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EXECUTIVE SUMMARY

A diatom calibration set was constructed for the Washington and Oregon Cascade Range for
the purpose of assessing water quality changes in Cascade lakes. The 48 lakes used for the
analysis were based on 27 lakes sampled in 1996 and 21 lakes sampled previously. Among the 21
previously sampled lakes 19 were in Mount Rainier National Park. The relationship between diatom
assemblages and water chemistry and other lake attributes was determined using correspondence
analysis (CA) and canonical correspondence analysis (CCA). The measured environmental
variables captured 90% of the variance along the first ordination axis. The amount of variance
explained by subsequent axes was comparatively minor. The variables that best explained the
diatom assemblages were pH, conductivity, acid neutralizing capacity, magnesium, lake depth, and
total phosphorus. Among these variables, pH (s=0.31, r’=0.89) provided the strongest predictive
power for diatom-inferred (DI) reconstructions in the Cascades. Several subsets of lakes were
explored to improve the pH calibration including a subset of lower pH (pH < 7.5) lakes (n=38,
§=0.27, r*=0.76) and a subset excluding the lakes from Mt. Rainier (n=29, s=0.25, r?=0.94).
However, other variables such as conductivity (s=24.8 uS, r*=0.93) and total phosphorus (s=5.1
ug/L, r’=0.62) also show potential for future applications in the Cascades. The calibration equations
were used to reconstruct water quality changes in Summit Lake, WA, a low pH (5.3-5.9), low
conductivity (3-5 pS) lake northwest of Mount Rainier. The diatom-inferred pH and conductivity
values showed no significant changes over the previous 3150 years within the standard errors of the
predictions (0.31 for pH and 4.9 uS for conductivity). The Cascade diatom calibration set is a
valuable tool for reconstructing water quality changes for a variety of purposes including changes
associated with atmospheric deposition, timber harvest, fisheries management, and recreational
activities. The value of the calibration set can be enhanced by collecting additional water chemistry
data for lakes presently in the data base, standardizing the diatom taxonomy from samples collected
prior to 1996, resolving the taxonomic ambiguities associated with taxa such as Aulacoseira distans,

and continuing to add additional lakes to the data base.
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Terms

Base cations (Cg)
Benthic
14C

Canonical
Correspondence
Analysis (CCA)

Chrysophytes

Correspondence
Analysis (CA)

Diatom

Epiphyte
Euplankton
210Pb

Plankton

Root Mean Square
Error (RMSE)

s

Trophic state
Tycoplanktonic
Weighted-Averaging

(WA)

Abbreviations

Al
ANC

TERMS, ABBREVIATIONS, AND UNITS

the sum of calcium, magnesium, sodium, and potassium
an organism that is attached to the substrate
carbon-14, a naturally-occurring isotope with a half-life of 5730 years

a method to find linear combinations of variables such that linear
combinations have maximal correlations

a group of algae with siliceous shells, but with different anatomical and
ecological properties than diatoms

-a statistical ordination procedure used to generate hypotheses about the

relationship between species composition and underlying environmental
factors

a class of algae characterized by silicon shells that remain preserved
after the death of the cell

a plant that grows on the surface of another plant
organisms that are truly planktonic, i.e. live in the water column of a lake

lead-210, a naturally-occurring isotope with a half-life of 20.4 years; used
for determining the age of lake sediments

an organism that lives in the water column

a statistical measure of dispersion (standard deviation)

sulfur-34, a naturally-occurring isotope with a natural abundance of 4.2%

a classification of lake productivity ranging from oligotrophic
(unproductive) to eutrophic (highly productive)

organisms that can live in the water column when currents move them

from the substrate

a regression approach in which values with more information are
weighted more heavily in computing the regression statistics

aluminum
acid neutralizing capacity (alkalinity)

carbon
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Ca
CA

CCA
Cl
Cu
DOC

uea/l

calcium

correspondence analysis

sum of base cations

canonical correspondence analysis

chloride

.copper

dissolved organic carbon
magnesium

ammonium

nitrate

lead

a measure of acidity; negative log of [H"]
sulfur

silicon

sulfate

titanium

total phosphorus

vanadium

‘weighted averaging

zinc

hectares (0.4047 acres)

liter (0.264 gallons)

meter (0.3048 ft.)

cubic meter (8.14 x 10 acre-ft)

microgram (10 g) per liter

microSiemen (10®), a unit of conductance

microequivalent per liter
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A. INTRODUCTION

Paleolimnology, the study of lake history through analysis of lake sediments, includes a variety
of techniques for assessing change. In some cases, changes are inferred on the basis of chemical
composition of the sediment. In other approaches, watershed changes may be inferred on the basis
of changes in vegetation as determined by pollen or from changes in rates of sediment
accumulation. To determine changes in lake water quality, one of the most successful approaches
has involved the use of specific algal remains preserved in the sediments. These applications were
first developed to assess changes in lake acidification. Atmospheric deposition of sulfur and
nitrogen compounds has caused acidification of lakes and streams in the eastern United States,
Canada, and northern Europe. Attempts to characterize the status of aquatic ecosystems has been
hampered by a paucity of high quality, long-term, water chemistry data. In an attempt to better
determine the degree of lake acidification, researchers have noted that the changes in lake
chemistry can be inferred from changes in species composition of a class of algae called diatoms.

Diatoms, an important algal group in lakewaters, have cell walls composed of silica. When the
cells die, their exteriors (frustules) are often well preserved and incorporated into lake sediments.
By sampling the sediments, it is possible to reconstruct changes in lake chemistry based on
changes in the relative abundance of the diatoms and known preferences of specific taxa for various
ranges of water quality. Early use of diatoms to assess historical changes in acidification employed
qualitative approaches that allowed investigators to infer the direction of the pH changes in lakes,
but provided little information on the magnitude of the change. More recent advances in the field
have made it possible to reconstruct quantitative changes in lake chemistry using a technique in
which the downcore changes in diatom taxa are assessed using diatom information collected from
the surface sediments of a number of lakes. The lakes from which the surface sediments are
collected is referred to as the calibration set. The calibration set makes it possible to develop
quantitative estimates of historical water quality changes through the use of multivariate statistical
techniques in which a species preference for given water quality conditions is mathematically related

to the water quality in the lake and the diatom taxa present in the surface sediments. However,
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because taxonomic preferences for specific water quality conditions vary among regions, it is
necessary to develop calibration sets that are tailored for a specific region.

Diatom calibration sets have been developed for the Adirondack Mountains in New York
(Charles et al. 1987, 1990), Florida (Charles et al. 1986), the Upper Midwest (Kingston et al. 1990),
and the Sierra Nevada (Whiting et al. 1989). However, no calibration set was previously available

for the Cascade Mountains.
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B. BACKGROUND ON DIATOM INFERENCE TECHNIQUES

In the absence of long-term chemical monitoring data, generation of statistical inferences
based upon diatom, and in some cases chrysophyte, fossil assemblages preserved in lake
sediments is the best technique available to evaluate historical chemical changes (Charles and
Norton 1986, Smol 1992). Diatoms (Bacillariophyta) 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 excellent indicators of past
lakewater chemistry because: (1) they are common in most lakes, (2) many taxa have rather narrow
ecological (water chemistry) tolerances, (3) remains are generally well preserved in sediment,
usually in very large numbers, and (4) they can be identified to the species level or below (Smol et
al. 1984,1986; Charles 1985; Charles and Norton 1986; Husar et al. 1991).

Paleolimnological reconstructions of past lakewater chemistry are based on transfer functions
derived from relationships between current chemistry and diatom/chrysophyte remains in surface
sediments. Predictive equations are developed from these relationships using regional lake data
sets to infer past water chemistry. Several techniques have been developed and applied to infer
lakewater pH. Calibration equations have also been developed for inferring the concentration of
other constituents, including dissolved organic carbon, acid neutralizing capacity, salinity, trophic
state, total aluminum, and monomeric aluminum.

Once developed, prédictive equations can be applied to diatom assemblage data from lake
sediment cores to infer past conditions. Trends within cores can be analyzed statistically to
determine if they are significant (Birks et al. 1990). Inferred chemical data can be dated using '®+2'°
@1%pp) activity and compared with stratigraphies of other lake sediment characteristics such as
pollen, charcoal, coal and oil carbonaceous particles, polycyclic aromatic hydrocarbons, lead, zinc,
copper, vanatium, calcium, magnesium, titanium, sulfur, and others that provide a record of
atmospheric inputs of materials associated with the combustion of fossil fuels and of watershed
disturbance (Heit et al. 1981, Tan and Heit 1981, Charles and Norton 1986). With these data, in

addition to knowledge of watershed events and some historical information on regional atmospheric



A Diatom Calibration Set for the Cascade Mountain Ecoregion Page 4

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 (Del Prete and Schofield 1981; Charles 1984, 1987; Charles et al. 1986,
1987,1990; Sullivan et al. 1990; Cumming et al. 1992), New England (Davis et al. 1983), the Upper
Midwest (Kingston et al. 1990), Florida (Charles et al. 1986), the Sierra Nevada (Whiting et al.
1989), Ontario (Dixit 1983; Dixit et al. 1987,1989a,b), Sweden (Renberg and Hellberg 1982,
Renberg and Wallin 1985, Renberg et al. 1993), Finland (Tolonen and Jaakkola 1983), 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 et al. 1988).

In order to interpret information contained in the sedimentary profile, it is necessary for the
signal associated with the sedimentary algal microfossils not to have been modified subsequent to
deposition. Approximate timing of sediment interval deposition must also be determined using
radioisotope dating techniques (e.g., #'°Pb) or by examining changes in other sedimentary
constituents, such as pollen or charcoal, that can be correlated with documented maijor fires, land-
clearing activities, etc.

