péocesses. Mass balances for the major cations and anions and the
effects of aqueous aluminum on ANC are incorporated in the model. These processes are listed
in Table 5.

Hydrologic flow of water through soil layers to the receiving system is simulated using the
hydrologic model, TOPMODEL (Hornberger st al. 1985). TOPMODEL is a topography-based,
variable contributing area, catchment model adapted from the version of Beven and Kirkby
(1979). The model considers overland flow, macropore flow, drainage from the upper zone to the

lower zone and to the stream, and baseflow from the lower zone. Flow routing through the
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Table 4. Chemical constituents included in soil solutions and surface water for the MAGIC code.

Chemical Constituent

ANC so?

Ca’* NO,

Mg** cr

K* F

Na* CO,(g)
NH,* CO,(aq)
H* H,CO,(aq)
AI(OH),>" (n=0 to 4) HCO,
Al(F) 3" (n=1to 6) Co,*

AI(SO,),*" (n=1to 2)

Table 5. Major Processes incorporated in the Codes of MAGIC/TOPMODEL (modified from Jenne

et al., 1989)

Atmospheric Processes Geochemical Processes

- Dry deposition - Carbonic acid chemistry

- Wet deposition - Aluminum chemistry

- Weathering

Hydrological Processes - Anion Retention

- Evapotranspiration - Cation exchange

- Interception storage

- Snowmeit Biogeochemical Processes*

- Overland flow - SO? reduction in lake®

- Macropore flow - Nitrification in soil®

- Unsaturated subsurface flow - Nutrient uptake®

- Saturated subsurface flow - Canopy interactions®

- Stream flow - Litter decay®

- Root respiration®

a
b

Limited treatment of process is included.

Sulfate reduction, nitrification, and uptake of ions can be simulated with the MAGIC code by
specifying uptake rates of SO, and NH, for various hydrologic compartments.

Canopy interactions and root decay and respiration are implicitly included in the MAGIC code
by use of dry deposition factor and by designation of CO, partial pressure in soils and surface
waters.

c
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watershed is provided from TOPMODEL to MAGIC. MAGIC modelling efforts for this study were
based on model calibrations that had been perfornied within the DDRP (NE Region). The original
model calibrations were performed by Cosby et al. (1989b) The final DDRP NE report (Church et
al. 1989) summarized the modeling process and results.

Measured runoff values were not available for the DDRP study sites, and runoff was
estimated by a combination of interpolations of runoff contour maps developed with existing
runoff data, and expert judgement of hydrologists. The runoff contour maps were developed for
annual average runoff during the period 1951 to 1980, from gauging stations having no diversions
or regulations. A simple nearest-contour linear interpolation method was used to estimate runoff
for each study site (Church et al. 1989). Comparisons between measured and interpolated runoff
values at selected sites suggested that runoff could be estimated, on average, within 15% of
measured values.

The hydrologic pathway followed by water as it moves through watershed soils to surface
waters is one of the most important parameters influencing watershed neutralization of acidic
inputs (Peters and Driscoll 1987). TOPMODEL was c:iosen to estimate an index of flowpath
partitioning in the DDRP because the model uses input data that can be estimated from
topographic and soils information, and it predicts internal hydrologic states that can be used to
predict the partitioning of streamflow (Cosby et al. 1989b, Church et al. 1989). Flowpath
partitioning is characterized by the spatial distribution of in(a/Kb Tan B) where "a" is the area
drained per unit contour, "Tan B* is the local slope, "K" is the hydraulic conductivity, and "b" is the
depth to bedrock. High values of in(a/Kb Tan B) suggest that surface runoff (quickflow) is
important. Low values suggest well-drained soils draining little upslope area, where baseflow is
more important.

Local slope (Tan B) and the area drained per unit contour (a) were computed for the study
watersheds using U.S.G.S. digital elevation models interpolated from 1:250,000-scale topographic

maps. Depth to bedrock (b) and hydraulic conductivity (K) were estimated from data collected by
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the DDRP soil survey (Lammers et al. 1987, Lee et al. 1989), aggregated by soil map units and
depth-to-bedrock classes. K values were a<signed to soil texture classes based on data provided
by Rawls et al. (1982).

The estimates of In(a/Kb Tan B) obtained by Cosby et al. (1989b) and used in this modeling
effort, must be viewed with caution, however. A weakly-significant (r*=0.08) positive relationship
was found between In(a/Kb Tan B) and lakewater ANC for the Northeast region (Church et al.
1989). This result was only weakly significant, and was actually contrary to theory. High values
of In(a/Kb Tan B) should be correlated with quickflow hydrology and low surface water ANC within
similar soils/geologic settings (Church et al. 1989). The treatment of hydrology in the modeling
results presented in this report should be considered as perhaps the most important uncertainty
among the various model inputs and formulaticns.

MAGIC represents the watershed as a homogeneous unit with two soil-layer compartments.
These soil layers can be arranged vertically or horizontally to represent the vertical or horizontal
movement, respectively, of water through the soil. A vertical configuration was used in the DDRP,
and the soil compartments were assumed to be areally homogeneous.

The meteorological and deposition input requirements for MAGIC are shown in Tables 6 and

7. The output soil solution and water chemistry constituents are shown in Table 4. Note that

Table 6. Meteorological data required by the MAGIC/TOPMODEL codes (from Jenne et al.,

1989)
Interval for data Monthly* or
measurement yearly
Precipitation m
Min. air temperature °C
Max. air temperature °C
Mean daylight hours %

* TOPMODEL runs with a daily time step.



Table 7.

Chemical constituents in wet and dry deposition considered by the MAGIC codes
(modified from Jenne et al. 1989).

Constituent _Deposition.
Wet Dry*
SO,(g) X°
NO,(g) X°
ca* X X
Mg** X X
K* X X
Na* X X
NH,* X X
so? X X
NO, X X
cr X X
F X X
Units conc=ueq L' or flux=.eq/m?/interval
Interval monthly or yearly averagje

* The MAGIC code requires that dry deposition be expressed as a dry
deposition factor

® 80,(g) and NO,(g) are implicitly included by the dry deposition factor.

DDRP analyses were constrained by a set of assumptions that guided the modeling efforts

(Table 8).

MAGIC did not use a Gran ANC in simulating watershed response. Rather, it used two

definitions of ANC as follows:

where:

ALK = [HCO,] + 2[C0O,*] + [OH] + [AI(OH),] -

[H*] - 3[AP*] - 2[A|(OH),*] - [AIOH?*]
CALK = SBC + NH," - SAA

SBC = Ca** + Mg®* + Na* + K* (ueq L")
SAA = CI + NO, + SO%(ueq L")

21
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Table 8. Operational assumptions for DDRP modeling efforts (modified from Church et al. 1989).

10.

1.

12.

13.

Index sample water chemistry from the NSWS provides an index of chronically acidic
systems and systems with low ANC that are susceptible to acidic deposition.

Index soil data from the DDRP Soil Survey adequately characterize watershed attributes
influencing surface water chemistry.

Forecasts of future acidification consider primarily chronic acidification. Episodic acidification
is considered in the EPA Episodic Response Project.

Surface water acidification is a sulfur-driven process. Sulfur is assumed to be the primary
acidifying agent in acidic ueposition. Eastern deciduous forests generally are nitrogen-limited
(Likans et al., 1977; Swank and Crossley, 1988) so there is low export of nitrate. In addition,
annual nitrate depositicn exceeds annual ammonium deposition in the eastern U.S. (NAPAP,
1988) and nitrate has & slight alkalizing effect in the watershed if systems are not nitrogen-
saturated (Lee and Schnoor, 1988).

The watershed processes controiling the effects of sulfur deposition on surface waters are
sulfate adsorption and desoiption and base cation depletion and resupply through mineral
weathering and cation .)xc.iange.

The effects cf organic acids on acid-base chemistry are constant through time and
independent of the concentration of sulfate.

These major processes are known well enough to be incorporated into the forecasting
models used in the DDRP.

Current watershed a'tributes and conaitions (e.g., climate, land use, basin characteristics) will
remain relatively constant over the next 20 years and not influence the results of the
forecasts.

Long-term forecasts using miodels are plausible and are the only feasible approach for
evaluating the long-term effects of sulfur deposition scenarios on surface water chemistry.

"Typical® year projections (based on long-term-average runoff estimates) are not intended to
represent future predictions of water chemistry but rather to provide a common basis for
comparisons among deposition scenarios, to assess potential changes in surface water
chemistry.

Acidification is reversible an. the processes in the models are adequate to describe both
chemical acidification and deacidification,

Only chemical processes are considered in the Level Ill models.

Uncertainty calculations provide estimates of relative error for long-term comparisons among
models and deposition scenarios but are not absolute error estimates.
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Equation 2 (referred to as charge balance alkalinity) is identical to calculated alkalinity (C, - C,)
used in this analysis. This report employs definition (2) of calculated alkalinity unless stated
otherwise.

Watershed data for MAGIC were lumped or aggregated to provide avarage or weighted
average values for each of the soil layers. The top soil compartment represented the mass-
weighted average conditions of the A and B horizons. The lower soil compartment represented

the mass-weighted average conditions in the C horizon.

3.2.2 Calibration Methodology

_ The MAGIC and TOPMODEL models were calibrated using an optimization procedure that
selected parameter values so that the differences between the observed and predicted
measurements .vblas minimized (Cosby et al. 1985 a,b,c). Calibration of MAGIC involves selecting
initial parameter values that, in conjunction with estimated precipitation and deposition, yield a
trajectory from 1844 through a "window" about the 1984 measured lake chemistry values (Cosby
et al. 1989b). The hindcast pre-industriai lakewater chemistry for each lake used here is the
mean of those initial conditions that resulted in a trajectory that passed through the specified
window for 1984 chemistry.

The calibration exercise was a three-step process. The first step specified the model inputs:
precipitation, deposition (both wet and dry), an estimate of historical inputs for the long-term
model, and fixed parameters or parameters whose values correspond directly to (or can be
computed directly from) field measurements, e.q. topographic variables such as slope, aspect,
area. This approach, in effect, assigns all of the uncertainty associated with sampling,
aggregation, and intrinsic spatial variability to the "adjustable” parameters. The adjustable
parameters are those that are calibrated or scaled to match observed field measurements.

The second step selected optimal values for the adjustable parameters using the method of

Rosenbrock (1960). Optimized values were determined by minimizing a loss function defined as
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the sum of squared errors between simulated and observed values of system state variables.
Different loss functions were used for the hydrologic and chemical models. The hydrologic model
used monthly stream flow volumes while the MAGIC model used ELS-! fall lake chemistry or
observed soil chemistry.

