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Abstract

Scaled chrysophytes and planktonic diatoms are used to infer changes in lake water pH, specific conductivity,
trophic score, and total nitrogen in 23 Connecticut waterbodies over the last 100 yr, and the changes are correlated
with quantified changes in land use in the surrounding watersheds. In general, there was good agreement between
the changes inferred from both organismal groups in this suite of lakes. Significant correlations were observed
between chemical conditions inferred from organisms in surface sediments and present-day land uses, especially
the percentages of the watersheds that are forest or residential land cover types. Approximately 20% of the water-
bodies have significantly increased in pH since 1890, and none of the lakes have significantly declined in pH despite
the fact that this region receives significant amounts of acidic deposition. These findings support previous work,
indicating that the pH of Connecticut lakes has not declined over the recent past. One fourth of the lakes have
significantly increased in specific conductivity, especially those situated in watersheds that have become highly
residential in nature. Inferred specific conductivity has more than doubled in six of the lakes during the last century.
Six of the lakes have become significantly more eutrophic, while only one lake has become more oligotrophic since
1890. The majority of the lakes situated in watersheds that have remained over ;80% forested have not significantly
changed, whereas those that have become over ;25% residential have experienced the greatest amount of change.
The potential influences of watershed-based alkalinity generation, winter road salt use, and implications of these
findings in lake management are discussed.

One of the primary reasons that the effects of environ-
mental stresses on aquatic ecosystems are difficult to assess
is the fact that historical lake water data are often lacking
(Brenner et al. 1993; Siver et al. 1996). As a result of the
paucity of background data, it is often impossible to estimate
the degree and rate of change in the chemical and biological
structure of waterbodies and to distinguish between natural
changes and those caused by anthropogenic stresses. How-
ever, recent advances in paleolimnological techniques, es-
pecially formation of biological-based inference models,
have resulted in the ability to reconstruct historical lake wa-
ter conditions with a high degree of resolution (Bennion et
al. 1996).

Most inference models are based on organisms that are
differentially distributed over the environmental gradient of
interest. The point along a given gradient where a species is
most abundant and the degree of spread of the taxon along
the gradient are referred to as the optimum and tolerance,
respectively (Birks et al. 1990). The optima and tolerances
of all taxa along a specific gradient are often estimated using
weighted averaging where the abundances of each organism
in surface sediments of a suite of lakes are correlated with
contemporary lake water chemical conditions (Birks et al.
1990). The analyses result in relationships referred to as in-
ference models (Birks et al. 1990). Once formed, the infer-
ence models are then applied to older sections of cores in
order to estimate the historical chemical conditions. Such a
paleolimnological method has been successfully used to con-
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struct inference models for pH (e.g., Cumming et al. 1992a;
Davis et al. 1994), specific conductivity (Siver 1993), salin-
ity (Wilson et al. 1994), overall trophic status (Siver and
Marsicano 1996), total phosphorus (Hall and Smol 1996;
Bennion et al. 1996), and total nitrogen of lake water (Siver
1998).

Most paleolimnological studies have employed a single
organismal group to infer past conditions of lakes in specific
regions (e.g., Hall and Smol 1996). Commonly, diatoms are
used to construct inference models; however, chrysophyte
scales (e.g., Siver 1993) and cysts (e.g., Zeeb and Smol
1995) have also yielded highly significant and ecologically
useful models. Charles and Smol (1988) formed models that
simultaneously incorporated both diatoms and chrysophyte
scales for pH inference work in the Adirondacks (New
York). Models that have independently incorporated diatoms
or scaled chrysophytes have also been constructed and ap-
plied to lakes in the Adirondacks (Cumming et al. 1992a,b).
Except for a few cases, such as the work by Cumming et al.
(1992a,b), studies that use multiple algal groups to recon-
struct lake water conditions independently for specific geo-
graphic regions are rare.

Likewise, with a few exceptions, studies that link paleo-
limnological inferences over known time periods to actual
changes in the associated watersheds are rare. Brenner et al.
(1993) used diatom remains to compare inferred changes in
total phosphorus with land-use shifts in a small Florida lake.
Lott et al. (1994) related 19th and 20th century changes in
the specific conductivity of a small lake in the Pocono
Mountains (Pennsylvania) to logging events in the water-
shed. Other studies (e.g., Hall and Smol 1996) make refer-
ence to broad regional changes in land use but do not link
inferred chemical changes for individual lakes to detailed
land-use changes in their surrounding watersheds.
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Table 1. A listing of the Connecticut lakes used in this study,
including estimates of the percentage of each watershed that was
covered with forests in 1990 and estimates of the percent increase
in residential land use between 1934 and 1990. Land use data were
from Field et al. (1996).