A paleolimnological study by Davidson (1984) at experimentally acidified Lake 223 in the
Experimental Lakes Area in Ontario illustrated the rapid response of diatoms to changes in water
chemistry. Résults from the sediment core showed close agreement with the plankton history
measured in the water column. Similarly, paleolimnological inferences of recent changes in
lakewater chemistry have been shown to correspond closely with measured values at three lakes
near Sudbury, Ontario (Dixit et al. 1987, 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
paleolimnological investigation (Dixit et al. 1989a) of acidification and subsequent recovery of Swan

Lake, near Sudbury, indicated that paleolimnological reconstructions of recent chemical change
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corresponded well with measured values. Also of significance were the large observed declines in
trace metal concentrations coincident with pH recovery. The changes in metal concentrations did
not inhibit accurate pH reconstruction. Dixit et al. (1989b) also used diatoms and chrysophytes to
reconstruct the recovery of Baby Lake subsequent to the closure of the nearby (1 km distance)
Conistan Smelter 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.

A number of techniques have been used to reconstruct lakewater chemistry, particularly pH,
from sedimentary diatom remains. Paleolimnology as a quantitative science has evolved extremely
rapidly over the past decade. Hustedt (1939) was the first to quantify diatom-pH relationships.
Recognizing the strong empirical relationship between diatom distributions and lakewater pH,
Hustedt defined the following pH occurrence categories:

alkalibiontic - occurring at pH values > 7

alkaliphilous - occurring at pH about 7, with widest distribution at pH > 7

indifferent - equal occurrences on both sides of pH 7

acidophilous - occurring at about pH 7, with widest distribution at pH < 7

acidobiontic - occurring at pH values below 7, with optimum distribution at pH 5.5 and below
Diatom taxa can be assigned to these various categories based on published ecological information
or regional patterns of distribution. Changes in the percentages of diatom valves in each pH
category within a sediment core can be used to evaluate trends in lakewater pH.

Multiple linear regression analysis of measured lakewater pH with the percentage of diatoms in
each pH category has been used to develop predictive equations that typically have smaller
standard errors and confidence intervals for prediction of new points than the earlier indices
(Charles 1985, Huttenen and Merildinen 1986). Other multiple regression approaches involve the
use of selected taxa, or principal components of taxa (Davis and Anderson 1985, Gasse and Tekaia
1983). The standard error for inferred pH for these techniques ranges between 0.25 and 0.40 pH
units (Battarbee 1984, Charles and Norton 1986). Other techniques include detrended

correspondence analysis (Huttenen and Merildinen 1986), canonical correspondence analysis (ter

Braak 1986, Stevenson et al. 1989), and a multiple regression technique using both diatoms and
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chrysophytes (Charles and Smol 1988). ter Braak and Van Dam (1989) developed new methods
using maximum-likelihood calibration based on Gaussian logit response curves of taxa against pH
and on weighted averaging (WA). Oksanen et al. (1988) used weighted averaging, least squares,
and maximum likelihood to calculate pH optima and tolerance of diatom taxa, and then used these
estimates to predict pH of other lakes, using weighted averaging. Birks et al. (1990) suggested
using the straightforward but heuristic approach of weighted averaging regression and calibration as
a compromise between ecological realism and computational feasibility.

Diatoms and chrysophytes differ somewhat in their ecological characteristics and both can
provide useful qualitative and quantitative information regarding temporal trends in the acid-base
status of lake water. Chrysophytes are euplanktonic; diatoms are both planktonic and benthic, but
the diatom flora of low pH (< 5.5) lakes are 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, 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. We have found
chrysophytes to be scarce in several Pacific Northwest lakes. For this reason and also because
diatom inference equations have lower root mean square error (Sullivan 1990), we used diatoms for
pH reconstructions in Cascade Mountain lakes.

By late 1986 (as the Paleoecological Investigation of Recent Lake Acidification [PIRLA-I]
project was ending), category-based, multiple regression techniques were being replaced by
theoretically superior gradient analysis techniques. The theory involved has been summarized,
elaborated, and implemented primarily by ter Braak (ter Braak 1985,1986,19872a,1988; ter Braak
and Barendregt 1986; ter Braak and Looman 1986; ter Braak and Gremmen 1987; ter Braak and
Prentice 1988). Gradient analysis theory is based on a species-packing model along environmental

gradients, assuming a simple normal distribution of each species' abundance in samples along the
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gradient. Although much of ter Braak's research concerns multivariate analysis of several
environmental gradients simultaneously (primarily by ordination techniques), the potential for
application of these methods to the reconstruction of single environmental variables was recognized
as a desirable goal in acidification paleolimnology (Stevenson et al. 1989, ter Braak and van Dam
1989, Birks et al. 1990, Kingston and Birks 1990, Dixit et al., 1989a). With the availability of the
computer programs CANOCO (ter Braak 1987b) and WACALIB (Line and Birks 1990) to implement
gradient analysis theory, there is now little justification for using the previous category techniques. _

Given the unimodal response model, several comparisons have been made between different
implementations, primarily comparing maximum likelihood and weighted averaging methods.
Although it was expected that maximum likelihood, implemented by Gaussian regression, would be
superior to the computationally simpler weighted averaging method, this has not proven to be true
(Oksanen et al. 1988, ter Braak and van Dam 1989, Birks et al. 1990, Kingston and Birks 1990).
Problems with maximum likelihood implementation include the tendency to find local maxima rather
than overall maxima in the data and a significant number of samples failing to converge (the
numerical procedure is unable to pick a single most likely value). There was also no indication that
there are fewer errors than associated with weighted averaging.

Paleolimnological inferences are performed in two steps, regression and calibration. In the
regression step, curves are fitted to each taxon's distribution, and the properties of the estimated
optimum (0,) and estimated tolerance (f,) can be determined. The calibration step may be
subdivided further between active samples (with associated environmental data) and passive
samples (without associated environmental data). The algal assemblage in each active surface‘-
sediment sample is used to obtain a single estimated value based on the optima, with or without
tolerance down-weighting, and the relationship between predicted and observed environmental
values emerges for the entire set of active samples. In the next calibration step, that of
paleolimnological reconstruction, passive samples (sediment core samples) are used to obtain
predicted environmental variable values, based on their taxa having the same characteristics as

obtained for the active taxa in the regression step.
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C. METHODS
1. Lake Selection

Twenty-five lakes were initially selected in the Oregon and Washington Cascades for sampling.
This initial list was modified slightly to accommodate access problems. In addition, several changes
in the list were made to provide for better geographical distribution and better representation along
chemical gradients. The results from these lakes were combined with previously collected diatom
and water chemistry data from other selected lakes in the region including data on 19 lakes and
ponds in Mount Rainier National Park and two lakes previously reported for the Oregon Cascades
(Eilers et al. 1996a,b), bringing the total number of lakes in the calibration set to 48. The 27 lakes
sampled in 1996 were selected to provide adequate spatial distribution along the length of the
Cascade Range. Particular emphasis was placed on selecting lakes that represented a broad
range in pH (4.95-8.44), base cations (13-8246 peg/L), and nutrients. The final list of study lakes is
presented in Table 1 and their locations are shown in Figure 1. The study lakes provide a suitable
representation of lakes in the Cascade Range based on cumulative frequency distributions of lakes

in the study area (Figures 2-8).

Table 1. Study lakes for the diatom calibration set.
Lake Core Date | Taxonomy Reference

A. Newly Sampled Lakes
Suttle Lake 11/9/96 R. Sweets | This Study
Marion Lake 10/7/96 R. Sweets [ This Study
Sphagnum 9/8/96 R. Sweets | This Study
Nordrum 9/8/96 R. Sweets | This Study
Caskey Lake 9/6/96 R. Sweets | This Study
Dumbbell Lake 8/23/96 R. Sweets | This Study
Shellrock Lake 8/23/96 R. Sweets | This Study
Heather Lake 8/22/96 R. Sweets | This Study
Pyramid Lake 8/21/96 |R. Sweets |This Study
Middle Thornton 8/20/96 R. Sweets | This Study
Unnamed 8/14/96 R. Sweets | This Study
Gertrude Lake 8/13/96 R. Sweets | This Study
Cora Lake 8/12/96 R. Sweets | This Study
Head Lake 7/30/96 R. Sweets | This Study
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Table 1. Continued.
Lake Core Date | Taxonomy Reference

Summit Lake, OR 7/30/96 | R. Sweets |This Study

Little Twin Lake 7126/96 R. Sweets | This Study

Agency Lake 7/25/96 | R. Sweets | This Study

South Heavenly Twin| 7/25/96 R. Sweets | This Study

Lucky Lake 7/24/96  |R. Sweets |This Study

Charlton 7/24/96 R. Sweets | This Study

Paulina ~_7/23/96  |R. Sweets |This Study

East Lake 7/23/96 R. Sweets | This Study

Big Lake 7/9/96 R. Sweets | This Study

Lava Lake 6/20/96 | R. Sweets |[This Study

Mink Lake 6/20/96  |R. Sweets |This Study

Diamond Lake 6/14/96 R. Sweets | This Study

Burnt Lake 6/8/96 R. Sweets | This Study

B. Previously Sampled Lakes

Summit Lake, WA 8/24/95 R. Sweets |Eilers et al. 1996a

Unnamed Lake3 9/3/91 R. Sweets | This Study

Unnamed Lake4 9/3/91 R. Sweets | This Study

Unnamed Lake1 8/20/91 R. Sweets | This Study

Unnamed Lake2 8/16/91 R. Sweets | This Study

Unnamed Lake5 8/14/91 R. Sweets | This Study

Unnamed Lake6 8/14/91 R. Sweets |[This Study

Unnamed Lake7 8/14/91 R. Sweets [This Study

Unnamed Lake8 8/13/91 R. Sweets | This Study

Unnamed Lake9 8/13/91 R. Sweets | This Study

Unnamed Lake10 8/12/91 R. Sweets | This Study

Lake Notasha 8/3/91 S. Dixit Eilers et al. 1996b

Snow Lake 9/27/90 | M. Whiting | National Park Service (unpubl. data)
Tipsoo Lake 9/25/90 | M. Whiting | National Park Service (unpubl. data)
Shadow Lake 9/25/90 M. Whiting | National Park Service (unpubl. data)
Reflection Lake B 9/12/90 M. Whiting | National Park Service (unpubl. data)
Upper Palisades L 9/5/90 M. Whiting [ National Park Service (unpubl. data)
Sunrise Lake 9/4/90 M. Whiting [ National Park Service (unpubl. data)
Mowich Lake 8/27/90 M. Whiting [National Park Service (unpubl. data)
Green Lake 8/26/90 M. Whiting [National Park Service (unpubl. data)
Reflection Lake A 8/13/90 M. Whiting | National Park Service (unpubl. data)
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1 Burnt ' 11 South Heavenly Twin 21 Heather 31 Unnamed 41 Unnamed
2 Diamond 12 Little Twin 22 Dumbbell 32 Reflection 42 Unnamed
3 Lava 13 Head 23 Shellrock 33 Unnamed 43 Unnamed
4 Mink 14 Summit, OR 24 Spagnum 34 Reflection 44 Unnamed
5 Big 15 Cora 25 Nordrum 35 Unnamed 45 Unnamed
6 Paulina 16 Gertrude 26 Marion 36 Unnamed 46 Snow
7 East 17 Caskey 27 Suttle 37 Tipsoo 47 Summit
8 Lucky 18 Unnamed 28 Green 38 Sunrise 48 Notasha
9 Charleton 19 Middie Thornton 29 Upper Palisades 39 Shadow
10 Agency 20 Pyramid 30 Mowich 40 Unnamed