The final step was to assess the structural adequacy of the model in reproducing the
observed behavior of the criterion variables and identifiability (or the uniqueness) of the set of
optimized parameters. Structural adequacy was assessed by examining the mean error in
simulated values of observed state variables for those variables used in the calibration procedure
as well as for an additional state variable which was not used during calibration. Parameter
identifiability was assessed using approximate estimation error variances for the optimized
parameters (Bard 1974). Additional information on the MAGIC calibration process was presented
by Cosby et al. (1989b).

MAGIC simulations were performed for the project described here as done earlier by Cosby
et al. (1989b) and NAPAP (1991), with two notable exceptions. To remove known biases, MAGIC
was recalibrated using soils data specific to the Adirondack, NY subregion and assuming a more
realistic pre-industrial suifur deposition, equal to 13% of 198 values (Husar et al. 1991). The
earlier (DDRP) model projections had been calibrated to the entire northeastern region of the
United States and had assumed zero pre-industrial sulfur dep~sition. The recalibration to the
Adirondack subregion was intended to provide model results as comparable as possible to the
diatom inferences. The latter were calibrated to the Adirondack subregion rather than the entire
northeastern region. Additional information on the MAGIC model calibration procedure used in
this project and the generation of uncertainty estimates for the model outputs is provided by

Sullivan et al. (1991) and Church et al. (1989).
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3.3 Orgaﬁlc Acid Modael
3.3.1 |ntroduction

Organic acids have been included in some applications of watershed acidification models.
For example, Rustad et al. (1986) applied a modification of the Birkenes model (Christophersen et
al. 1982) that included an organic subroutine based on the Oliver et al. (1983) model. The
Birkenes model has also been applied to the Svartberget catchment in Sweden, where organic
acids are important in influencing episodic pH depressions (Taugb¢l et al. in press). The ILWAS
model (Goldstein et al. 1984) is generally applied using either a monoprotic or triprotic organic
acid formulation.

Driscoll et al. (1990, in review) examined a number of organic acid analog models using data
from the Adirondack, NY lakes. The models ranged (Table 9) from simple monoprotic acids to
variable pK models like that of Oliver et al. (1983). They also examined the possibility that
complex formation between aluminum and the organic anion might be important in Adirondack
lakes and determined that for at least the diprotic and triprotic analog modeis (Table 10),
inclusion of these complexes improved the fit to observed data.

The organic acid analog models in Table 9 and the aluminum complexation reactions in
Table 10 were used for this study to determine if inclusion of these mode . could improve the
comparisons between pH values simulated by MAGIC and those inferred from paleolimnological

reconstructions.

3.3.2 Calibration to ALSC Data

These analog organic acids must be calibrated to observed data in order to arrive at
estimated values of the pK's and site densities. Driscoll et al. (in review) calibrated the four
analog acids given in Table 9 to data from the Adirondack Lakes Survey Corporation (ALSC)
survey of approximately 1400 lakes in the Adirondack Mountains, NY. The calibration procedure

consisted of numerical fitting of the pK values and site densities of each model to observed pH,
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Table 9. Dissociation reactions and equilibrium expressions for the four analog organic modeis
used in the project. (Brackets denote activities)

Triprotic acid reactions:

mEAT Y (HA%") H")
HjA @ H' + HA” {H3A} . {HyA")
- e 2=
H,a~ @ 4t + ma _
2 a3y ") .
A~ @ HY + a'" (1A%} 3
Diprotic acid reactions:
HA @ H + HAT {EATHE) (a%7pem")
il L Al
- - {H,A} HA
HA™ @& H' + a2 2 (AR}
Monoprotic acid reactions:

HA @ H' + A~ . {A"HH")
: (HA} 1

Oliver acid rsactions:

HA @ H' + A~ Y !
(HA}

where pK = a + b(pH) + c(pH)?2
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Table 10. Complexation reactions between aluminum and organic anions and the equilibrium
expressions for the diprotic and triprotic acids. (Brackets denote activities)

Organic aluminum reactions (triprotic acid)

a1t + a3 2 a1a al3* + g* + 23" @ am”

Bquilibrium exprsssions:

{AlA} . (AlHa')
— - — = K
(AT AT} 1 Ay ¥ty 2
Organic aluminum reactions (diprotic acid)
AP* + AT « AIA* AP* + H,O0 + A* » AI(OH)A + H*
Equilibrium expressions:
At K {A/(OH)A} {H*} = K

@ an BRI

aluminum, dissoived organic carbon, and caiculated charge imbalance (i.e. assumed to be
organic anion charge) data for all of the lakes in the ALSC data base. The object of the fitting
routine was to minimize the differences (across all lakes) between the organic charge simulated
by the pertinent organic acid model and the observed organic charge for the lakes. This error

minimization procedure (see Driscoll et al., in review, for details) resuited in the calibrated values
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for the parameters of each organic model that are used in this work (Table 11). Driscoll et al. (in

review) concluded that the triprotic acid model gave the best fit to the ALSC data.

3.4 Paleolimnological Model

3.4.1 Background on Paleolimnological Technigues
.4 In the absence of long-term chemical monitoring data, inference based upon diatom and
chrysophyte fossil assemblages preserved in lake sediments has been viewed as the most
reliable technique available to evaluate historical chemical changes (Charies and Norton 1986).
Diatoms (Bacillariophyceae) and scaled chrysophytes (Chrysophyceae, Synurophyceae) are
single-cell algae composed of siliceous valves and overlapping siliceous scales, respectively. The
fossil remains of these organisms are good indicators of past lake water chemistry because (1)
they are common in a wide variety of habitats, (2) many taxa have rather narrow ecological (water
chemistry) tolerances, (3) remains are well preserved in sediment, typically in very large numbers,
and (4) they can be identified to the species level or below (Smol et al. 1984; Charles 1985;

Charles and Norton 1986; Smol et al. 1986; Husar et al. 1991).

Table 11. Values of the parameters in the four organic acid analog models and constants for the
aluminum organic complexes used for the project. These values were derived by a
fitting procedure applied to ALSC data on Adirondack lakes (Driscoll et al. in review).
(Units of site density are moles of charge per mol of carbon.)

Analog Acid Site Density pK1 pK2 pK3
Monoprotic 0.133 4.45

Diprotic 0.082 4.20 6.04

Triprotic 0.055 2.62 5.66 5.94
Oliver et al. 0.181 (pK = 0.15 + 1.41*(pH) - 0.078*(pH)*(pH))

Constants for the Aluminum Organic complexes

Diprotic-acid pK1 = 6.48 pK2 = 1.745
Triprotic acid pK1 = 8.38 pK2 = 13.1
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Paleolimnological reconstructions of past lakewater chemistry are based on transfer functions
derived from relationships between measured current chemistry and assemblages of recently-
deposited diatom or chrysophyte remains collected from surface sediment of several lakes within
a region. Predictive equations are developed from these relationships to infer water chemistry,
especially pH. Calibration equations have also recently been developed for inferring the
concentration of DOC, ANC, total Al, and monomeric Al (Kingston and Birks 1990, Birks et al.
1990a,b).

Temporal trends can be reconstructed from sediment cores that have been dated
radiometrically, usually with 2'°Pb. Water chemistry inferred from diatom or chrysophyte
assemblages in individual strata can be compared with stratigraphies of other lake sediment
markers such as pollen, charcoal, coal and oil carbonaceous particles, polycyclic aromatic
hydrocarbons, Pb, Zn, Cu, V, Ca, Mg, Ti, Al, Si, S, and others that provide a record of
atmospheric inputs of materials associated with the combustion of fossil fuels and watershed
disturbance (Charles and Norton 1986). With these data, in addition to knowledge ot watershed
events and some historical information on regional atmospheric emissions of sulfur and nitrogen,
it is often possible to assess with reasonable certainty whether lakes have been affected by acidic
deposition, and to what extent (Husar et al. 1991; Charles et al., 1989).

Diatom studies have documented the rates and magnitude of acidification of selected lakes
in the Adirondack Mountains, NY (Del Prete and Schofield 1981; Charles 1984, 1987; Charles et
al. 1986, 1987, 1990), New England (Davis et al. 1983, 1990), the Upper Midwest (Kingston et al.,
1990), Florida (Charles et al. 1986, Sweets et al. 1990), Ontario (Dixit 1983; Dixit et al. 1987,
1989a, 1992), Sweden (Renberg and Hultberg 1982; Renberg and Wallin 1985; Renberg and
Hultberg 1992), Finland (Tolonen and Jaakkoia 1983, Huttunen et al. 1990), Norway (Davis and
Anderson 1985; Davis and Berge 1980), Scotland (Flower and Battarbee 1983; Flower et al.

1987), West Germany (Arzet et al. 1986) and the Netherlands (van Dam 19€8).



Davidson (1984) demonstrated at experimentally acidified Lake 223 in the Experimental Lakes
Area in Ontario the rapid response of diatoms to changes in water chemistry. The sediment core
stratigraphy showed close agreement with the striking change in planktonic diatoms measured in
the water column. Similarly, paleolimnological inferences of recent changes in lakewater
chemistry have been shown to correspond closely with measured pH values at three lakes near
Sudbury, Ontario (Dixit et al. 1987, 1989a, 1989b). Dixit et al. (1987) reconstructed the pH of
Hannah Lake, near Sudbury, using diatom remains. Between about 1880 and 1975 the inferred
lakewater pH declined from about 6.0 to 4.6. After the lake was limed in 1975, its measured pH
increased from 4.3 to 7.0. This increase was also reflected in the diatom-inferred values (Dixit et
al. 1987). A recent paleolimnological investigation (Dixit et al. 1989a) of acidification and
subsequent recovery of Swan Lake, near Sudbury, Ontario, indicated that paleolimnological
reconstructions of recent chemical change corresponded well with measured values. Also of
significance were the large observed declines in trace metal concentrations in sediments
coincident with pH recovery. The changes in metal concentrations did not inhibit accurate pH
reconstruction. Dixit et al. (1992) also used diatoms and chrysophytes to reconstruct the recovery
of Baby Lake subsequent to the closure of the nearby (1 km distance) Conistan Smelter near
Sudbury in 1972. Measured lakewater pH increased from 4.2 in 1972 to 6.5 in 1987. This
recovery was closely mirrored by shifts in the diatom and chrysophyte species composition and
inferred pH.