Lake No. Lake
% forest
(1990)

% change
residential

land cover‡

1 Alexander 71 23
2 Amos 71 10
3 Ball 48 29
4 Bashan 78 15
5 Beach NA NA
6 Billings 97 3
7 BlackW* 88 6
8 Coventry 60 29
9 CrystalE† 83 11

10 Gardner 74 14
11 Hayward 81 11
12 Kenosia 58 30
13 Long 83 11
14 Mashapaug 92 6
15 Mt Tom 70 7
16 Mohawk 97 3
17 Norwich 98 NA
18 Pattagansett 73 20
19 Rogers 91 5
20 Terramuggus 57 35
21 Uncas 99 1
22 Waramaug NA NA
23 Westhill 79 18

* Located in the town of Woodstock, Connecticut.
† Located in the town of Ellington, Connecticut.
‡ Value estimated from 1990 aerial photographs after work by Field et al.

(1996).

A number of paleolimnological studies have employed the
use of comparing top and bottom sections of undated cores
in order to estimate changes in a large number of lakes over
a broad geographic region (e.g., Cumming et al. 1992b; Hall
and Smol 1996). The method has most often been used to
compare present-day lake-water conditions (tops) to prein-
dustrial or pre-European settlement conditions (bottoms)
(Sullivan et al. 1990). The assumption, based on analysis of
other cores from an area of interest, is that the bottom core
sections do indeed represent preindustrial or pre-European
conditions. Although the top and bottom comparison method
is clearly a useful technique, a primary drawback is the fact
that the bottom sections do indeed represent different time
periods, and as a result, the rates and timing of changes for
individual lakes may be over- or underestimated. If dates for
cores from a suite of lakes were available, it would be more
precise to utilize sections from the cores that represent the
same time period in order to make comparisons between
lakes.

A primary goal of our work has been to estimate the de-
gree to which lakes in Connecticut have changed during the
last century and ultimately to compare the changes to alter-
ations in the surrounding watersheds. The project was com-
posed of three components. First, changes in the chemical
conditions of 42 lakes over the last 55 yr were estimated
using actual chemical measurements (Siver et al. 1996). Sec-
ond, high-resolution aerial photographs were used in con-
junction with a geographic information system in order to
assess changes in land use of 30 lake watersheds since 1934
(Field et al. 1996). Models that relate land uses to lake-water
chemical conditions were then used to estimate changes in
total phosphorus and total nitrogen concentrations as a result
of the land-use alterations (Field et al. 1996). In the third
component of the project, reported on in this paper, scaled
chrysophytes and planktonic diatom remains were used to
infer changes in pH, specific conductivity, trophic status
(Siver and Marsicano 1996), and total nitrogen since 1890
in 23 of the lakes that were dated with 210Pb. The inferred
chemical changes were then correlated with the land-use
changes reported by Field et al. (1996).

Methods

A total of 23 lakes that were reported on in previous stud-
ies (Canavan and Siver 1994; Siver et al. 1996) and from
which 210Pb dates were estimated are included in this study
(Table 1). Twenty-one of the 23 lakes are situated in, and
representative of, waterbodies in the Eastern Uplands, West-
ern Uplands, and Coastal Slope regions of Connecticut (Can-
avan and Siver 1994); these geological regions are underlain
primarily with schists, gneiss, some granites, and other rel-
atively resistant rocks. The watersheds surrounding the study
lakes range from being undeveloped (e.g., over 90% forest-
ed) to being highly developed (over 25% residential land
cover). Much additional information on each lake and its
watershed, including complete lake-water chemistry, mor-
phological characteristics, watershed features, and geograph-
ical data are also given in previous papers (Canavan and
Siver 1994; Field et al. 1996; Siver et al. 1996).