Figure 1. Location of lakes in the Cascade Diatom Calibration Set. The inset for Mt. Rainier
National Park reveals details of lake locations within the park.
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The distribution of Cascade diatom calibration set lakes superimposed over the
cumulative frequency distribution of pH (a) and acid neutralizing capacity (ANC; peg/L)
(b) for the lake population in the Oregon and Washington Cascades as defined in the
Western Lake Survey (Eilers et al. 1987). The solid circles (®) represent lakes sampled
in 1996. Lakes sampled prior to 1996 include those in Mount Rainier National Park (0)
and two lakes sampled by Eilers et al. (1996a [4], b[(1]). The distribution for some
variables has been truncated. The number of lakes extending beyond the displayed
population distributions is indicated as N,,.
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Figure 3. The distribution of Cascade diatom calibration set lakes for a) conductivity (uS); b) total
phosphorus (TP; pg/L).
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Figure 4. The distribution of Cascade diatom calibration set lakes for a) calcium (ueq/L);

b) magnesium (ueq/L).
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Figure 5. The distribution of Cascade diatom calibration set lakes for a) sodium (peq/L) ;
b) potassium (ueq/L).
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Figure 6. The distribution of Cascade diatom calibration set lakes for a) sulfate (peq/L);
b) chloride (peg/L).
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Figure 7. The distribution of Cascade diatom calibration set lakes for a) ammonium (peq/L);
b) elevation (m).
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2. Field and Analytical Methods (1996)

Twenty seven lakes were sampled during the summer and fall of 1996 (Table 1). From each
lake, a short sediment core (< 20 cm) was collected from the deeper areas in the lakes using a mini-
Glew corer. The cores were extruded on site and a section of sediment was removed from the top
0.5 cm of the core for analysis of diatoms. A 1-L water sample was collected from 0.5 m below the
surface and placed in a Nalgene bottle and stored on ice. Four aliquots were collected from each
lake for analysis of major ions, phosphorus, chlorophyll a, and phytoplankton. The phosphorus
aliquot was preserved with sulfuric acid, the chlorophyll was preserved with magnesium
bicarbonate, and the phytoplankton was preserved with Lugol’s solution. Phytoplankton samples
were archived for possible future analysis. Water samples were shipped via overnight courier to
the Rocky Mountain Forest and Range Experiment Station laboratory in Fort Collins, CO for analysis
of acid-base chemistry. Water samples were analyzed for pH, ANC, conductivity, calcium,
magnesium, sodium, potassium, ammonium, sulfate, nitrate, chloride, total phosphorus, and
chlorophyll a. Analytical methods are summarized in Table 2. Separate aliquots were sent to
Aquatic Analysts in Portland, OR for analyses of chlorophyll a and phosphorus. The sediment
samples were sent to the University of Louisville for analysis of diatom taxonomy. The sediment

samples were placed on slides and digested to facilitate counting and identification of diatoms. The

Table 2. Analytical methods for analysis of lake samples collected in 1996 for
the diatom calibration set.
Analyte Method Description Laboratory

pH ARAS USDA - Fort Collins
ANC ARAS, Gran titration USDA - Fort Collins
Ca, Mg, Na, K Atomic absorption USDA - Fort Coliins
SO, Cl, NO, lon chromatography (Dionex) USDA - Fort Collins
Conductivity Specific conductance meter USDA - Fort Collins
Total Phosphorus Ascorbic Acid Aquatic Analysts
Chlorophyli a Trichromatic Aquatic Analysts
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The treatment of the diatom data followed the protocols established in the PIRLA program (Charles
and Whitehead 1988, Charles and Smol 1990), in which 500 individuals were counted per slide.
The data were entered into a data base and calibration equations were developed for pH and other

related variables using weighted averaging calibration techniques as described below.

3. Diatom Taxonomic Identification

Laboratory procedures for diatoms generally followed those used in the PIRLA project
(Whitehead et al. 1990). Surface sediment material (typically the top 0.5 cm) was homogenized by
gentle working and at least a 1 cc sample extracted for analysis. The organic material was removed
by digestion in a strong acid with a catalyst, such as nitric acid and potassium dichromate. The
remaining material was almost completely made up of the diatoms’ siliceous cell walls. The
resulting solution was quantitatively, randomly settled on cover slips using Battarbee trays
(Battarbee 1973), and subsequently mounted in Hyrax. Five hundred diatom valves were identified
to the lowest possible taxonomic level at 1000X.

For this project, surface sediments from 27 Cascade lakes were collected and the diatoms
enumerated by P.R. Sweets. In addition, slides and counts were obtained from an earlier project on
lakes from Mt. Rainier conducted by M.C. Whiting as described above. The diatoms from 10 of
these lakes were also counted by P.R. Sweets with assistance from K. Manoylova. Nine counts
were imported directly from Whiting’s data. Two more Northwest lakes (Summit [Eilers et al. 1996a]
and Notasha [Eilers et al. 1996b]) were added from previous projects performed by Sweets and
Eilers. The melding of these two data sets was performed to enlarge the available calibration data
set and to increase the ranges of important environmental parameters.

More than 450 diatom taxa (Appendix 1) were identified from the total calibration set. This
large data set was reduced for ordination and modeling. Typically rare taxa are removed, or
taxonomic uncertainties are eliminated by ‘lumping’ some groups of taxa. This latter procedure was
done in some cases due to the combining of the Sweets and Whiting datasets. For the Cascades, a

minor compression of the data set was performed by choosing important taxa using several criteria:
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if the taxon occurred in at least 10% of the sample lakes (5-6) at a frequency of 1% or-higher; if the
taxon had a maximum percentage in any lake of 10% or greater; and if the taxon occurred in any
percentage in 15% of the sampled lakes (10). Taxa fitting any of these three criteria were always
admitted to the analytical taxon list (Appendix 2). Each taxon was then examined individually for its
occurrence to ensure important taxa were included in the analytical dataset. An example of how a
taxon might be introduced into the analytical dataset after the initial screening might be: small
taxonomic splits (varieties of species) may result in a low individual frequency in any one lake.
However, these species nearly always occur together. In this case, the varieties may be combined
to make up a ‘lumped’ taxon and admitted to the dataset. Or, a lumping procedure may be done
purely on the basis of taxonomy or uncertainty, perhaps due to the combination of counts from two
individuals.

Many taxonomic references are used, but among the most important are Patrick and Reimer
(1966, 1975), Camburn et al. (1986), the series of Krammer and Lange-Bertalot (e.g. 1986), and the
many works of F. Hustedt (e.g., 1939). A photographic record is collected of the known and
unknown diatom species, digitized, and used for subsequent identifications.

For the Cascade diatom calibration set, taxonomic issues are particularly important, as
previous work on these lakes is not described in the literature. A large number of unknown species
were identified from the 48 lakes, and taxonomic work is still required to resolve several taxonomic
issues. Indeed, more than 60 of the 450 taxa (13.3%) are listed as "unknown’ species. However, in
the context of an ordination and modeling project, the crucial taxonomic criterion is that taxa are
consistently identified. In most cases, therefore, the fact that taxa are previously undescribed does
not afféct the resulting statistical tests and models, so long as the taxonomic naming convention is
internally consistent. In Appendices 1 and 2, the unknowns are identified by the project in which
they were first observed. The many taxa identified as, e.g., ‘Cymbella sp. 6', were first delineated
during the PIRLA project (Charles et al. 1986). Another common form is ‘Achnanthes sp. PRS 0A

project: Cascades’, a form identified by P.R. Sweets during the Cascades project.
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When identifications from two different taxonomists at different times are mixed, urknown taxa
may become more of a problem. Whiting and Sweets have worked together in the past, however,
and in general, these problems are minimized in this project. For example, many of the unknown
taxa were described during the PIRLA project and pictures of the taxa in question were reproduced
in Camburn et al. (1986). Both Whiting and Sweets were éctive in this project, so most of these taxa
are uniformly identified.

However, there are a subset of unknown taxa seen by Whiting that exist in the lakes from
which his counts were directly imported into the dataset (these are typically identified as the highest
PIRLA numbered unknowns). For these, the original descriptions were not available, and the slides
themselves were only located recently. Further work on harmonizing these unknown taxa or
replacement of the Whiting counts with Sweets counts may improve the dataset. The individual

cases are discussed in the next section.