Diatoms and chrysophytes differ somewhat in their ecological characteristics and both can
provide useful qualitative and quantitative information regarding temporal trends in acid-base
status of lakewater. Chrysophytes are euplanktonic; diatoms are both planktonic and benthic, but
the diatom flora of low pH (< 5.5) lakes is dominated by benthic forms (Battarbee 1984; Charles
1985; Charles and Smol 1988). Chrysophytes usually bloom in spring. Although planktonic
diatoms are also most abundant in spring, most littoral species are common throughout spring

and summer (DeNicola 1986; Jones and Flower 1986; Charles and Smol 1988). Thus,
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chrysophyte assemblages may provide a better reflection of spring snowmelt pH depressions.
Chrysophyte assemblage composition seems to change more rapidly than diatom assemblages

along the pH gradient for pH values < 5.5, and are, therefore, particularly useful indicators

in this range. Chrysophyte scales are not always present in sufficient quantity and variety to be
useful, however. Lake sediments can be dominated by diatom valves or by chrysophyte scales,
and the relative abundance and diversity of these groups will determine which will provide the
most accurate information on past lake chemistry (Charles and Smol 1988). in general,
assemblages with the greatest diversity of algal remains will provide the most ecological
information and the best predictive equations. Results must be interpreted with caution where
equations are applied to assemblages containing only a few dominant taxa. In such cases, the
inferred pH will be determined largely by the pH category or the abundance weighted mean of
the few dominant taxa. This problem can be especially important if the distribution of one or
more of the dominant taxa is not well characterized in the calibration set (Charles and Smol
1988).

The diatom model as it has been applied to the study of anthropogenic acidification implicitly
assumed that the acid-base chemistry of lakewaters during pre-industrial times was identical to
the current acid-base chemistry, with the exception of changes that have occurred in response to
acidic deposition. This assumption may not be entirely valid because:

1. other pollutants besides oxides of sulfur and nitrogen may have influenced lakewater
chemistry;

2. watersheds have been altered as a result of anthropogenic activities such as logging and
road building; and

3. natural processes, including climatic effects, forest growth, beaver abundance, and fire,
may have altered the flux of ions from the watershed to the receiving waters and/or
altered the watershed processing of atmospheric inputs.

3.4.2 Paleoecological Investigation of Recent Lake Acidification (PIRLA)

Considerable paleolimnological data for lake acidification studies in the United States were

obtained as part of two large regional studies, PIRLA-| (Palececological Investigation of Recent

31



Lake Acidification; Charles and Whitehead 1986a,b) and PIRLA-Il (Charles and Smol 1990).
PIRLA-I included stratigraphic analysis for about 35 lakes in four regions of the United States
(Adirondack Mountains and northern New England, Upper Midwest, and Florida.) In addition to
obtaining biological data (diatoms, chrysophytes) for inferring water chemistry, measurements
also included analyses of metals, sulfur, nitrogen, carbon, polycyclic aromatic hydrocarbons, coal
and oil carbonaceous particles, pollen, and 2'° Pb for dating strata. The PIRLA-| project
developed standardized protocols for ail aspects of paleolimnological research, including quality
assurance/quality control (QA/QC) guidelines (Charles and Whitehead 1986a).

Major objectives of the PIRLA-Il study were to determine the proportion of low ANC
Adirondack lakes that have become more acidic since about 1850, to quantify the ANC change
that occurred, and to determine the percentage of lakes that were naturally acidic. Sediment
cores from 33 of the 38 Adirondack lakes that were included in the DDRP (Church et al. 1989)
were analyzed. The "tops" (0-1 cm depth) and "bottoms" (pre-1850, typically > 30 cm) of the
sediment cores were analyzed for diatoms and chrysophytes. The PIRLA-Il research effort was
designed to answer several of the key questions of the NAPAP State of Science and Assessment
activities. The project was described by Charles and Smol (1990) and major results have been

presented by Sullivan et al. (1990) and Cumming et al. (1992).

3.4.3 Paleolimnological Methodology

During the past several years, the standard paleolimnological procedure has been to develop
equations for inferring water chemistry from diatom assemblages, using category-based, muitiple
regression techniques (based on the assignment of diatom taxa to pH categories). Recently,
these have been replaced by theoretically superior "gradient analysis* techniques, particularly
canonical correspondence analysic (CCA) and weighted averaging. The theory of CCA has been
developed and summarized primarily by Cajo ter Braak (ter Braak 1985, 1986, 1987, 1988; ter

Braak and Barendregt 1986; ter Braak and L.ooman 1986; ter Braak and Gremmen 1987; ter
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Braak and Prentice 1988). Gradient analysis theory is based on a species-packing model, which
assumes a normal distribution of each species' abundance in samples along the environmental
gradient. Birks et al. (1990a,b) described a two-step technique for applying the new procedures
to the inference of lake chemistry, using diatoms.

For the PIRLA-II Project, weighted averaging calibration (Birks et al. 1990b) was used for
development of calibration equations (Dixit et al. in press). Seventy-one lakes were included in
the drainage lake calibrations and 20 lakes in the seepage lake calibrations. Predicted versus
observed diatom-inferred pH for calibration drainage and seepage lakes is presented in Figure 1a.
Calibration equations were also developed for drainage lakes to infer pH from chrysophyte scales
(Figure 1b). The calibration relationship was not as strong for chrysophytes as for diatoms, but
the chrysophyte data provide additional corroborative evidence of chemical change.

Error estimates for diatom-inferred pH values in the PIRLA-ll project have been obtained by
using bootstrapping, a computationally-intensive resampling procedure (Efron 1983; Birks et al.
1990a,b). First, a subset of training samples which is the same size as the original training
(calibration) set is selected at random with replacement. This set is used to develop a predictive
equation to infer pH. Second, the remaining unseiected samples are used as a test set, and the
new predictive equation is used to infer pH vaiues for this test set. This process (bootstrap cycle)
is repeated a large number of times (for example 1000). The new inferred values are then
correlated with the corresponding measured values for the test set lakes, and a root mean square
error (RMSE) is calculated for the relationship. An advantage of the bootstrapping technique,
essential for comparisons to acidification models, is that unique error estimates are obtained for
the predicted pH from each fossil sample. For sediment core samples, the errors downcore are
expected to exceed the errors for surface samples if the sampled assemblages diverge from the
floristic composition of surface analogs. These errors are also greatly affected by data screening,
and the removal of outlier samples from the calibration can greatly improve performance of the

relationships (Birks et al. 1990 a).



Chrysophyte pH

Figure 1.  Calibration relationship developed in PIRLA-Il between measured and inferred values
of pH. A) based on diatoms, B) based on chrysophytes. (Source: Sullivan et al.
1991, Dixit et al. in press)
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The correlation coefficient for the relationship between measured and inferred pH for the 71
Adirondack lakes used for the calibration was high ( = 0.91); the apparent root mean square
error (RMSE) (0.31) and the RMSE using a bootstrap technique (0.35) indicate that past pH can
be inferred with an error of about one-third of a pH unit (Cumming et al. 1992, Dixit et al. in

press).

4.0 SUMMARY OF PREVIOUS MODEL COMPARISON

Sullivan et al. (1991) compared paleolimnological estimates of pre-industrial pH and ANC of
Adirondack lakes with MAGIC model hindcast estimates of pre-industrial chemistry. Thirty-ihr’ee
lakes that had been statistically selected from the EL.S-l and DDRP were included in the
comparison. It was found that direct comparison of pre-industrial and current chemistry
estimates, using DDRP protocols for MAGIC and PIRLA-ll diatom-inferred chemistry, was
inappropriate. A host of inconsistencies in methodologies and problematic assumptions
obscured the reasons for differences between the paleolimnological and MAGIC model
inferences. The major potential difficulties included (1) the influence of watershed disturbance
and land use on acid-base chemistry, which influences paleolimnological results but is not
considered in the MAGIC model, (2) seasonal differences between sampling times for the
paleolimnological study and the EPA survey, (3) differences in the definition of ANC used as
MAGIC model output versus that used in the diatom calibration, (4) uncertainties regarding pre-
industrial atmospheric deposition of sulfur and base cations, which must be estimated in order to
conduct MAGIC hindcast simulations, and (5) uncertainties regarding the soils aggregation and
calibration of MAGIC to the northeastern region, rather than the Adirondack subregion, within the
DDRP. In order to evaluate the relative importance of these issues in confounding direct
comparison between paleolimnological and MAGIC model recons.ructions, several different

scenarios and calibrations were conducted for both approaches. Although all uncertainties
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cannot be quantified and all potentially confounding factors cannot be removed, an effort was
made to make :1e diatom and MAGIC model hindcast estimates as comparable as possible.

The most reasonable comparison available between the paleoclimnological and MAGIC
hindcasts was between the MAGIC scenario that was based on the subregional reaggregation
and recalibration of MAGIC to the Adirondack Mountains and the paleolimnological inferences of
ANC defined as (C; - C,) (where C; is the base cation sum: Ca®* + Mg®* + Na* + K* + NH?,
and C, is the mineral acid anion sum: SO + NO, + CI', and all units are in ueq L"'). This
comparison removed the biases associated with different ANC definitions, and the regional (rather
than subregional) nature of the ~riginal MAGIC scenarios.

Resuilts of this comparison showed good agreement for the estimates of current chemistry
(Figure 2a), thus demonstrating that both approaches can be successfully calibrated to current
conditions. Substantial differences were observed, however, between the MAGIC and
paleolimnological estimates of pre-industrial chemistry (Figure 2b). The MAGIC model estimates
of pre-indusirial pH and ANC (not shown) were generally higher than the diatom-inferred
estimates, and MAGIC implied that lakewater acid-base chemistry had changed more in response
to historical increases in acid deposition than did paleolimnology. Both approaches suggested
trat acidification of low-ANC Adirondack lakes had occurred since pre-industrial times. They
differed primarily in that MAGIC inferred greater acidification and also that acidification had
occurred in all lakes in the comparison. In contrast, paleolimnology inferred that acidification had
been restricted to low-ANC lakes (< about 50 ueq L"). The discrepancy was greatest for those
lakes at the most biologically-sensitive portion of the pH spectrum, e.g., pH less than 6.0.
Furthermore, MAGIC hindcast pH estimates were greater than 6.0 for all lakes investigated,
whereas diatom inferences of pre-industrial pH ranged from as low as 5.2 to above 7.0.