Cores were retrieved from the deep basin of each lake
using a gravity corer with a diameter of 10 cm, a top retainer
valve, and fitted with a 0.5-m plastic tube (Glew 1989). Each
core was cut on site with an extruder. The top 30 cm of each
core were cut into 1-cm sections, and sections below 30 cm
were sliced into 2-cm intervals. The cores were dated with
210Pb by Jack Cornett and Bert Risto (AECL, Chalk River,
Ontario, Canada) according to methods outlined in Cornett
et al. (1984). Although both the constant initial concentration
(CIC) and the constant rate of supply (CRS) models were
used to generate dates for the cores (Appleby and Oldfield
1978), because the sedimentation rates have changed in
many of the lakes only the CRS dates were used to select
the section of each core corresponding to 1890.

Lake-water chemical data used to construct the inference
models and the procedures used to obtain the data are dis-
cussed in detail in Canavan and Siver (1994) and Siver et
al. (1996). Values for specific conductivity and pH represent
means from collections (n $ 6) made throughout the year.
Values for the trophic-related variables, chlorophyll a, Sec-
chi disk depth, total phosphorus, and total nitrogen, represent
means from six collections taken over three summer periods.

Procedures for the preparation of samples, identification,
and quantification of scaled chrysophytes and planktonic di-
atoms are as described in Siver and Marsicano (1996) and
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Table 2. Summary statistics for weighted averaging (WA) in-
ference models based on scaled chrysophytes and planktonic dia-
toms for specific conductivity, pH, trophic score, and total nitrogen
concentrations. Inverse deshrinking methods were utilized in each
case. RMSE estimates for specific conductivity and total nitrogen
have the units mS and mg L21, respectively.

Algal group Variable Model RMSE r2

Scaled chrysophytes pH WAboot 0.41 0.77
Trophic score WAtol, boot 45 0.72
Specific conductivity WAtol, boot 23 0.89

Diatoms pH WAboot 0.40 0.80
Total nitrogen WAboot 78 0.44
Specific conductivity WAboot 39 0.73

Siver (1998). Although all counts of scales and diatom
valves were completed using light microscopy (LM), each
sample was thoroughly examined with a Zeiss DSM 982
field emission or a Leo 435VP scanning electron microscope
(SEM) in order to make identifications that would otherwise
be difficult to do with LM and to establish ratios of the
organisms that would be difficult to separate with LM (Siver
and Marsicano 1996; Siver 1998). The ratios were subse-
quently used to separate counts of taxa that otherwise could
not be positively identified with LM.

Weighted averaging with (WAtol ) and without (WA) tol-
erance downweighting, with bootstrap resampling, and using
either classical or inverse deshrinking methods were used in
the development of the inference models as discussed by
Siver (1998), but only the most significant models were used
in this study. The strength of each inference model was eval-
uated using the correlation between observed and inferred
values, and the root mean square error (RMSE) associated
with the bootstrap analysis (RMSEboot). The resultant infer-
ence models used in this study for pH, specific conductivity,
and total nitrogen based on planktonic diatoms are those
reported by Siver (1998). The construction of inference mod-
els for pH, specific conductivity, and trophic score based on
scaled chrysophytes are similar to those given previously
(Siver and Hamer 1990; Siver 1993; Siver and Marsicano
1996) but modified to include the full set of lakes reported
in Siver (1998) and for estimating bootstrap-derived RMSE
values (Birks et al. 1990). Summary statistics for each re-
sultant inference model used in this study are given in Table
2. Differences in inferred chemical values that are greater
than the RMSEboot are considered significantly different
(Birks et al. 1990). All WA analyses were done with WA-
CALIB version 3.3 (Line et al. 1994).

Land-use changes since 1934 in the surrounding water-
sheds were estimated by Field et al. (1996) and are available
for 20 of the lakes. Estimates of the percentage of forests in
the surrounding watershed of one additional lake were made
subsequent to the Field et al. (1996) study. Details of the
determination of land-use types can be found in Field et al.
(1996). Briefly, high-resolution aerial photographs with a
scale of ;1 cm 5 120 m were used to quantify land-use
types for 1934 and 1990. Coverages were digitized and an-
alyzed using PC ArcInfo (ESRI). Land use was categorized
as forest, agricultural/open field, urban/residential, marsh,
and open water. The marsh category included all types of

wetlands, and for most of the watersheds the urban/residen-
tial component is composed primarily of residential areas.
As discussed in Field et al. (1996), all subsequent analyses
using land uses include the lake and other open waterbodies
as well as all wetland areas in the percentage forest category.