4. Inference of Water Quality Characteristics Using Weighted Averaging (WA)

Weighted averaging regression and calibration, robust, computationally-simple, and
straightforward methods for reconstructing environmental variables were used to develop calibration
equations. They provide more accurate and precise inference than methods based on ecological
categories (Birks et al. 1990). This approach is effective primarily because it uses information

provided by each individual taxon, and not just abundance-weighted mean, d,, estimated as:

n n
, = ;yikxi/z; Yik 1
i= i=

The fundamental assumption of the WA technique is that the weighted average of a taxon
represents the conditions for which this taxon is most abundant. This “optimum’ condition for each
taxon can be calculated as the average of mean values for the environmental characteristics (e.g.,
water chemistry) at the sites in which it is found, weighted by the abundance of the taxon at the

sites, namely:
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{ = \[ Z;yik(xj —L'zk)z/zl:yik ()
j= j=

Once WA values for an environmental characteristic (é.g., water pH) were calculated for taxa in
a calibration data set, the information was used to infer that characteristic from lake samples and
consequently to reconstruct past conditions. The first step was to determine the percent abundance
of each taxon in the sample assemblages. The taxon abundance was then multiplied by the WA
value for that taxon (determined from the calibration data set). These products are summed for all
taxa and are standardized by the sum of the relative abundances of the taxa in that sample to obtain

an inferred value, namely:

m m
X = Z Vi Uy / Z Yik (3)
k=1 k=1

where X; is the water chemistry characteristic being inferred, and m is the number of taxa in the
sample assemblage.

An option we also employed in using the WA technique is “tolerance weighting.” The rationale
for this approach is that taxa occurring over a narrow range of an environmental gradient should be
better indicators than taxa with broader tolerances. Consequently, taxa with narrower tolerances
should be weighted more heavily in the WA calculations. A tolerance-weighted estimate was

calculated as:

m m
% =( 2 Vi 0/ 82) 1 (2 Vi I 12) (4)
k=1 k=1

Tolerance weighting has not always worked as well as expected in diatom reconstructions for
lakes (Birks et al. 1990), perhaps because calibration data sets have not been large enough to

provide sufficiently accurate estimates of tolerance values.
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Weighted averaging without tolerance correction has generally proven superior for-diatom
reconstructions of several environmental variables (Birks et al. 1990, Kingston and Birks 1990),
whereas tolerance correction may be superior for chrysophyte data (B.F. Cumming and H.J.B. Birks,
personal communication); this may be explained by the higher diversity and greater number of *zero
occurrences’ in the diatom data. |

Averages are taken twice, once in the regression step and once in the calibration steps. This
results in shrinkage of the environmental gradient, which is corrected by a linear deshrinking
regression. To minimize this effect, a simple “classical’ or an “inverse’ regression (sometimes called
a ‘deshrinking’ step) can be used (see ter Braak and van Dam 1989 and Birks et al. 1990 for more
detailed discussion). For example, the classical deshrinking process performs a simple linear
regression to determine the relationship between inferred values (x;,) and actual measured values
(Xmeas):

initial X,; = @ + bX .. + € (5)

where a is the intercept, b is the slope and € is an error term. The terms from this regression

equation are then used to calculate a final “corrected’ or “deshrunk’ value:
final x;; = (initial x,,¢ - a)/b. (6)

Inverse deshrinking involves the same process, except that the measured values are regressed on
the initial inferred values instead of vice versa. Classical deshrinking moves inferred values farther
from the mean than inverse deshrinking, and the former is best if values to be inferred lie near the
ends of the environmental gradient. Inverse deshrinking minimizes the root mean square error of
the predicted versus measured regression relationships, and therefore may lead to more accurate
inferred values over the entire range of the environmental gradient.

In summary, the process of developing and applying a diatom calibration set for the Cascades

involved six distinct steps as illustrated schematically in Figure 9.
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Process of Developing and Applying a Diatom Calib_rg_tion Set
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Figure 9. Schematic representation of the process of developing and applying the diatom
calibration set for the Cascade Mountain Ecoregion.
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5. Diatom Inferences T

A standardized technique for quantitative diatom paleolimnological inferences has been
established, based largely on research by C.J.F. ter Braak & H.J.B. Birks (e.g., ter Braak & Prentice
1988, ter Braak & van Dam 1989, Birks et al. 1990), and the availability of the computer programs
CANOCO (ter Braak 1987b), CALIBRATE (Juggins & ter Brraak 1992), and WACALIB 3.1 (Line et
al. 1994). Weighted averaging regression and calibration has proven to be an effective technique
for explaining the variance in complex taxonomically-rich data sets.

A series of exploratory ordinations of the Cascade calibration lake data was performed using
correspondence analysis and canonical correspondence analysis. These analyses use eigenvector
techniques to determine which environmental variables explain the greatest amounts of variance
within the species assemblages (ter Braak 1987b). Variables that are significantiy related to diatom -
species variance are considered to be good candidates for inferences studies. All variables except
pH were log,, transformed for the correspondence analyses.

The entire Cascade calibration set presented challenges in conducting this analysis because of
an incomplete data matrix and slight differences in taxonomy for the Mount Rainier lakes. Some of
these challenges were presented by melding the 27 Cascade lakes sampled in 1996 with the
previously sampled lakes from Mount Rainier National Park (referred to here as the "Rainier
subset). For instance, taxonomy on the Rainier lakes by Dr. Mark Whiting had to be reconciled with
taxonomy on the lakes sampled in 1996 (see Table 1). Of particular importance in conducting the
correspondence analyses, however, was the incomplete nature of the environmental data available
(particularly with the Rainier lakes). Accurate CA analyses require a full data set without missing
values. Therefore, different combinations of lakes were used in the numerous types of analyses
performed, depending on the data available. In particular, two main subgroups were used:

Calset A:

34 lakes: eliminates lakes 29-40, 45-47

most environmental variables available: area, depth, conductivity, pH, suifate, chloride, ANC,
total phosphorus, magnesium, calcium, potassium
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Calset B: L e
42 lakes: eliminates lakes 29, 30, 33, 40, 45, 46, 47
sulfate and chloride values unavailable
synthetic conductivity values added for three lakes: 32, 34, 39 (based on pH:conductivity in
similar lakes)
Other changes in lake subgroupings are noted individually.

CA maximizes the dispersion or variance obtainable in the diatom data among the sites along a
theoretical (‘'latent’) environmental variable. The resulting eigenvalues for axis 1 (\,), axis 2 (A,),
etc., and the total of all ‘unconstrained’ eigenvalues (\,,.) are measures of the ‘explainable’ variance
in the diatom calibration set. CCA is essentially a restricted correspondence analysis, selecting the
linear combination of environmental variables that maximizes the dispersion of the species scores
for the first CCA axis. Successive axes are created undér t‘he same restraint, but these additional
axes also must be uncorrelated to the previous axes. The number of axes is restricted only by the
number of available environmental variables, but typically only the first two axes describe
meaningful trends in the species assemblages. The eigénvalueé calculated for each CCA axis will
generally be smaller than that of CA, as the dispersion of diatom taxa is restricted by the variables.
A total of all canonical eigenvalues is then calculated (A, ).

Therefore, a comparison of total and axis eigenvalues obtained by CCA with CA (e.g., CCA A,/
CA \,) is a measure of how well the environmental variables explained the variance in the
taxonomic data. A further test of the statistical model is to run a ‘constrained’ CCA where only one

variable is fitted to the first axis. Comparisons of A, can then indicate the amount of variance

explained by that individual variable.
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D. RESULTS -
1. Chemistry and Morphometry of Study Lakes

The chemistry of the individual study lakes (Table 3) span considerable ranges in pH (4.95 to
8.44), ANC (-15 to 7226 peq/L), conductivity (2.7 to 554 pS), and total phosphorus (1 to 170 pg/L).
Two lakes (East and Paulina Lakes) are particularly alkaliné and removal of these outliers reduces
the ranges of ANC and conductivity considerably, although the ranges in pH and total phosphorus
are unaffected by their removal. The upper distribution in total phosphorus is represented by
Agency Lake; the next highest total phosphorus value is only 32 pg/L. The chemistry of these
systems ranges from precipitation-dominated lakes such as Notasha and Summit (WA) to lakes
such as Paulina and East which receive major geothermal inputs. °

The distribution for pH is nearly normal with a skewness of only 0.66 (Table 4). Most other
distributions are highly skewed. The Rainier subset of lakes exhibits a much more restricted range
of chemistry compared to non-Rainier lakes. Consequently, the distributions for the lake chemistry
among the Rainier lakes exhibit a lower degree of skewness.

The physical properties of the study lakes also exhibit a wide range (Tables 5 and 6). The
study sites range from small, shallow ponds that refill with every storm event to moderately large,
deep lakes that have hydraulic residence times of multiple decades. Most of the study lakes
occurred at elevations of about 1400 to 1700 m (~ 4600 to 5600 ft). The depths of the lakes varies

considerably (0.1 to 77 m) with a central tendency of 8 to 14 m.
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Table 5. Location and physical characteristics of study lakes.