The comparison presented in Figure 2 requires further explanation. Part of the calibration of
MAGIC, both by Sullivan et al. (1991) and in the current application, involved specification of a

value for the partial pressure of CO, (Pcoa) in the lake. In the original calibration protocol for



A)

MAGIC Current

1984 pH Comparison

8
7.5 <
R
7 [
/ ]
] m
6.5 = B m
- /
6 |
= -y w /
5.5 ™ =
= / :
5 - = =
1-'/ -
4.5 —
4 1 L ] ] 1 il 1
4 4.5 5 5.5 6 6.5 7 7.5
Diatom Current
Figure 2. MAGIC model hindcast estimates and diatom inferences of A) current and B) pre-

industrial pH for 33 statistically selected Adirondack lakes. The MAGIC
formulation/calibration for the simulations was from Sullivan et al. (1991). No organic
acids were included in the MAGIC model and p, was "calibrated" to compensate
partially for the missing organics (see discussion fn text).
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MAGIC, the observed pH and ANC values for each lake having a pH greater than 4.5 were used
along with aqueous inorganic carbon equilibrium equations to calculate a Pc02 value for each
lake. These calculated values were averaged across all of the lakes, and the average value was
used for all lakes in performing suhsequent simulations (including the comparisons to the
diatoms). Because no organics were included in the original application of MAGIC, this
*calibration* of P002 resulted in a partial compensation for the missing organics. That is, the
calibration procedure resulted in high estimates of P002 that would in turn produce the lower
values of simulated pH that were needed to match the measured pH values. The mean Pcoz for
the 33 study lakes in the simulation of Sullivan et al. (1991) was 0.0013 atm (PCO2 = 10289,

Iin the work reported here, a different procedure was used to calcuiate F’(x,2 for inclusion in
MAGIC. Measured values of pH and dissolved inorganic carbon (DIC) from the ELS data base
were used for each lake to calculate a P002 value for each lake. These calculated values were
averaged across all of the lakes and the average value was then used for all lakes in performing
subsequent simulations (including the comparisons to the diatoms). In this procedure (unlike the
earlier one) the possibility of intended (or unintended) compensation for inadequate organic acid
representation does not exist; the influence of Pcoz on simulated pH's is constrained entirely by
the measured DIC in the lakes. The mean Pco2 tor the 33 study lakes in this report was 0.00077
atm (Po, = 10°").

Given these considerations, it would be expected that the comparison between simulated
historical pH's from MAGIC and the diatoms would be even worse than those generated by
Sullivan et al. (1991) and shown in Figure 2b. This is indeed the case. Using the old calibration
method and allowing Pcoa to partially compensate for missing organic acids produced a mean
difference between MAGIC and diatom pre-industrial pH values of 0.4 pH units (calculated as
MAGIC value minus diatom value, see Figure 2b). Using the corrected procedure of calculating
PCo2 based on measured DIC produced a mean difference between MAGIC and diatom pre-

industrial pH values of 0.6 pH units. This larger discrepancy (Figure 3) is addressed in this
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Figure 3. MAGIC model hindcast estimates of pre-industrial pH versus diatom-inferred pH for 33

statistically selected Adirondack lakes. No organic acids were included in the MAGIC
model simulations. Partial pressure of CO, in the lakes was calculated directly using
observed dissolved inorganic carbon and pH. This is the reference comparison
between reconstructed historical pH from MAGIC and the diatoms against which
subsequent formulations of the models must be assessed.



project. All results presented later in this report which display comparisons of MAGIC and diatom
simulated historical pH's should be compared to Figure 3 to assess the improvement achieved by
the modification under consideration.

The principal objectives of the on-going project described in this report are to test further the
MAGIC model and to assess the degree to which the discrepancy between the diatom and
MAGIC inferences can be improved by including a rigorous organic acid model in the MAGIC

applications. Results of this effort to date are described in the following section.

5.0 RESULTS OF MODEL COMPARISONS CONDUCTED IN THE CURRENT PROJECT

A number of different formulations for organic acids were considered in this project (see
Section 3.3). In presenting and discussing the results when individual lakes are considered (as in
scatterplots), we consider only the triprotic organic acid representation using regional average
values of P002 and aluminum solubility, with the aluminum solubility constant based on extractable
aluminum values from the ELS data base. As demonstrated in the sensitivity analysis section of
the report (Appendix B), however, there was very little difference among the results of the various
formulations.

There are a wide variety of comparisons that can be made among the measured (ELS-l) and
simulated (diatom, MAGIC) results. To facilitate these comparisons we will use two statistics to
summarize pairwise comparisons across the 33 lakes. The mean of the differences will be
reported as a measure of the regional bias of thé resuits. If the pairwise data are clustered evenly
around a 1:1 line the expected value of the mean difference is 0.0. The root mean square of the
difference (RMS difference) will be used to give a combined measure of both the regional bias
plus the scatter (noise) in the comparisons. Note, however, that the mean difference is
dependent upon the range of pH values in the data set under consideratiori. In other words,

lakes having pH above 6.5 generally showed good agreement, whereas low pH lakes differed by
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an amount considerably in excess of the mean difference. Thus, the slope of the relationship in

Figure 3 deviated substantially from the 1:1 line.

5.1 pH

Three independent data sets (DDRP, PIRLA-Il, and ALSC) and three independent interpretive
models (MAGIC, diatom, and Driscoll’s triprotic organic acid analog) were combined to test the
consistency of the results of the diatom approach and the combined MAGIC and organic acid
modeling approach for estimating pre-industrial lakewater pH. Driscoll's triprotic organic acid
model was inserted as a subroutine into MAGIC and simulated pH values were then compared
with diatom-inferred pH. This revised comparison yielded considerably closer agreement for pre-
industrial pH (Figure 4) than did the comparison that excluded the effects of organic acids (Figure
3). The mean difference in MAGIC versus diatom estimates of pre-industrial pH was 0.6 pH units
when organic acids were omitted from the modeling scenarios, with the discrepancy increasing
for lakes with diatom-inferred pH < 6.0. This mean difference was only 0.2 pH units when the
triprotic organic acid analog model was included, and the agreement for individual low-pH lakes
improved by as much as a full pH unit (Figures 3 and 4).

The inclusion of the organic acids also had an effect on simulated 1984 pH (Figure 5a and
b). As would be expected, the inclusion of organic acids depressed the simulated pH values. This
effect was greatest for lakes with observed pH values between about 5.5 and 6.0 (Figure 5a and
b). The mean of the differences between observed and simulated pH values shifted by 0.4 pH
units, from 0.2 to +0.2 when the organic acid was included in MAGIC.

Although no attempt was made to recalibrate the organic acid model when it was added to
MAGIC, it would be possible to adjust the values of the organic acid model parameters until the
simulated values of pH more closely matched the observed values in 1984 (this calibration
procedure is addressed in Appendix C). The differences between the simulated and observed

current pH values for the two MAGIC runs (with and without organic acids) are for most lakes
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Figure 4. MAGIC model hindcast estimates of pre-industrial pH versus diatom-inferred pH for

33 statistically selected Adirondack lakes. A triprotic organic acid representation was
included in the MAGIC simulations. The parameter values for the triprotic organic
acid are those of Driscoll et al. (in review) derived from the ALSC data set.
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approximately of the same order as the mean ditference between the diatom-reconstructed and
measured pH's (0.1 to 0.2 pH units; see Figure 5c).

Comparisons based on alternative formulations for the organic acid analog model yielded
similar resuits. Although the triprotic acid was judged (by Driscoll et al. 1990) to provide the best
empirical fit to the ALSC data, use of the ALSC-fitted monoprotic, diprotic, and Oliver models
produced the same regional patterns as the triprotic model when compared to diatom
reconstructed historical pH's (Figure 6). Results of the various pairwise comparizons for
simulated pre-industrial pH are summarized in Table 12. Comparisons of simulated pH are
presented for five different cases. These are inclusion of monoprotic, diprotic, triprotic, and Oliver
(Oliver et al. 1983) organic acid analog models in MAGIC and also MAGIC with no organic acid

representation.

Table 12. Differences between MAGIC and diatom model estimates of pre-industrial (1844) and
current (1984) pH estimates for the 33 lake Adirondack data set, based on five different
MAGIC model applications.

Organic Acid 1844 pH Estimates 1984 pH Estimates
Formulation in MAGIC Mean RMS of Mean RMS of
Model Application Ditference Difference Difference Difference
Monoprotic 0.17 0.48 0.35 0.58
Diprotic 0.22 0.45 0.31 0.54
Triprotic 0.21 0.46 0.29 0.52
Oliver 0.25 0.47 0.27 0.51
No organic acid 0.62 0.77 0.12 0.52
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For the year 1844 (pre-industrial reconstructions) only comparisons between the MAGIC and
diatom models are available. For the year 1984, however, measured ELS chemical data are also
available, in addition to model estimates of current chemistry. Results of the comparisons with
measured ELS-| data are summarized in Table 13. For the diatom model, the 1984 pH estimates
represent calibrated values using the transfer functions described by Cumming et al. (1992). The
mean difference between diatom reconstructed and observed current pH vaiues is 0.11 pH units
(RMS difference = 0.34). For the MAGIC model the 1984 pH estimates represent values based
on the re-calibration to the Adirondack sub-region (as described earlier) with five different
assumptions regarding organic acids in the surface waters. The mean differences between
observed pH's and those simulated by MAGIC range from -0.25 to 0.22 units (RMS differences
range from 0.51 to 0.58).

The results summarized in Tables 12 and 13 present the quantitative differences obtained by
MAGIC with the four organic acid analog models and without organic acids. A mean bias (offset)
of 0.62 pH units was found between diatom and MAGIC model estimates of pre-industrial pH
when no organic acid analog was included. This bias was reduced to mean diﬂerences‘ of 0.17 to
0.25 pH units with inclusion of the various organic acid analog models. Choice among the
various organic acid analog models investigated did not have a substantial effect on the degree of
agreement with diatom estimates. Although inclusion of a "reasonable” organic acid
representation in the MAGIC simulations greatly improved agreement with diatom pH estimates,
the selection of which of the four organic acid models to use was not particularly important for the
regional analysis.

The extent to which the inclusion of an crganic acid representation in MAGIC alters our
estimates of historic acidification for the population of iow ANC (DDRP) Adirondack lakes is
illustrated in Figure 7. All three methods of estimating pre-industrial pH that are shown in the
figure (diatoms, MAGIC without organics, and MAGIC with triprotic organic acid) result in

cumulative frequency distributions of pH that are higher than current measured (ELS-) pH. The
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Table 13. Comparisons between the various MAGIC model estimates of current (1984) pH and
pH values measured by the ELS-|.

ELS-l minus MAGIC ELS-l measured minus
Organic acid pH_estimates ELS-l predicted’
formulation in MAGIC
model application Mean RMS Mean RMS
Monoprotic 0.24 0.58 0.30 0.44
Diprotic 0.19 0.54 0.24 0.37
Triprotic 0.18 0.52 0.22 0.35
Oliver 0.16 0.51 0.20 0.34
No organic acid -0.23 0.52 0.21 0.39

' ELS- predicted pH was calculated using the MAGIC algorithm and input variables from ELS-I
and the respective organic acid analog model. The P, input variable was calculated from
measured pH and DIC, using pK's of inorganic carbon feactions from the literature.

diatom estimates suggest the least amount of acidification, and MAGIC without organic acids
suggests the greatest amount of acidification. MAGIC estimates with a triprotic organic acid are
intermediate, but are closer to diatom estimates than to the MAGIC estimates without organics.
The differences between the methods are most pronounced at the lowest end of the pH
distribution. MAGIC without organics exhibited a pre-industrial pH distribution with a minimum pH

that was a full pH unit higher than did MAGIC with the triprotic acid.

5.2 Acid Neutralizing Capacity (ANC)

Diatom inference equations have been developed and applied for estimating acid neutralizing
capacity (ANC) of lakewater (e.g. Sullivan et al. 1990, Cumming et al. 1992). ANC has been
considered in séme cases to be,a better indicator of a water's acid-base status than pH. The
definition of "acidic" is often based on water having Gran titration ANC less than zero (e.g.,

NAPAP 1991). The principal advantage of ANC over pH for quantifying acidity, or the extent of
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of pre-industrial pH using three different approaches (diatoms, MAGIC with the
triprotic organic acid, and MAGIC without an organic acid representation).
Distributions were derived using population weighting factors developed for the
DDRP (Church et al. 1989), and were based on the subset of 33 lakes.
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change in acid-base status, is that ANC is more stable than pH. For example, pH varies with
changes in dissolved CO, in response to in-lake biological activity (photosynthesis and
respiration). The influence of Pco,‘, on lakewater pH varies diurnally and seasonally, especially in

systems having pH greater than about 5.5 and in systems that are highly productive but not well

buftered.
No single chemical parameter, however, is sufficient for characterizing surface water acid-

base status. Indeed, Hemond (in press) suggested that at least three of the following four

parameters must be known:

1. pH
2. P°°2 or total carbonate content (C,)
3. GCg- C, (sum of base cations minus mineral acid anions)

4, Organic acid concentration

in some cases, aluminum concentration is also important.
There are two potentially-important problems associated with an assessment of historical

acidification of lakewaters based on diatom inference of ANC. First, there are uncertainties and
differences in the way ANC is defined. Diatom reconstructions and lakewater measurements are
generally based on Gran titration ANC. Models, including MAGIC, calculate ANC as C, - C,.
Measures of ANC based on those two definitions usually differ, largely because of the partially
counteracting influences of Al and organic scids on the titration results (Sullivan et al. 1989,
Figure 8). The Al influence causes a shift to higher Gran ANC for acidic lakes, and the organic
acid influence causes a shift to lower Gran ANC, especially for higher ANC lakes. Sullivan et al.
(1991) corrected for this problem in the earlier MAGIC/diatom comparison for Adirondack lakes by
calibrating the diatoms to ANC defined in a way equivalent to that used in MAGIC. .,
The second potential problem witti the use of diatom-inferred ANC concerns the strong
correlation between pH and ANC in natural waters. Diatoms are very sensitive to pH (Patrick et

al. 1968, Gensemer and Kilham 1984, Smith 1990), which is an important controlling variable for
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many chemical and physiological reactions. In contrast, ANC is an artificially-constructed
parameter with no known relationship to physiological response of aquatic organisms. Gran ANC
is operationally defined;, ANC defined as C, - C, is specified on the basis of charge balance
considerations and is subject to cumulative measurement errors. A major concern is that the
biota may be responding principally to pH and secondarily to such factors as dissolved metalis,
organic acids, and salinity, whereas the observed robustness of the diatom inferences of current
ANC may be largely controlled by the strong correlation between pH and ANC. if the lakes have
changed historically in their pH/ANC relationships, then diatom-inferences of historic ANC might
be biased. Furthermore, it is not unreasonable to assume that the pH/ANC relationship in
Adirondack lakewaters may have changed since pre-industrial times, in view of the presumed
increases in lakewater SO,%, Al, and C, concentrations. The quantitative importance of such a
change for historic ANC reconstructions is not known.

In view of the potential complicating factors described above, we judged that historic
comparisons of water chemistry conducted in this project should focus primarily on pH, rather
than ANC. In addition, to provide some comparison of diatom and MAGIC estimates of ANC,
while attempting to correct for the latter problem, paleolimnological estimates of ANC were
recaiculated from diatom-inferred pH. This was accomplished using the algorithms in MAGIC for
calculating ANC, given pH, Poog, Ka DOC, and the pK, values and site density of organic acids
specified in the various organic acid analog models.

Results of the pairwise comparisons between MAGIC and diatom estimates of pre-industrial
and current ANC are summarized in Table 14, based on MAGIC simulations and diatom
reconstructions corrected with the four organic acid analog models and without organics. A
mean bias (offset) of -48 ueq L' of ANC was found between diatom and MAGIC estimates of pre-
industrial ANC when no organic acid analog was included. This bias was reduced to mean

differences of -8 to -11 ueq L™ with inclusion of the various organic acid analog models.



Table 14. Differences between MAGIC and diatom model estimates of pre-industrial (1844) and
current (1984) ANC estimates for the 33 lake Adirondack data set, based on five
different MAGIC model applications.

Organic Acid 1844 ANC Estimates 1984 ANC Estimates
Formulation in MAGIC Mean RMS of Mean RMS of
Model Application Ditference Difference Difference Difference
Monoprotic 8 46 -32 126
Diprotic 9 47 -30 128
Triprotic 9 47 -30 128
Oliver 1 48 -28 129
No organic acid 48 69 6 119

Graphical comparison of pre-industrial and current estimated ANC values (Figure 9) illustrates that
much of the bias (mean difference) between MAGIC and the diatoms may be due to those lakes
inferred by the diatom approach to be very low (< -50 ueq L") or very high (> 300 ueq L") in
ANC. This is attributable to the difficulty of calculating ANC from pH, using the method employed
here, for lakes having pH less than about 5.0 or greater than about 7.0.

The difficulty can be understood by consideration of a typical pH-ANC titration curve. At very
high or very low values of ANC, the titration curve is relatively flat; large changes in ANC result in
only small changes in pH. The problem of estimating ANC from pH is, therefore, subject to the
inverse sensitivity; small errors (or natural variation) in pH results in large errors (or noise) in
estimated ANC. As seen in Figure 9, these effects do appear to limit the ANC range over which
these corrections can be applied to provide unbiased diatom estimates of ANC. In general,
however, when the very high and very low values are ignored, the agreement between ANC
estimates from MAGIC and the diatoms appears to be reasonably good both historically and for

the present day.
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MAGIC model estimates of ANC versus diatom-inferred ANC (calculated as described
in text from diatom-inferred pH) for 33 statistically selected Adirondack lakes: A) pre-
industrial estimates; B) current estimates.
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6.0 DISCUSSION
6.1 Comparisons Between MAGIC and Diatom Estimates of Acid-Base Status
8.1.1. pH

Results of the hindcast comparisons between paleolimnological inferences of pre-industrial
lakewater pH and MAGIC simulations, with and without the inclusion of organic acids, illustrate
three important points:

1. There is a systematic departure with decreasing pH between diatom and MAGIC model

hindcasts of pre-industrial pH when organic acids are not included in the MAGIC

simulations.

2. Inclusion of a reasonable formulation for organic acidity in the MAGIC simulations of pre-
industrial pH greatly improves their agreement with diatom reconstructions.

3. The choice among organic acid analog models (e.g., mono-, di-, triprotic, or Oliver
model) does not alter the degree of agreement with diatom reconstructions to an
appreciable degree for a regional analysis.

The inclusion of organic acids in the MAGIC model simulations of pre-industrial pH did not
alter the agreement between diatom and MAGIC model hindcasts for lakes with pH values greater
than about 6.5. Previous hindcast comparisons (Sullivan et al. 1991) that did not include an
organic acid representation had obtained good agreement for these high-pH lakes. For low-pH
lakes, however, the lack of organic acid representation resulited in an increasing level of
divergence between diatom and MAGIC model hindcasts of pre-industrial pH for the lower-pH
lakes. Thus, the lakes of most relevance with respect to potential biological effects of
acidification, especially those having pH less than 5.5, exhibited increasingly larger discrepancies
with decreasing pH between diatom and MAGIC model estimates of pre-industrial pH when
organic acids were omitted from the analysis. The inclusion of an organic acid representation in
the MAGIC simulations conducted in this study resulted in a great improvement in the agreement
between these two modeling approaches. Coupling of Driscoll's triprotic organic acid analog
model to MAGIC resuited in pre-industrial pH estirr:gates that were, on average, 0.4 pH units closer

to diatom estimates than were the MAGIC hindcasts that excluded organics. For lakes having pH

less than 6.0, the improvement was even more pronounced; inclusion of the triprotic organic acid
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analog model reduced the discrepancy between diatom and MAGIC pH hindcasts for these lakes
by 0.6 of a pH unit, from a mean difference of 0.8 to a mean difference of 0.2. For some

individual lakes, the improvement was a full pH unit.

6.1.2 Acid Neutralizing Capacity
Inclgslon of organic acids in the modeling approach also improved the agreement between
diatom and MAGIC model estimates of pre-industrial AMC. This comparison is more problematic
than the pH comparison, however, and shouid be Interpreted with some caution. Results of the
ANC hindcast estimates for the diatom approach presented in this report were not based directly
on diatom transfer functions for ANC, as was done by Sullivan et al. (1991). Instead, diatom-
inferred pre-industrial pH was used as a predictor of diatom-derived pre-industrial ANC, using a
calculation of ANC based on diatom-inferred pH, DOC, K,, Pco2 (from DIC), and the site density
and pK, values of organic acids. For this calculation, DIC, DOC, pK,'s and site density were
assumed to be constant over time. Direct diatom estimates of pre-industrial ANC, via transfer
functions, were not used because of the following concerns:
1. Diatom-inferred ANC is probably not independent of the pH reconstructions. In other
words, the biota may respond principally to pH, which in turn is highly correlated with
ANC.,
2. The currently observed statistical relationship between pH and ANC for the group of
lakes is unlikely to be identical to the historic relationship. This is primarily because the
ANC of many of the lakes has changed, leading to a change in the shape of the ANC/pH

relationship, even if DOC concentrations have not changed (e.g., Hemond 1990).