Latitude/ Area Elevation | Depth
Lake State Wilderness Longitude (ha) (m) (m)

A. Newly Sampled Lakes

42 30 00N

Agency Lake OR 1922 00 00 W 3763 1262 3.0

Big Lake OR A 1416 | 235
Burnt Lake OR | Mt Hood O 0053\/':’/ 3 1250 8.0
Charlton OR s ;13\/’:'/ 63 1735 | 29.0
Diamond Lake OR o ez M| 1301 1580 | 15.8
East Lake OR o3 0a N 423 1942 | 524
Head Lake OR oA 4037\/':1/ 3 1525° | 2.4
Lava Lake OR AN 149 | 1ass | 100
Little Twin Lake OR PSSR 1540 9.1

Lucky Lake OR 12413 4574 4296\/';‘, 20 1585° | 15.2
Marion Lake OR | Mt Jefferson a3l 105 1259 | 500
Mink Lake OR | Three Sisters eS| 86 1534 | 17.0
Paulina OR 1 2413 1462;g v':‘/ 620 1930 | 77.4
South Heavenly Twin| OR | Sky Lakes 12422 1311 4011\/':’, 2 1821 5.2
Summit Lake OR oMl 25 1280° 1.0
Suttle Lake OR i 42352333\,’;’, 102 1047 | 200
Caskey Lake WA B BT 250° 5.0
Cora Lake WA oA S BT 1159 | 15.8
Dumbbell Lake WA | Wiliam O. Douglas | 4041 30N} 18 1553 3.0
Gertrude Lake WA | Goat Rocks B vi X 1748 6.0
Heather Lake WA | Henry Jackson 124170571 3350\/';’/ 29 1206 | 300
Middle Thomton WA | North Cascades 4841 T8N 44 1450° | 305

1212011 W
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Table 5. Continued

Latitude/ Area Elevation | Depth
Lake State Wilderness Longitude (ha) (m) (m)
Unnamed WA | Indian Heaven AV N 1260 17
Nordrum WA | Alpine o VL 1118° | 9.0
Pyramid Lake WA | North Cascades 1;1855355\/':‘/ 0.9 800° 8.0
Shellrock Lake WA | Wiliam 0. Douglas | 241 09N | 6 1502 3.2
Sphagnum WA | Alpine e | 002 | 11800 1.0
B. Previously Sampled Lakes
Lake Notasha OR | Sky Lakes oo | 2.70 1836 | 103
Green Lake WA | Mt Rainier NP OV PRt 974 29.0
Mowich Lake WA | Mt. Rainier NP e 2| 4542 | 1502 | 586
Reflection Lake A | WA | Mt Rainier NP VI IR 1487 3.5
Reflection Lake B | WA | Mt. Rainier NP O 64 1479 | 10.0
Shadow Lake WA | Mt Rainier NP % | 089 1896 4.3
Snow Lake WA | Mt Rainier NP o 25;68\,';'/ 239 1426 | 105
Summit Lake WA | Clearwater 2N 882 1658 | 50.9
Sunrise Lake WA | Mt Rainier NP 12416;’55 ol s 1750 7.0
Tipsoo Lake WA | Mt Rainier NP Sz N 145 1617 17
Unnamed Lake WA | Mt Rainier NP e a0 1758 1.0
Unnamed Lake WA | Mt Rainier NP szt o2t 1626 1.2
Unnamed Lake3  |WA | Mt Rainier NP 1 2’416:3‘525fv':'/ 0.17 1663 18
Unnamed Lake4  |WA | Mt Rainier NP a8 | 005 1625 0.7
Unnamed Lake5  |WA | Mt Rainier NP i :??5346\,';‘/ 0.03 1606 0.1
Unnamed Lake6  |WA | Mt Rainier NP RN 019 1582 2.0
Unnamed Lake7  |WA | Mt Rainier NP A N 043 1586 19
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Table 5. Continued -
Latitude/ Area Elevation | Depth
Lake State Wilderness Longitude (ha) (m) (m)
. 46 46 00 N
Unnamed Lake8 WA Mt. Rainier NP 121 43 36 W 0.12 1485 11
- 46 46 06 N
Unnamed Lake9 WA Mt. Rainier NP 121 43 30 W 0.21 1487 1.6
. 46 486 06 N
Unnamed Lake10 WA Mt. Rainier NP 121 44 08 W 0.04 1485 1.0
. . 46 57 06 N
Upper Palisades L  |WA Mt. Rainier NP 1213512 W 0.78 1785 15.3
¢ estimated from topographic maps
Table 6. Summary statistics for physical attributes of study lakes.
Elevation Lake Area Lake Depth
Data Set {m) (ha) (m)
All-N = 38 48 48
Min 250 0.02 0.14
Max 1942 3763 77.4
Median 1514 3.0 8.0
Mean 1473 143 13.9
sd 309 574 17.5
Skewness -1.50 3.75 1.95
Cascade N = 23 33 34 -
Min 250 0.02 -1.0
Max 1942 3763 77.4
Median 1465 11 10.4
Mean 1413 208 18.7
sd 342 686 19.0
Skewness -1.15 476 1.54
Rainier N = 16 19 19
Min 974 0.03 0.14
Max 1896 45.4 58.6
Median 1586 0.46 22.2
Mean 1569 34 8.3
sd 191 10.0 13.8
Skewness -1.42 4.25 2.94
Non-Rainier N = 29 28 29
Min .250 0.02 1.0
Max 1942 3763 77.4
Median 1450 16 10.0
Mean 1409 243 17.7
sd 355 741 18.9
Skewness -1.17 4.37 1.67
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2. Diatom Taxonomy .

The most widespread diatom in the data set is the centric Aulacoseira
distans and its several varieties (Figure 10). It occurred in 40 lakes and
was often observed at very high abundances in the sediments. The genus
Aulacoseira is generally well repfesented in the Cascade lakes. The
species A. distans is likely tycoplanktonic, rising into the water column as
conditions permit, and resting in the sediments for long periods, often as
resting spores. Its weighted average (or optimum) environmental

tolerances in the Cascades (Table 7) indicates a species that prefers

slightly acidic waters in mildly oligotrophic conditions.

;Lglggg;ee}a distans Unfortunately, the Aulacoseira distans complex is also the most
from Big l.ake, OR. e : -
problematic taxonomic group in the Cascades. Although well known
throughout the world, several new forms were seen in the Cascade counts in abundant numbers
(Aulacoseira sp. OA, 0B, 0C, 0D; and from the Whiting counts, Mefc};sira sp. 4 and 8 PIRLA). This
problem was exacerbated by an unclear conception of where the Whiting unknowns may fit in with
the Sweets unknowns. Furthermore, A. distans itself was most abundant in the Raihier Iahkes, where
it is often the dominant taxon (>30%). Upon examination of the Whiting slides, many of the A.
distans varieties and the Whiting unknowns were combined in the analysis (Aulacoseira distans
varieties), but the Sweets unknowns were retained. This group needs additional work, including
electron microscopy analysis to fully appreciate the taxonomic differences in the Cascades. It is
likely that the analysis might be improved with effort in resolving taxonomic uncertainties.

Anbthe_r important diatom was Navicula tenuicephala. This taxon is one of the best-known
strongly acidophilic diatoms in the world and was widely distributed in the Cascade lakes (36). It
was present in the most acidic lakes, particularly the small, shallow lakes from Mt. Rainier, and

Cascade lakes such as such as Big, Lucky, and Head. For that reason, it had a relatively low pH

optimum (5.86).
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Achnanthes marginulata was widespread (37
lakes) and often occurred at very high percentages
(e.0., 28% in Summit Lake). It also is most common in
the émaH shallow Rainier lakes, perhaps because it is
often found as an epiphyte. Environmental optima are
similar to that of Aulacoseira distans. Because of

some uncertainties in melding the two data sets, the

percentages were combined with those of Achnanthes

levanderi, but this combination, although not Figure 11. Electron micrograph 0
Cyclotella stelligera.

taxonomically precise, probably had little effect on the

statistical analysis. The common planktonic diatom Cyclotella stelligera (Figure 11) occurred in only

14 lakes, but was abundant in these lakes. It appears to prefer relatively unproductive lakes that

have sufficient area and depth to support a vigorous planktonic community such as the Cascade

lakes Charlton (>80%) and Heather and the small but deep Green Lake from Mt. Rainier. Its pH

optima is 6.41. Stephanodiscus minutulus is also planktonic, and like C. stelligera is found in a few

lakes (8), occasionally at high abundances (over 50% in Paulina and East Lake). It is found in

larger, deeper lakes of higher productivity, that are typically quite alkaline.

The many small Fragilaria taxa that make up the species F. pinnata, F. construens, and F.
brevistriata also are very abundant in the Cascade lakes. Although very similar in appearance
under the light microscope, some authorities now separate them into different genera.

Nevertheless, they often occur together in differing numbers, and can dominate the surface
sediment assemblages of alkaline lakes such as Lava, Caskey and Gertrude. A very different
important diatom species is the well known eutrophic plankter F. crotonensis which dominated
Suttle and Marion lakes. F. crotonensis, Asterionella formosa, and S. parvus were among the
species with the highest TP optima.

A number of diatoms probably need further taxonomic effort to resolve their differences in the

Cascades. Among these is a very complex group of Cymbella (commonly epiphytic) species of
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which the important and widespread taxa Cymbella sp. 6 PIRLA, Cymbella sp. 0A CASCADES
(Figure 12), and Cymbella brehmii may all be closely related.
The Achnanthes genus is also well represented in the

Cascade calibration set and some careful taxonomic work,

Figure 12. Cymbella sp. 6 from with electron microscopical analysis, could also benefit this
Lucky Lake, OR
difficult-to-identify group.

In summary, the Cascade diatom assemblages are typified by larger, more productive lakes
being dominated by assorted planktonic species, and smaller, shallower lakes containing a diverse
mix of epiphytic and benthic species. The resulting weighted average optima for the many well-
known species are consistent with values found in the literature. The most abundant taxon,

Aulacoseira distans and its varieties, is also the most complex and the most in need of further

taxonomic study in the Cascade lakes.

3. Statistical Diatom Ordination and Regression

To assess the importance of the fullest possible suite of environmental variables, analyses
were first run on the smailer calibration set, Calset A. For both transformed and untransformed
data, the first axis was most strongly related to interrelated components of acid-base chemistry such -
as pH, ANC, conductivity, and the individual base cations. The second axis was most strongly
related to lake dépth. The first axis was significant as determined by a Monte Carlo permutations
test (99 unrestricted permutations, P < 0.05). The CANOCO program also enables individual
variables to undergo forward selection to ascertain their importance to the first axis of ordination.
These tests indicated that the variables that best explain the diatom variance were one of the three
major metrics of ionic constituency (pH, conductivity, and ANC) with one of the base cations also
being important. Sulfate and chloride concentrations (the major variables missing in the Mt. Rainier
lakes) were not strongly correlated to diatom assemblages. This was fortunate because it meant

that subsequent statistical analysis of the diatoms could be conducted for those lakes in the data set
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for which sulfate and chloride were not measured. It was decided that the larger calibration set of
42 lakes (Calset B) could be employed for more detailed analyses.

CANOCO also assists in determining correlations between environmental variables (Table 8).
It is desirable to eliminate strongly correlated variables. Many variables may be candidates for
diatom inferences, but reconstructions of highly correlated Variables cannot be considered to be
independent. Most of the available variables in the Cascade calibration set are related to major ion
chemistry. Lake depth, area, and total phosphorus are not strongly correlated with other variables.
[t was decided in the second phase of calibration set ordination to eliminate all base cations except
Mg (which was the most important in the transformed data), and tc explore the three major acid-
base variables (pH, ANC, conductivity) in detail. Water depth, area, and total phosphorus would
also be retained.

The percent of theoretical variance that may be explained by the diatom assemblages in the 35
lake set by CA approaches 50%, with 12.9% (A, = 0.864) ordinating along the first canonical axis
(usually the only significant axis) and 23.5% on the first two axes combined (Table 9). This number
compares favorably with other diatom calibration set investigations. More importantly, the CCA for
the same lake set has a A, = 0.782. The ratio of the first axis eigenvalues of CA and CCA implies
that the measured environmental variables capture 90% of the theoretical variance along the first
axis. This demonstrates that we have collected the most important environmental data for
representing the diatom communities.

The amount of variance explained by the other axes declines abruptly from CA to CCA and as
correlated variables are eliminated. However, it appears that although we captured the most
importént variables, minor variables that may not be represented could explain some of the variance
in the diatom communities. Such variables may include metrics for transparency, morphometry, or
other chemical attributes such as silica.

The total unconstrained eigenvalues (or inertia) sum to 6.674; this value is high and reflects the
heterogeneity within the diatom data set. A measure of this is found by running CA on just the 27

Cascade lakes sampled for this study. The inertia falls to 5.342 and the variance explained by the
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Table 9. Eigenvectors calculated in CCA ordination analyses for
Cascade Lake subset.

Subset (variables) A A, Acan Aunc
35 lakes, 12 vars.

CA 0.864 0.706 - 60.674

CCA 0.782 0.497 30.274 60.674
42 lakes, 7 vars.

CCA 0.775 0.308 10.981 60.803
42 lakes, 5 vars.

CA 0.877 0.709 - 60.762

CCA (5 wipH) 0.775 0.291 10.709 60.803

- outliers 0.764 0.305 10.739 60.803

CCA (5 w/cond) 0.771 0.294 10.563 60.803

CCA (5 w/ANC) 0.751 0.301 10.589 60.803
Cascade Lakes (27)

CA 0.881 0.621 - 50.342
single vars., 42 lakes

CCA - pH 0.652 0.707 - -

CCA - conductivity 0.701 0.716 - -

CCA - ANC 0.660 0.709 - -

CCA-Mg 0.713 0.721 - -

CCA-TP 0.256 0.843 - -

CCA - depth 0.431 0.748 - -

first axis accordingly increases to over 20% with the exclusion of the Rainier lakes. Therefore, the
melding of the two data sets (Cascade and Rainier) is a trade-off of greater sample size versus the
increased heterogeneity of the merged data. This test merely reflects the differences in diatom
assemblages and does not take into account the different physico-chemical status of the two iake

sets.

Exploration of important environmental variables

The exploration of the datasets continued by running CA and CCA analyses on different sets of
transformed variables using the 42 lake set Calset B described above. First, the eigenvalues and
correlations were examined with seven environmental variables (all three major ionic variables) and

then substituting just one of either pH, conductivity, or ANC in a run with six environmental variables
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(pH/ANC/conductivity, total phosphorus, depth, area). The eigenvalues (Table 9) are very similar for
the first axis in all the CCA analyses (0.751-0.775) explaining a little more than 11% of the diatom
variance, and still capturing a significant amount of the first axis theoretical variance.

In each of these cases, the variébles most closely related to the first axis are Mg and one of the
three major variables (pH/ANC/conductivity). Depth is moét strongly correlated to the second axis.
The importance of these five variables can be further tested by constraining the individual variable to
the first axis of ordination — in effect, the vector for the variable becomes the first axis and can be
tested for its power to explain the variance in the diatom assemblages. In particular, important
variables should demonstrate a ratio of close to 1 for A;:A,. Table 9 demonstrates that this criterion
is met for all three of the ionic summary variables as well as magnesium, each of these explaining
as much as 10% of the variance.

The CANOCO program also identifies those lakes that have an undue influence on the
ordination. These lakes are typically identified from a casual review of the environmental variables.
For instance, East and Paulina Lakes have extreme values of conductivity and ANC and Agency
Lake has a very high total phosphorus value (Table 3). Eliminating these extreme observations
does not greatly affect the CCA results (see Table 9), but the outliers can be very important in
assessing the standard errors of any lake reconstruction derived from these calibrations. .

A final biplot of both site scores (Figure 13) and sample scores (Figure 14) with the vectors of the
retained environmental variables demonstrates the strength of the ionic constituents in describing
the first axis of ordination. In particular, the Cascade lakes are well dispersed along the first axis,
providing the basic line along which the diatoms differentiate. The Rainier lakes are more
concehtrated in the low pH (and conductivity and ANC) end of the continuum and are distributed
across the poorly defined second axis of ordination. The Rainier lakes also include many of the 40

most important species to a lower abundance weighted mean of the target variables.



A Diatom Calibration Set for the Cascade Mountain Ecoregion Page 46

It 11

33
T T T

IR |

Il
LERLINNE NN SO S BN PR E §

Axis 2 (A,/4, = 0.291)
(@]

§ IR S T W N 1

1
-
(@
-

Axis 1 (1,4, = 0.771)

Figure 13. CCA ordination diagrams of sediment diatoms. Biplot of environmental variables with
site scores are presented as linear combinations of environmental variables. Cascade
lakes are squares and Rainier lakes are double triangles.
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Figure 14. CCA ordination of species scores with environmental variables for Cascade lakes.
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Choosing variables as candidates for inference equations

Transfer functions were derived for pH. The computer program WACALIB 3.3 calculates transfer
functions using WA regression and calibration. A coefficient is assigned to each diatom based on
its optimum (weighted average mean pH, etc.) within the calibration set. The final model may be
based on either a simple weighted average (WA) or weighted average with a tolerance or range
factor built in (WA-tol). Comparison of the inferred versus observed values will give the absolute
residual and what is now referred to as the apparent r* and apparent standard error (RMSE).
Bootstrapping techniques can be used to eliminate the circularity that can affect these statistics.
Bootstrapping randomly selects with replacement a subset of lakes to be used as the calibration set
and the remainder make up the test set (Birks et al. 1990). By running numerous (e.g., 1000)
bootstrap cycles, an error estimation can be determined eliminating the previous circularity.
Bootstrapping error is referred to as the RMSEP,, or the standard error of prediction using
bootstrapping. In an actual water quality historical reconstruction for a lake, an individual prediction
error can be calculated fdr each modern sample and an estimated prediction error derived for each
inferred sample.

| Furthermore, outliers can be identified as observations whose absolute residual (observed-
inferred) is greater than the standard deviation (Jones & Juggins 1995). The calibration model was
run on a series of environmental variables and the resulting inference statistics are summarized in
Table 10. Although the table contains statistics from log-transformed reconstructions, in fact such
reconstructions can be difficult to use and evaluate. Therefore, we will primarily discuss the
statistics based on untransformed values.

pH. Inference statistics for pH (based on 48 lakes) indicate a high coefficient of determination

(r* =0.84), with tolerable standard errors (apparent s=0.36, RMSEP,, =0.52). Statistics less
amenable for use in inference equations often will show a large difference between the two types of
standard errors, and the standard errors is well within the range of the metric standard deviation. A
graph of the observed versus diatom-inferred pH (Figure 15) shows that most values are closely

inferred. Two lakes from the subset of the calibration set had very high absolute residuals
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Figure 15. Measured pH versus diatom-inferred pH for all lakes in the Cascade diatom calibration
set. Cascade lakes are squares and Rainier lakes are double triangles.
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Table 10:  Summary of inference statistics from weighted averaging regression of selected environmenta
variables against the diatom assemblages. Calculated using WACALIB and CALIBRATE
WA WA-tol Range of metric RMSE bootstrap
Environmental
Variable r? RMSE 5 RMSE Min /Max sd WA WA-tol

ANC 0.661 635 0.859 409 -15/7226 1079 1118 992
ANC (-extreme) 0.668 123 0.601 134 - -15/939 207 166 185
log (ANC +16) 0.765 0.32 0.801 0.30 0/3.86 0.66 0.39 0.41
conductivity 0.817 41.0 0.933 248 2.7/553.8 94.8 80.8 84.3
log conductivity 0.851 0.20 0.861 0.20 A43/2.74 0.52 0.30 0.33
depth 0.712 9.4 0.746 8.8 0.1/77 17.3 14.8 16.6
log depth 0.571 0.40 0.641 0.37 -1/1.9 0.61 516 0.54
magnesium 0.657 4.5 0.938 1.9 0.4/48 7.5 8.2 7.5
log magnesium 0.861 0.25 0.877 0.24 -1.41.7 0.67 .37 0.39
total phosphorus 0.355 20.6 0.390 20.0 1/170 253 31.2 26.7
TP (-outliers) 0.530 5.7 0.620 5.1 1/32 8.20 7.8 7.5
log TP 0.455 0.27 0.621 0.23 0/2.23 0.37 402 0.35
pH 0.786 0.42 0.845 0.36 4.9/8.4 0.90 .54 0.52
pH (-outliers) 0.837 0.31 0.887 0.31 4.9/8.4 0.90 .48 0.46

(Figure 16) and were removed from the model for a second run. The removal of these outliers has a
moderate effect on the inference statistics (r* =0.89, s=0.31; Table 10) that may not be readily
apparent from Figure 17. This demonstrates that the removal of some sites can improve a diatom
calibration model if used with caution. Such outliers probably arise most frequently when non-
measured environmental variables are controlling diatom populations. In summary, pH is an
excellent candidate for inference studies in the Cascades.