3. If 1 and 2 are true, then pre-industrial estimates of ANC, based on diatom inference
equations derived for current ANC, will be biased.

The alternative approach was used of calculating diatom-inferred ANC from diatom-inferred pH.
Nevertheless, the ANC comparisons presented in Figure 9 are not without problems. Although
the ANC estimates derived for lakes in the range of ANC values between about -50 and 300
ueq L' show good agreement between MAGIC-triprotic and diatom inferences for both current

and pre-industrial chemistry (Figure 9a,b), considerable divergence was observed for lakes at the
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extremes of the ANC distribution (Figure 9b). This is attributable to the substantial problem of
" “estimating ANC from pH at the extremes of the titration curve. See discussion of this issue in
Section 5.2.

The approach used here for estimating diatom-inferred ANC from diatom-inferred pH differs
from direct diatom inferences of ANC as shown in Figure 10. There are possible problems with
both methods, and it is not entirely clear which is most appropriate. The ANC inferences that are

derived from pH are generally in closer agreement with the MAGIC estimates of ANC, however,

than are the direct diatom inferences.

Thus, we emphasize that the pH comparisons are more robust than the ANC comparisons,
and the latter should be interpreted with caution. The pH reconstructions are also more important
because of the biological relevance of pH. Effects of acidic deposition on fish and other aquatic
biota are caused mainly by changes in pH, Al"*, and Ca®* (Baker et al. 1990). There is no known
physiological basis for direct effects from ANC on diatoms, fish, or any other aquatic biota,

although ANC is often correlated with physiologically important parameters.

6.1.3 Carbon Dioxide and Seasonal Effects

A portion of the r;maining observed discrepancy between diatom and MAGIC estimates of
pH, in both 1984 and 1844, may be attributable to the effects of dissolved CO, on pH
measurements. The algorithm used in the MAGIC modeling exercise to calculate pH is based on
a number of equilibrium expressions, including the dissociation of carbonic acid, which is formed
when CO, combines with water. In contrast, the diatom inference equations that were derived in
the PIRLA-l project, and used in this study, were calibrated to air-equilibrated pH values. Thus,
the influence of dissolved CO,, which depresses pH values, is not reflected in the diatom-inferred
pH values for the study lakes. The use of air-equilibrated pH in the diatom calibrations

potentially has a greater effect on lakes having pH greafer than about 5.5. Air-equilibrated pH
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values are generally higher than non-equilibrated values, and the discrepancy increases with
increasing pH for the ELS-| lakes in the Adirondack Mountains.

In addition to differential CO, effects on the diatom-inferred pH values versus the pH values
calculated by MAGIC, this comparison could also be biased by any potential differences in
chemical methods employed by the two studies to which the models were initially calibrated
(PIRLA-ll and ELS-l). Furthermere, ELS-| was conducted during the fall season, whereas PIRLA
pH values were collected during summer. Differences in sampling methods, seasonal effects,
and CO, saturation might account for at least part of the remaining discrepancies between MAGIC

and diatom model estimates of pH (see additional details in Appendix B).

6.2 Relative Magnitude of the Discrepancies Between Models

Although inclusion of an organic acid representation clearly improved the agreement between
MAGIC and diatom estimates of pre-industrial pH, it is useful to put the extent of agreement into
perspective. It is unclear how closely one should expect the hindcast resuits to agree, given two
fundamentally different modeling approaches. Also, in addition to the fundamental differences in
approach, the tools may not always be estimating the same thing; paleolimnological techniques
reconstruct changes in chemistry from all causes, whereas the MAGIC model estimates changes
in response to sulfur deposition only. We can obtain some indication, however, of the extent of
agreement that might be reasonabie by examining simulated versus observed values for current
chemistry. A plot of predicted 1984 pH, using MAGIC with the triprotic organic acid
representation, versus the measured pH values obtained in 1984 by the ELS-l is depicted in
Figure 5. The mean difference of 0.22 pH units and root mean squared difference (0.33 pH units)
for the triprotic model were generally similar to the differences obtained between the diatom and
triprotic model estimates for both 1984 and 1844 simulations (0.29 and 0.21 pH units,
respectively; Table 12). In other words, the MAGIC triprotic model matched diatom estimates

about as well as it matched measured values. Similar results were also found for the Oliver



model, with progressively poorer agreement between measured and simulated pH using the
diprotic acid and monoprotic acid models, respectively (Table 12).

Alternatively, a measure of the reasonableness of agreement between diatom and MAGIC
estimates can be evaluated by examining the differences in measured pH values obtained in fall,
1984 by the ELS-| and those obtained in Fall, 1986 by the ELS-ll (Figure 11), using the same
methods. The mean difference between 1984 and 1986 measurements was 0.1 pH units. Thus,
annual variability could account for a portion of the differences.

Based upon the differences between calculated and measured pH and upon the differences
between pH measured in 1984 and 1986, some perspective can be gained regarding the extent of
bias and scatter that should be expected in a comparison between MAGIC and diatom estimates
of pH. A comparison between MAGIC simulated pH and pH estimatad via any independent
modeling approach would not be expected to exhibit a mean difference less than about 0.2 or a
root mean squared difference less than about 0.3 pH units. Thus, the diatom estimates and
MAGIC triprotic estimates of pre-industrial pH agreed nearly as closely as one could expect, given
the uncertainties inherent in the model formulations.

One could also ask the question as to whether the MAGIC and diatom estimates of pre-
industrial pH should agree. Diatom estimates of pH have been compared with measured pH
values at numerous lake sites where changes in acid-base status have occurred. Such
vaiidations of the diatom approach have been performed for lakes that have been acidified and
lakes that have recovered from acidification or have been limed in Canada (e.g., Dixit et al. 1987,
1991, 1992), Sweden (e.g., Renberg and Huitberg 1992), and Scotland (e.g., Allot et al. 1992).
Diatom-inferred pH histories generally agree reasonably well with the timing, trend, and
maghnitude of known acidification and deacidification periods. In several cases, however, the
sedimentary reconstructions were slightly damped in comparison with measured values. That is,
the diatom reconstructions did not fully reflect the magnitude of either the water pH decline or

subsequent recovery.
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measured values obtained in 1986 by the ELS-II for the 33 study lakes. Both surveys
collected measurements during the fall season using the same methods.
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Renberg and Huitberg (1992) compared diatom-inferred pH reconstructions with the known
pH history for several decades at Lake Lysevatten in southw'estern Sweden. The diatom-inferred
pH history agreed well with both the acidification period of the 1960s and early 1970s and aiso
the liming that occurred in 1974. The magnitude of pH change inferred from sedimentary
reconstructions was slightly smalier, however, than the measured changes in pH for both
acidification and deacidification. -

Allot et al. (1992) found diatom reconstructions of pH recovery in the deacidifying Round
Loch of Glenhead, Scotland to be somewhat smaller than the measured pH recovery since the
late 1970s. The authors attributed this difference to attenuation of the reconstructed pH record
due to sediment mixing processes.

Dixit et al. (1992) analyzed sedimentary diatoms and chrysophytes from Baby Lake (Sudbury,
Ontario) to assess trends in lakewater chemistry associated with the operation, and closure in
1972, of the Coniston Smelter. Extremely high sulfur emissions caused the lake to acidify from

pH = 6.5 in 1940 to a low of 4.2 in 1975. Following closure of the smelter, lakewater pH

recovered to pre-industrial levels. The diatom-inferred acidification and subsequent recovery of
the lake corresponded with the pattern of measured *alues. However, the diatom-inferred pH
response was more compressed and did not fully express the amplitude of the pH decline or the
extent of subsequent recovery.

Comparisons of lakewater chemistry between pre-industrial and modern times also may be
sensitive to a number of factors that are not represented in process models of acidification.
Changes in acid base chemistry may have occurred in response to climatic differences,
anthropogenic activities (e.g., logging, road building), forest growth, or beaver abundance, for
exampie. These changes are expected to be reflected in diatom reconstructions, but not process
model simulations. The influence of such factors on historic changes in lakewater chemistry is
poorly known.

It is not known why diatom-inferences of pH change are often slightly attenuated relative to

measured acidification or deacidification. Possible explanations include the preference of many
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diatom taxa for benthic habitats where pH changes may be buffered by chemical and biological
processes. Alternatively, such an attenuation could be an artifact of the averaging techniques
used to infer past water chemistry. It is thus not surprising that the MAGIC simulations that
included organic acid representations estimated pre-industrial pH values slightly higher than
diatom-inferred values. It is not possible to determine which method provides estimates closer to
reality. It is reassuring, hcwever, that they provide results that are generally in close agreement.
These results demonstrate that 1) organic acids should be considered in modeling the
response of lakewaters in the Adirondack Mountains to acidic deposition, and 2) once organic
acids are included in the modeling effort, reasonable agreement is obtained in hindcast
comparisons with diatom-inferred pH. It should be emphasized, however, that the test presented
here included oniy two points in time, and essentially only pH. MAGIC, and other process
models, require further testing and validation. Many important geochemical processes are not
well represented in the model or the input data, and it is not clear how this might affect model
results. In particular, there remain problems in simulating hydrological flow paths, aluminum

dynamics, and nitrogen processing.

6.3 importance of Findings

The results of this intercomparison are important for acidic deposition assessment activities in
two respects. First, this study is the first to show quantitative agreement between changes in pH
of natural aquatic systems subjected to acidic deposition, as estimated by two independent and
conceptually different approaches over a large geographic region and over a long temporal span.
Previous model verification and validation studies have been of relatively short duration (e.g.
Norton et al. 1992), site specific (e.g. Renberg and Hultberg 1992), or comparisons among two or
more models that share many fundamental assumptions (e.g., Cook et al. 1992). Second, and
perhaps more importantly, this demonstrated agreement between MAGIC and paleolimnological

model hindcast estimates of lakewater pH is dependent upon inclusion of organic acids in the
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process model. The latter resuit was obtained despite the relatively low levels of DOC in the

study lakes (mean value = 313 uM). The importance of organic acids in achieving reliable model

results probably increases with increasing lakewater DOC. Such a contention is supported by
preliminary results emerging from the Humic Lake Acidification Experiment (HUMEX) in which half
of a wetland-dominated catchment, and the respective half of the lake it drains into, are being
artificially acidified with sulfuric and nitric acids (Gjessing 1992).