The diatom-inferred pH results and plot of residuals, although acceptable on statistical grounds,
raise several questions that warrant further examination: (1) What is the effect of the high pH lakes
on the predictive capability of the equation? (2) What is the effect of the Rainier lakes? and (3) What
is the effect of the lakes for which reconstructions are being prepared? Historically, the primary
motivation for creating a diatom-inferred pH calibration has been to assess changes in lake
chemistry associated with acidification from atmospheric deposition (e.g., Charles and Smol 1988),

although other applications for pH reconstructions are now becoming recognized (Smol 1992).
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Figure 16. Measured pH versus the residual (from Figure 15) of measured and diatom-inferred pH.
Cascade lakes are squares and Rainier lakes are double triangles.
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Figure 17. Measured pH versus diatom-inferred pH with two outliers removed. Cascade lakes are
squares and Rainier lakes are double triangles.
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If the objective of creating a pH reconstruction is to analyze potential acidification issues in low pH
lakes, then there is no need or advantage in including high pH lakes in the calibration set because
high pH lakes are not susceptible to acidification. To assess the effect of the high pH lakes on the
calibration equation, high pH lakes were successively removed from the calibration set starting with
lakes with pH greater than 7.5. The resulting calibration sét of 38 lakes yields an equation with
higher variance (r*=0.76) and lower standard error (s=0.27) (Figure 18). The calibration set was
further restricted to lakesvwith pH less than 6.5 (n=26 lakes) to yield an equation with even greater
variance (r’=0.58) and lower standard error of prediction (s=0.24) (Figure 19).

The plot of pH residuals illustrates that the Rainier subset of lakes predicts somewhat
differently than the non-Rainier (i.e. Cascade subset) lakes (Figure 16). The effect of the Rainier
lakes was evaluated by removing these lakes from the calibration set and re-running the weighted
averaging (with tolerance) equation (Figure 20). The results indicate that removing the Rainier lakes
results in reduced unexplained variance (r’=0.94) and a lower standard error of prediction (s=0.25).
The subset of Cascade lakes (n=29) may yield improved results with the Rainier lakes excluded
because of several factors including (1) exclusion of the very shallow Rainier ponds which are
dominated by benthic diatom taxa; (2) consistent taxonomy of the Cascade subset, or (3) more
consistent water chemistry data in the Cascade subset.

Finally, there was cohcern that Summit and Notasha Lakes which will utilize the pH calibration
results in the pH reconstructions unduly influences the calibration equations. The effect that these
two lakes exert on the process was evaluated by re-running the Cascade calibration subset shown
above, but this time excluding Summit and Notasha Lakes. The results show a very minimal effect
of these two lakes on the calibration equation (r*=0.95, s=0.24). Subsequent analyses for other
parameters in the remainder of this report report the results with both Summit and Notasha Lakes
included in the calibration equations. The effect of the various permutations of lake subsets on the

pH calibration statistics are presented in Table 11.
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Figure 18. Measured pH versus diatom-inferred pH for lakes with measured pH less than 7.5.
Cascade lakes are squares and Rainier lakes are double triangles. Two outliers
described in the previous figure are also omitted.
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Figure 19. Measured pH versus diatom-inferred pH for lakes with measured pH less than 6.5.
Cascade lakes are squares and Rainier lakes are double triangles. Two outliers
described in the previous figure are also omitted.
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Figure 20. Measured pH versus diatom-inferred pH for lakes in the Cascade-only subset (i.e., all
Rainier lakes omitted). Cascade lakes are squares. Summit and Notasha Lakes are
plotted on the figure as double triangles, but are not included in the calibration equation.
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Table 11. pH calibration regression statistics(weighted-averaging, with tolerance) for the
Cascade calibration set.

Population Subset

All All-outliers® | pH<7.5 pH <6.5 | Non-Rainier | Non-Rainier - S & N°

N 48 46 38 % 29 27
2 0.84 0.89 0.76 0.58 0.94 0.95
se 0.36 0.31 0.27 0.24 0.25 0.24

? excludes Unnamed Mt. Rainier Lake (Park Service code In23, our code RAIN38) and Upper
Paradise Lake (Park Service code In14, our code RAIN28)
® excludes Summit and Notasha Lakes

Conductivity. Inference statistics for specific conductance indicate that this variable is a strong
candidate for inference using diatom assemblages. Using a suite of 44 lakes, WA(tol) equations
have a very high r? (0.93), and a high standard error (24.8). However, RMSEP,,,, values are
significantly higher (84.3) than the WA(tol) results. It is likely that the two lakes with extreme values
for conductivity (East and Paulina Lakes are greater than 300 pS whereas all others are generaliy
below 100 pS) may artificially inflate these statistics. However, the graph of observed versus
inferred values demonstrates close agreement with the 1:1 line (Figure 21). The initial conductivity
inference equation based on all available data yields a high r? value, but the standard error of the
prediction is also high. The standard error from this equation is too large to have any predictive
value. The weighted-averaging regression was re-run first excluding the two lakes with conductivity
greater than 100 pS and again excluding the two lakes with conductivity between 50 and 100 uS.
The resulting regression statistics illustrate the improvement in the smaller standard errors (Table
12). The improvement in the regression statistics comes at the price of a reduced range in which
diatom inferences can be made, but a conductivity range of 0 to 50 uS still includes approximately
85% of the lakes in the study area (Eilers et al. 1987).

Acid Neutralizing Capacity (ANC). The possibility of reconstructing ANC is somewhat more
problematic. Initially based on all lakes, r* of the WA(tol) inferred versus observed is high (0.86), but

the bootstrap values are very high — greater than the standard deviation of the range of observed
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Figure 21. Measured conductivity versus diatom-inferred (DI) conductivity for lakes in the Cascade
diatom calibration set. Cascade lakes are squares and Rainier lakes are double
triangles.
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Table 12. Weighted-averaging regression statistics for
diatom-inferred conductivity (uS) in the Cascade
calibration set.

Conductivity Range | 2.7-553 2.7-98 2.7-49
N 44 42 40
r2 0.933 -0.61 0.83
RMSE 24.8 12.5 4.9
RMSE,0tstrap 84.3 17.0 7.9

values. There are two extreme ANC values in the dataset (East and Paulina Lakes are an order of
magnitude above other values). As the inference equation is judged by a regression line between
observed and inferred, such disparate values can generate spurious r? values by drawing a line
between two groups of points that are widely separated. The log transformations can assist with
these problems, but ANC values can have negative values, and obtaining a normal distribution of
points through transformation required adding a constant to each value before converting to log
values. This obscures the object of this analysis, which is determining how well diatom
assemblages can predict measured ANC values that scientists can easily interpret.

We removed the extreme untransformed values and again plotted the observed values against
diatom-inferred values (Figure 22). The resulting r* (0.67 for WA) is lower than observed for
WA(tol), but the equation is improved when considering the standard error. Unfortunately, a
standard error of 123 peg/L is too great to provide useful predictions. It is possible that the removal
of the next two extreme values which are also outliers with respect to poor prediction by diatoms
may improve this statistic. However, ANC clearly is of limited use as a potential candidate for
diatom inference equations in the Cascades.

Lake Depth. Lake depth was strongly related to the second axis of the CCA ordination. The r?
of the WA(tol) equation is 0.75 and the standard error is 8.8 m. This is well within the range of the
standard deviation of the observed values and represents around 10% of the range of lake depth.
Unlike the above environmental values, water depth appears to be a weak independent variable in

the diatom prediction. It is more likely that depth is inversely related to ionic strength or related
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Figure 22. Measured acid neutralizing capacity (ANC) versus diatom-inferred (DI) ANC for lakes in
the Cascade diatom calibration set. Cascade lakes are squares and Rainier lakes are
double triangles.
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through altitude to ionic strength. Figure 23 demonstrates a large spread in the values with many
outliers and a well-defined group of values representing shallow lakes.

Total Phosphorus (TP). There was no indication in either the CCA or the WACALIB analyses
that total phosphorus is an important predictor of diatom variance. WACALIB calibration model
results. The total phosphorus results from the 42 availablerlakes suggests that diatoms cannot be
used to predict past TP cbncentrations with sufficient accuracy at this time (Table 10). However,
utilizing the log TP or removing one extreme value (Agency Lake) improves the statistic
considerably (r* of WA(tol) = 0.62, apparent s=5.1 ug/L). Figure 24 shows that the higher TP (e.qg.,
TP > 15 ug/L) Cascade lakes do not predict well. Careful screening for outliers or resampling of
some lakes may improve the inference equation, but at present, TP calibration results are not yet

adequate to provide reliable diatom reconstructions for the Cascades.

4. Summit Lake Reconstruction

The calibration set was applied to a sediment core collected from Summit Lake, located in the
Clearwater Wilderness of the Mt. Baker-Snoqualmie National Forest. Physical and chemical
attributes of Summit Lake are summarized in Tables 13 and 14. Principal diatom taxa in Summit
Lake include Achnantheé marginulata, Aulacoseira distans, and Navicula tenuicephala (Figure 25).
Summit Lake is located in relatively close proximity to the Puget Sound urban/industrial corridor and
there was some concern that the lake pH may have been reduced as a consequence of
atmospheric deposition of sulfur. The reconstructed pH and conductivity for Summit Lake show no

statistically significant change over the last 3150 years (Figure 26). Diatom-inferred pH ranged

Table 13. Morphometry of Summit Lake, WA (Source: Eilers et al. 1996a)

Parameter Units Metric English
Elevation m/ft 1658 5439
Surface Area ha/ac 8.82 21.8
Total Volume m®ac-ft 1.87 x 108 1521
Mean Depth m/ft 21.2 69.6
Maximum Depth m/ft 50.9 167.0
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Figure 23. Measured depth versus diatom-inferred depth for lakes in the Cascade diatom
calibration set. Cascade lakes are squares and Rainier lakes are double triangles.
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Figure 24. Measured total phosphorus (TP) versus diatom-inferred total phosphorus for lakes in
the Cascade diatom calibration set. Cascade lakes are squares and Rainier lakes are
double triangles.
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Figure 26. Diatom-inferred (DI) pH (top) and diatom-inferred conductivity (bottom) for sediments from
Summit Lake, WA generated by applying the calibration equations developed in this study to
diatom data reported in Eilers et al. (1996a).
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between 5.83 and 5.94 among the 11 samples analyzed. Although the diatom community
composition exhibited some minor changes, the pH optimum of the various taxa was remarkably
constant. The diatom-inferred pH of 5.8 to 5.9 matched the pH values measured in the lake on two
dates, although measured values from the Forest Service laboratory show pH values between 5.3-
5.7 (Table 15). The diatom-inferred conductivity also was Very stable with a range of only 3.6 t0 4.0
uS. The actual measured range for conductivity in the lake was 2.6 to 4.8 uS (Table 15).