Thus, we have shown here that long-term projections of the effects of acidic deposition on
surface water pH are sensitive to the dynamics of organic acids for lakes having only moderate
concentrations of DOC. Future assessment activities, such as those conducted previously by
NAPAP (1991) and those on-going in Europe in conjunction with the critical loads debates and
mapping activities (e.g., Bull 1992, Forsius et al. 1992), should consider organic acid effects in the
process models used in conducting assessments. Failure to include consideration of organic
acids may introduce substantial bias into the assessment resuits regarding pH and associated

biological effects.

7.0 CONCLUSIONS

Research in recent years has clearly demonstrated that organic acids are important
contributers o the acidity of fresh waters. Although naturally-occurring organic acids are complex
and variable in their acid-base characteristics, they have considerable strong acid character and
can substantially lower the pH of natural waters. Furthermore, organic acids increase the butfer
capacity of surface waters, thereby making them less susceptiﬁle to acidification in response to
atmospheric inputs of mineral acids. ,

Despite the weil-documented importance of organic acids in regulating or modifying both the
acid-base character of fresh waters and the acidification response, recent model projections of
future changes in the chemistry of lakes and streams in the eastern United States to changes in

acidic deposition have not considered these important processes in the model formulations (e.g.,

Church et al. 1989, NAPAP 1991). Also, a recent comparison between diatom-inferred pre-
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industrial pH and model hindcasts of pre-industrial pH, using the MAGIC model, for a statistically-
selected set of 33 Adirondack lakes showed poor agreement when organic acids were not
included in the MAGIC model formulations (Sullivan et al. 1991). Preliminary analyses conducted
by Sullivan et al. (1991) further suggested that inclusion of a reasonable organic acid
representation into MAGIC would improve the agreement between MAGIC and diatom estimates
of pre-industrial pH.

The research described herein is a continuation of the research conducted by Sullivan et al.
(1991). A triprotic organic acid analog model was developed, based on data collected by the
Adirondack L.akes Survey Corporation (ALSC) from 1400 lakes located in the Adirondack
Mountains of New York (Driscoll et al. 1990, in review). A good fit was obtained between
measured and modeled lakewater pH using calibrated values of the organic acid site density of
0.055 mol sites per mol C and calibrated pK values of 2.62, 5.66, and 5.94. This triprotic organic
acid analog model was combined with the MAGIC model and the revised MAGIC simulations of
current and pre-industrial pH were compared with the diatom-inferred pH values. MAGIC
projections of pre-industrial pH were in much closer agreement with the diatom estimates when
the organic acid model was included, even without further calibration of the parameters of the
organic acid model. MAGIC estimates of pre-industriai pH were, on average, 0.6 pH units higher
than diatom estimates when organic acids were not included in the model simuiations, but only
0.2 pH units higher when organic acids were included. This difference was even more
pronounced for lakes having pH less than 6.0 (i.e., those of greatest biological relevance with
respect to acidification effects). For those lakes, the average pH difference improved from 0.8 pH
units to 0.2 pH units, upon inclusion of the triprotic organic acid analog model.

A series of sensitivity analyses were conducted to evaluate the influence of several potential
confounding factors and uncertainties on the comparison resuits. It was found that the results of
the regional comparison were relatively insensitive to the exact nature of the organic acid analog

model. Alternative monoprotic and diprotic models and also the Oliver et al. (1983) model gave
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results that were generally similar to those of the triprotic model. Furthermore, the nature of the
aluminum formulations in the model (based on extractable Al or total Al) and the manner in which
Pcoa and K,, were derived (site specific or regional average values) had only minor influences on
the regional comparison resuits.

The inclusion of the triprotic organic acid analog model with MAGIC removed most of the
substantial bias that had been observed between MAGIC and diatom estimates of pre-industrial
pH (Figures 3 and 4). Furthermore, the differences between MAGIC and diatom estimates of pre-
industrial pH based on the MAGIC/triprotic model were well within the range of expected
differences due to annual and seasonal \iariability, uncertainties in the algorithm used to calculate
pH from measured ion chemistry, and the influence of dissolved CO, on the measured air-
equilibrated pH values that were used to calibrate the diatom model. Although further model
testing is needed. the inclusion of organic acids in MAGIC is a necessary and important
component of modeling the effects of acid deposition on surface water chemistry using this
model.

This research demonstrates that naturally-occurring organic acids can have a substantial
effect on model projections of past surface water chemistry. Even for lakes having relatively low
levels of DOC, the failure to include a reasonable organic acid representation in the model
formulation can introduce considerable bias into model estimates of past pH. Aithough the extent
to which model projections of future chemistry might also be biased by a failure to include
organic acids in the model simulations is not known, this research suggests that organic acids
play an important role in model simulations and should be included in any model assessment of
past or future acidification.

Future research needs have been identified that are important for making further
improvements in both the diatom and MAGIC models. In particular, further testing against
measured data is required. The various factors that influence the acid-base chemistry of surface

water, other than acidic deposition, also warrant further research. Additional uncertainties involve
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hydrological flowpaths, effects of strong acid additions on DOC structure, and organo-metal

interactions.
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APPENDIX B

SENSITIVITY ANALYSES

A series of sensitivity analyses were conducted to evaluate the potential importance of
several issues to regional modeling output. The following issues were considered:

1. Use of average P, and K, values for the Adirondack region versus individual
watershed-specific &stimates;

2. Use of measured values of total aluminum versus extractable Al;

3. Potential magnitude of the effects of sampling differences (seasonality and air-
equilibration prior to pH measurement) between the ELS-| and PIRLA-I! studies.

4. Assumption that DOC concentrations have changed over time; and
The results of varying the input parameters as described' in items 1, 2, and 3 on the model output
for each of the organic acid analog models were evaluated, and are described in this section.
The sensitivity of the modeling results to potential changes in lakewater DOC concentration was
evaluated within the context of model recalibration efforts. These analyses are described in
Appendix C.

Aluminum and Pc02 model input parameters were investigated for the 33 Adirondack lakes.
Both pH and ANC model output were examined. Comparisons were made for a variety of 1984 *
estimates and 1844 hindcasts. These analyses employed the five different organic acid
formulations: mono-, di-, and triprotic, Oliver, and no organic acid (Tables 9-11 in the report). As
illustrated below, this involved a total of 5,280 evaluatiuns. The regional analysis was somewhat

smaller, yielding 160 test results (i.e., 5280 + 33 lakes).

Results of the principal recomparisons between the MAGIC and diatom models are presented

as a series of histograms in Figures B1 and B2 and scatter plots in Figures B3 and B4.
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Figure B1. Histograms showing the mean value of the differences between various simulations or
measurements of pH for 33 Adirondack lakes. Each of the four bars in a group
represents one of the four conditions regarding choice of aluminum input variable
and site-specific (SS) or regional average P., and K, (see text). Each group of bars
represents a different pairwise comparison, afd includes (from left to right): 1844
hindecasts of MAGIC versus diatoms, 1984 reconstructions of MAGIC versus diatoms,
1984 reconstructions of MAGIC versus ELS measured valties, and 1984 ELS
measured values versus predicted values from the equilibrium equations. The five
sets of histograms were based on A) no organic acid representation and B through E,
mono-, di-, triprotic, and Oliver, respectively.



A
) NO ACID
USING ALSC MODEL PARAMETERS

|

1844 MAG/OWA 1984 m/ES  BS/ES

[-' AVE aLEX M AVE ALT I SS ALEX S aLt J

MEAN CALK DFFERENCE

B)  MONOPROTIC ACID C) DIPROTIC ACID
USING ALSC MODEL PARAMETERS USING ALSC MODEL PARAMETERS
80 1
g g
) g
2 %
"4 1’4
< 1
(3] Q
z 3
] -40 b =40 -
-60 Sy " - -60
1844 MAG/DIA 1984 DIA/ELS as/as 1844 MAG/DIA 1984 Ola/eLS ELS/ELS
[ AVE ALEX W AVE ALT @SS AEX R Ss AT ] [ AVE acx WM AVE AT WSS AEX B Ss AT
D) TRIPROTIC ACID E) OLIVER ACID
USING ALSC MODEL PARAMETERS USING ALSC MODEL PARAMETERS
501
3 g
g g
% 2
< x
3 2
z z
b Y b
~60 +

1844 MAG/DIA 1984 OlA /ELS ELS/ELS
(I AVE ALEX G AVE aLT WSS X @SS AT |

Figure B2. Histograms for calculated alkalinity (CALK) comparisons, as descrik.ed for pH in
Figure B1.
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Figure B3. MAGIC estimates of 1844 pH versus diatom-inferred 1844 pH for 33 Adirondack lakes.

MAGIC estimates included A) no organic acid, and B through E monoprotic acid
through the Oliver models. All model estimates were based on extractable aluminum

and regional average

values for Pcc,2 and K,
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Figure B4. MAGIC estimates of 1984 pH versus diatom-interred 1984 pH for 33 Adirondack lakes.
MAGIC estimates included A) no organic acid, and B through E monoprotic acid

through the Oliver models. All model estimates were based or extractable aluminum
and regional average values for l-'-cc,2 and K,.



Analysis Design

Monoprotic Ave P, , K, (ALT) | 1844 Mag/Dia pH diff 1A1-012
Diprotic SS P’ K, (ALT) | 1984 Mag/Dia CALK diff 1A1-012
Triprotic Ave P, K, 1984 Mag/ELS 1A1-014
Oliver (ALEX) * 1984 ELS/ELS
Model SS P . Ky . (n=33)
(ALEX) ?
(5 models) x (4 conditions) x (4 measures) x (2 criteria) x (33 lakes)

= 5,280 evaluations

The mean difference in pH model output between the MAGIC and diatom models is
presented in. Figure B1. Histograms a through e in the figure depict results for no organic acid,
and each of the four organic acid models, respectively. Each of the four bars in each group
represents a different pairwise comparison based on extractable (ALEX) or total (ALT) aluminum,
and site-specific (SS) or regional average (AVE) values for P,_.x,2 and K,. The four groups of bars
represent the four major kinds of pairwise comparisons:

1. 1844 hindcasts for the MAGIC and diatom models

2. 1984 current estimates for the MAGIC and diatom models

3. 1984 estimates for MAGIC and measured ELS values

4. 1984 predicted ELS pH (calculated from measured alkalinity as Gran ANC) and

measured ELS pH
Figure B1a shows that there is a large difference in pH between the MAGIC and diatom models
for 1844 hindcasts of pH when no organic acid is used (as per Sullivan et al. 1991). The mean
pH difference without considering organic acids was approximately 0.6 pH units (Figure B1a).
Once organic acids were included in the analysis, the mean pH difference was substantially lower
(0.2 to 0.3 pH units, Figure B1b,c,d,e). The mean pH difference was not greatly affected by the
choice of organic acid representation; all four organic acid models yielded generally similar
results. The mean pH difference was also not greatly affected by the choice of aluminum
measurement (ALEX versus ALT) or site-specific versus regional average values for Pcoz and K,

The only dramatic effect on the 1844 hindcast results was obtained by including any reasonable



organic acid representation. It should also be noted that inclusion of the various organic acid
modszls increased the mean pH difference between the MAGIC and diatom estimate~ of 1984 pH.
in other words, inclusion of organics lessened the agreement between the models for current pH.
This is due, at least in part, to the tact that the MAGIC model was not recalibrated to the new
data. The calculations are based on model calibrations that did not include organics. The
degree to which the current chemustry estimates might be improved by further calibration is
discussed in Appendix C.

The histograms depicted in Figure B2 show results for calculated alkalinity (CALK) in a similar
fashion to the pH presentation in the previous figure. Again, the results indicate that the MAGIC
and diatom models give very different 1844 hindcast results (average CALK difference of about 50
ueq L) when no organic acid model is used, and much closer agreement (average CALK
differance of about 10 to 20 ueq L") when any of the four organic models is included. Agreement
between models is again lessened for current chemistry estimates, in the absence of further
calibration.

Individual pH reconstructions for the 33 Adirondack lakes are compared for pre-industrial and
current conditions in Figures B3 and B4, respectively. For these analyses, regional average
values were used for P002 and K,, and ALEX was used as the aluminum input data. The major
biases observed between the MAGIC and diatom pre-industrial pH reconstructions were removed
by inclusion of any of the four organic acid models (Figure B3), although the current chemistry
estimates for pH showed poorer agreement after inclusion of organics, in the absence of further
calibration (Figure B4).

To evaluate the extent to which CO, effects could potentially influence the comparison
results, and also take into consideration any possible seasonal or methodological differences
between the ELS-I and PIRLA studies, diatom-inferred pH values for 1984 were “adjusted" in the
sensitivity analysis depicted in Figures BS and B6. These adjusted diatom-inferred pH values
were obtained by correcting the inferred pH values for each lake by an amount equivalent to the

difference between pH used in the PIRLA study (air-equilibrated summer measurement) and the



pH obtained by ELS-I (non-equilibrated fall measurement) (Figure BS). Such an adjustment is not
totally appropriate, however, particularly for the pre-industrial pH values, largely because the
magnitude of CO, effects increases with increasing pH. This adjustment gives an approximation,
however, of the direction and perhaps the magnitude of these influences on the comparison
resuits.

Figure B6 shows the results of the comparison between diatom-inferred and MAGIC
simulations of current pH, after "adjustment" of the diatom-inferred pH values as described above.
Results are presented using the MAGIC/triprotic model. A slight improvement was obtained
between the MAGIC/triprotic model and diatom estimates of current pH after this adjustment, as
compared with unadjusted values (Figure 5B), and the mean difference was reduced from -0.29 to
-0.16 pH units. This suggests that differences in sampling methods, seasonality, and/or CO,
effects might account for at least part of the remaining discrepancy, at least for current pH
estimates.

The following conclusions were drawn from the sensitivity analyses reported in this appendix.

1. Results of the regional modeling effort were not very sensitive to the assumptions
regarding the use of regional average versus site-specific estimates of Pc02 and K,

2. Results of the regional modeling effort were not very sensitive to the choice of aluminum
input variable (total versus extractable Al).

3. The inclusion of any reasonable organic acid representation improved the previously-
observed discrepancies betweeri MAGIC and diatom estimates of pre-industrial
chemistry, and the inclusion of organic acids was more important than assumptions
regarding P002 and Al.

4. Remaining discrepancies were not unreasonably large relative to the potential influence
of seasonal and methodological differences between the studies used as bases for the
diatom and MAGIC modeling efforts.
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Figure BS. Comparison between air-equilibrated pH measured in PIRLA-ll (average of

summer sampies) and non-equilibrated field pH measured in ELS-Il (single fall
measurement) for the study lakes (Source: Sullivan et al. 1991).
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Figure B6. Comparison between diatom-inferred and MAGIC estimates of current pH.
MAGIC estimates include the triprotic organic acid analog model. Diatom
estimates were "adjusted" by the differences between ELS-| and PIRLA
measurements of pH (see description in text).
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RECALIBRATION OF TRIPRCTIC ORGANIC ACID SUBMODEL TO THE ADIRONDACK REGION



APPENDIX C
RECALIBRATION OF MAGIC AND TRIPROTIC ORGANIC ACID ANALOG MODEL TO
CURRENT AND PRE-INDUSTRIAL LAKEWATER CHEMISTRY

All applications of the organic acid analog models, employed in combination with the MAGIC
model and presented in the main body of this report, were based on organic acid parameter
values calibrated by Driscoll et al. (in review) to the Adirondack Lakes Survey (Kretser et al. 1989)
database. No attempt was made to recalibrate the adjustable parameters in the models (site
density and dissociation constant(s)) to the DDRP or ELS-I databases. It is not known to what
extent the lakes represented in the ALSC and DDRP databases might differ with respect to acid-
base characteristics of dissolved organic solutes. Thus, it is unclear to what extent a recalibration
of the various organic acid analog models might improve the agreement between MAGIC and
diatom model estimates of current chemistry. In addition, although it has been proposed that
lakewater DOC concentrations can decrease in response to strong acid inputs (Almer et al. 1974,
Krug and Frink 1983)_,\ historic DOC concentrations were assumed equal to current measured
values in the model scenarios. Furthermore, acid deposition has increased the flux of metals,
especially Al, from watersheds to surface waters. These ionic metals frequently bind to organic
acids, thereby decreasing the site density and increasing the apparent pKa's (because pKa's of
organo-metal complexes are typically less acidic than the pKa's of the organic ligands ‘
themselves). Thus, the influence of possible decreases in DOC concentrations and historic
changes in site density and/or apparent pKa's were not considered in the modeling efforts
discussed in this report, and could influence the extent of agreement between MAGIC and diatom
model estimates of pre-indiistrial chemistry. To evaluate both of these issues, a model
recalibration exercise was conducted using MAGIC and the triprotic organic acid analog.

The recalibration procedure consisted of altering the calibrated organic acid site density
value (mol sites/mol organic C) in an iterative fashion, to yield average differences of zero

between modeled and measured current pH. Subsequently, this calibrated site density was



applied to the pre-industrial chemistry estimates, and DOC was scaled upwards in order to yield
average differences of zero between MAGIC and diatom model estimates of pre-industrial pH.

Resuits of this recalibration are presented in Table C-1 and Figures C1 and C2. The
recalibrated site density that yielded a mean difference of zero between MAGIC/triprotic acid and
measured current pH was 0.0285, approximately one-half the site density derived by Driscoll et al.
(in review) from the ALSC database. Assuming a pfe-indust‘rial site density equal to this
recalibrated value, historic DOC concentrations would have to have been 2.93 times higher than
current measured values in order to achieve compiletely unbiased agreement between
MAGIC/triprotic acid and diatom model estimates of pre-industrial pH (Table C1). If we assume
that the site density derived by Driscoll et al. (in review) from the ALSC database is representative
for pre-industrial chemistry, than the DOC scaling factor is only 1.5 (Table C1). In other words,
historic DOC would have to have been, on average, 1.5 times higher than current values in order
to achieve unbiased agreement between MAGIC and diatom model estimates of pre-industrial pH.

The recalibration exercise did not yield model estimates of either current or pre-industrial pH
that were appreciably different than the resuits obtained in the absence of the recalibration. Thus,
the comparisons for current pH presented in Figures Sb and C1 are generally similar, as are the
comparisons for pre-industrial pH presented in Figures 4 and C2.

Data with which to quantify changes in DOC concentraticn that would be expected to have
occurred in response to acidic deposition in the Adirondacks are generally not available. The
limited data that are available on this issue would suggest that a DOC scaling factor of 2.9 (Table
C1) is probably too high (e.g., Wright 1989, Kingston and Birks 1990, Hedin et al. 1990, Cumming
et al. 1992). An historic change in DOC by a factor of 1.5, however, (Table C1) may not be
unreasonable. Also difficult to quantify is the effect of Al mobilization in response to acidic
deposition (Almer et al. 1974) on the site density and apparent pKa's of organic acids. Because
Al mobilization, and subsequent alumino-organic binding, has likely decreased site density and

increased the apparent pKa's over time, it is reasonable to assume that organic acids were more
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Figure C1. Comparison between the recalibrated MAGIC triprotic acid model estimates of
current pH and measured ELS-l pH. The recalibration procedure involved changing
the site density parameter of the model to achieve a mean difference of zero
between modeled and measured pH estimates.
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Figure C2. Comparison between the recalibrated MAGIC triprotic acid model estimates of pre-

industrial pH and diatom model estimates of pre-industrial pH. The recalibration
procedure utilized the calibrated site density estimate used in Figure C1 and
involved scaling pre-industrial DOC upwards to achieve a mean difference of zero
between MAGIC triprotic acid and diatom estimates of pre-industrial pH.




Table C1. Comparison between MAGIC with the triprotic acid analog representation calibrated
to the ALSC data (Driscoll et al. in review) and the recalibrated model.

Parameter
Parameter Estimate Basis for Estimation
Site Density 0.055 Calibrated to ALSC
0.0285 Recalibrated to achieve mean difference between

DOC scaling factor 1.0

293

1.51

measured and modeled current pH equal to zero

Based on current measured DOC, and applied to
current chemistry

Recalibrated to achieve mean difference between
MAGIC and diatom modeled pre-industrial pH equal to
zero, assuming recalibrated site density (0.0285).

Recalibrated to achieve mean difference between
MAGIC and diatom modeled pre-industrial pH equal to
zero, assuming ALSC-calibrated site density (0.055).

effective in acidifying surface waters in the pristine past than they are today. Data are not

available with which to evaluate the utility of this recalibration effort and hypothesis of historic

change in DOC. Nevertheless, this analysis suggests that possible changes in DOC in response

to acidic deposition might explain at least a portion of the discrepancies that remain between

MAGIC and diatom estimates of lakewater chemistry.
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