The results from the diatom-inferred reconstruction of pH and conductivity in Summit Lake
illustrates that the lake chemistry has been remarkably stable for the previous three thousand years.
This is particularly surprising given the inputs of volcanic ash during two events in this period.
Factors contributing to this stability may include: (1) depth of the lake (>50 m); (2) small watershed
contributing area; and (3) low weathering rates in the basin. The estimated hydraulic residence time
is long (T = 9 to 14 yr) which would act to dampen fluctuations in climate and other factors. The
considerable depth of the lake minimizes recycling from the sediments and promotes permanent
burial of settling particles into the sediments. Summit Lake, as its name implies, is located near the
crest of a ridge called the Rooster Comb which would minimize watershed inputs from both surface
and groundwater. Weathering of the andesite in the watershed is extremely low as shown in the
base cation concentrations (sea salt-corrected Cg* = 8.5 peqg/L). Thus, inputs from the watershed,
including base cations and nutrients, is extraordinarily small.

Another unusual feature of Summit Lake that may have a bearing on its acid-base chemistry is
the aquatic bryophyte (moss) present on the lake bottom. Samples of bryophytes were collected
from depths of over 35 m in Summit Lake and appear to cover a significant portion of the substrate.
Most of the biomass in the lake is probably represented by the bryophytes. These aquatic plants
have the capability to act as ion exchangers by sequestering base cations (esp. Ca®") and releasing
hydrogen ion. The ability of some bryophytes (e.g., Sphagnum) to acidify their environment is well
documented (e.g., Clymo 1967, Glime et al. 1982). Whether the bryophytes affect the chemistry of

Summit Lake is unknown.
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Table 15. Diatom-inferred reconstruction of lake pH and conductivity (uS) for Summit Lake, WA
using the Cascade calibration set from this study and the Sierra Nevada (Whiting et al.
1989) calibration set.

) pH Conductivity
Sediment Interval
(cm) Cascades Sierra Nevada Cascades Sierra Nevada
0-1 5.88 6.05 6.0 6.7
1-2 5.92 6.04 6.1 6.5
2-3 5.94 6.10 5.9 6.8
3-4 5.90 6.08 5.1 6.1
4-5 5.92 6.02 52 6.6
5-6 5.91 6.05 57 6.6
6-7 ‘ 5.91 6.09 4.9 6.4
7-8 5.83 6.09 3.6 5.3
13-14 5.91 6.08 6.5 7.6
18-19 5.89 6.16 4.4 7.2
r? 0.836 0.784 0.928 0.673
s 0.31 0.385 49 13.2

The question remains, “Why is the ANC near 0 peg/L (x = 1.0 peg/L, n=9) when Cg* is
~ 9 peg/L?” The current sulfate concentration (8.7 peq/L; SO,* = 7.6) may be a recent
phenomenon ieading to a gradual depletion of ANC. For example, if historical ANC' were 8 peq/L
then the historical pH would have been about 6.0. The calculated pH if ANC declined from its
present 1 peq/L to -7 peg/L (equal to the possible historical maximum decline in ANC from 8 peq/L
to 1 peq/L) would be about 5.6.

The reconstruction of Summit Lake reveals that the use of the new Cascades calibration set
provides an improvement in accuracy over the Sierra Nevada calibration set for inferring
environmental variables from high altitude lakes in the Pacific Northwest (Table 15). Both pH and
conductivity inferred from surface sediments are closer to the observed values. The inferred values
from the Cascade calibration set are more accurate for the Cascade lakes than use of the

calibration set from the Sierra Nevada. The core assemblages vary greatly in major taxa such as

' Organic anions are not included in these calculations because: (1) the measured DOC was

0.3 mg/L (Eilers et al. 1987); (2) the anion deficit (} cations - } anions was small (x=
1.3 peqg/L, n=10); and Secchi disk transparency was high (21 m).
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Navicula tenuicephala, Achnanthes marginulata, and Aulacoseira distans, however, the optima for
these species are not greatly different and so the stratigraphies are remarkably stable (Figure 26).
It is not surprising that the shape of the stratigraphy does not change, even though the
accuracy is improved. Sweets et al. (1990) noted that Florida diatom pH optima were significantly
different from those found in the other regions of the PIRLA project, sometimes by as much as a full
pH unit. However, the relative position of the pH optima of the species was largely unchanged.
That this holds true between the Sierra Nevada and Cascade data sets is a testament to the
robustness of the diatom technique, while also highlighting the importance of using regional diatom

calibration sets to improve accuracy in lake reconstructions.
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E. DISCUSSION AND CONCLUSIONS

The results indicate that the Cascade calibration set is a valuable new tool for reconstructing
historical water quality chemistry in Cascade lakes. Among the variables examined, pH shows the
strongest statistical relationship with the diatom assemblages and exhibits an acceptable standard
error of prediction. Conductivity also is strongly related to fhe diatom assemblages, but it exhibits a
high standard error which currently limits its utility for reconstructions to low conductivity (< 50 uS)
lakes. Other variables also were strongly related to the diatom assemblages including ANC,
individual base cations, total phosphorus, and lake depth. At present, the standard errors of
prediction for these variables are still too high to reconstruct historical lake attributes with
confidence, but they have considerable potential for future application in the Cascades. Some
variables such as total phosphorus are currently hampered by high variability associated with the
measured lake concentrations. The annual variability of total phosphorus increases with increasing
TP concentrations which means that relatively few samples are required to characterize TP in
oligotrophic lakes, but a large number of samples are required to characterize TP in eutrophic lakes
assuming equal estimates of precision are required. Additional lakewater chemistry data would
likely improve the TP calibrations.

Base cations such as caicium, magnesium, and sodium were highly correlated with
conductivity. It is likely that these ions, either individually or collectively, could also be used to
develop inferences to the diatom assemblages. However, because both ANC and base cations are
so highly correlated with conductivity (r*=0.87 for ANC, for individual base cations all r 2> 0.86) in
these lakes, there is likely to be little advantage in further exploring use of base cations and ANC.
Individvual ions such as sodium, however, could potentially be of interest for lakes with known
anthropogenic inputs of sodium-based substances.

Surprisingly, the diatom assemblages showed strong relationships with physical variables such
as lake depth. The range in lake depths (77 m) provided a relatively high r? value (0.75), but again
the standard error of the prediction (8.8 m) was so great that there is little value in refining this

relationship at this time. It is likely that this relationship was heavily influenced by a number of very
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shallow lakes and ponds from Mt. Rainier National Park. In general, the Cascade diatom
assemblages were dominated by either large percentages of planktonic diatoms in the larger, more
productive lakes or by complex groups of benthic diatoms in small, shallow oligotrophic lakes.
Other physical variables were not explored in detail although Secchi disk transparency, elevation,
and hydraulic residence time may help to resolve some of fhe unexplained variance in the data set.

The taxonomic challenges in the Cascade calibration set were considerable. Over 13% of the
taxa remain undescribed as species. Much of the taxonomic uncertainty is associated with the
Aulacoseira distans complex, Achnanthes spp., and Cymbella spp. These taxa are generally
associated with low nutrient, clearwater lakes that are slightly acidic (pH optimum near 5.5). Further
advances in the use of paleolimnology in the Cascades will probably require resolution of the
taxonomic uncertainty of these three genera.

As with any calibration data set, the errors in the diatom-inferred predications often can be
improved by adding additional lakes to the data set. The distributions in Figures 2-8 should be
helpful in deciding the types of lakes that would be most useful for better representing the
population of Cascade lakes. In addition, some consideration should be given to geographic
distribution associated with sampling additional data for this calibration set. The current calibration
set is heavily weighted towards lakes in the Washington Cascades, particularly those in Mt. Rainier
National Park (MORA). Fortunately, the MORA lakes exhibit no particular chemical extremes that
unduly influenced the regression equations. However, the geographic distribution could be
improved by adding several lakes from the northern Washington Cascades and additional lakes
from the Oregon Cascades (Figure 1). Note that only 17 of the 48 study lakes were located in
Oregoh.

The pH reconstruction of Summit Lake was helpful in resolving some of the uncertainty in the
current lake chemistry. The low pH of the lake and its proximity to emission sources raised concern
that the lake had begun to acidify from atmospheric deposition. The pH reconstruction showed that
Summit Lake has been stable for the last 3150 years. This finding does not exclude the possibility

that Summit Lake could acidify in the future, but it clarifies the historical status of the lake. As noted
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earlier, given its virtual lack of acid neutralizing capacity, Summit Lake could exhibit significant
declines in pH with further inputs of acid sulfate ions. It would be desirable to test the calibration set
on one or more lakes in the Cascades that have experienced changes in the 20" century. In
particular, some of the lakes moderately impacted by ashfall from Mount St. Helens would be
excellent candidates for diatom reconstructions. Additiona‘lly, lakes that are in national forests
subject to the effects of timber harvest or recreational development might be suitable candidates for

reconstruction.
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G. APPENDICES
1. Diatom Counts for the Cascade Diatom Calibration Set

2. Compressed Diatom Taxa List Used in Ordination and Modeling for the Cascade Diatom
Calibration Set
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A Diatom Calibration Set for the Cascade Mountain Ecoregion

APPENDIX 2

Compressed Diatom Taxa List Used in Ordination and Modeling for the Cascade
Diatom Calibration Set
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