As reported and discussed in detail by Field et al. (1996)
and Siver and Marsicano (1996), principal components anal-
ysis (PCA) was used to derive a variable referred to in this
paper as the trophic score. Essentially, the trophic score of
each lake is represented by the score along the first axis of
a PCA that incorporates four measured trophic-related var-
iables: chlorophyll a, Secchi disc depth, total phosphorus,
and total nitrogen. For simplicity, values for the trophic
scores in the current study were multiplied by 100 compared
to those reported in Field et al. (1996).

Results

Changes in inferred chemical conditions—Collectively, 5
of the 23 study lakes have significantly increased in inferred
pH during the last century based on at least one of the or-
ganismal groups, with inferred increases ranging between
0.4 and 1.1 pH units (Fig. 1B). A significant increase in pH
is inferred in 3 of the 5 lakes by both organismal groups,
and none of the 23 study lakes have significantly declined
in pH over the last 100 yr. Additional increases in the in-
ferred pH were noted in Alexander (lake no. 1) and Kenosia
(lake no. 12) by only the chrysophytes or the diatoms, re-
spectively. Several of the waterbodies, including Ball (lake
no. 3) and Kenosia (lake no. 12), that have significantly in-
creased in pH during the last century already had relatively
high inferred pH values in 1890. Despite the fact that none
of the lakes have significantly declined in pH, the chryso-
phyte, but not diatom, inferred pH values may indicate a
slight declining trend in a few lakes (e.g., Beach Lake, lake
no. 5 in Fig. 1B).

Six of the 23 study lakes significantly increased in inferred
specific conductivity during the last century (Fig. 1A). Both
organismal groups signaled a significant increase in four of
the six waterbodies, and none of the study lakes have sig-
nificantly declined in specific conductivity. The specific con-
ductivity has more than doubled in five of the lakes, with
inferred changes ranging over 100 mS (e.g., Kenosia, lake
no. 12).

The chrysophyte-inferred trophic scores significantly in-
creased in 6 of the 23 waterbodies between 1890 and 1990
and were close to being significantly larger in four additional
lakes (Fig. 1C). All three of the lakes that significantly in-
creased in inferred total nitrogen concentrations based on
diatoms also significantly increased in trophic score (Fig.
1C). Two additional lakes, Kenosia (lake no. 12) and Nor-
wich (lake no. 17), were close to being higher significantly
in total nitrogen. The chrysophyte-inferred trophic score sig-
nificantly declined in only one study lake, Lake Hayward
(lake no. 11).

Correlation with land-use changes—Significant correla-
tions were observed between contemporary inferred chemi-
cal conditions and land-use patterns for 1990 (Fig. 2). Sig-
nificant relationships were found between pH, specific
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Fig. 1. A comparison of 100-yr changes in inferred specific
conductivity (A), pH (B), trophic score (C), and total nitrogen (C)
of 23 Connecticut lakes based on scaled chrysophyte (solid bars)
and planktonic diatom (open bars) remains. Both organismal groups
were used to infer specific conductivity and pH; however, only
scaled chrysophytes or planktonic diatoms were used to infer tro-
phic score and total nitrogen, respectively. In each panel, lakes are
arranged in ascending order based on inferences made with scaled
chrysophytes. Lake numbers refer to those listed in Table 1. Small
or large dashed horizontal lines represent changes equal in magni-
tude to the RMSEboot, for the diatom or scaled chrysophyte models,
respectively. For models with similar RMSEboot values only a small
dashed line is shown. Note that for some lakes a given change in
the inferred value of a parameter may be zero. TS 5 trophic score
and TN 5 total nitrogen.

Fig. 2. Specific conductivity (A and B), pH (C and D), trophic
score (E), and total nitrogen (F) inferred from the remains of scaled
chrysophytes or diatoms in the surface sediments of 20 Connecticut
lakes relative to the percentages of forests in the surrounding wa-
tersheds. Panels A, C, and E represent inferences made from scaled
chrysophytes and panels B, D, and F those from diatoms. Best-fit
logarithmic curves and related r2 values are shown.

conductivity, and lake trophic condition, and either the %
forests or % residential land use in the surrounding water-
sheds for both chrysophytes and diatoms. As a result of the
similarities in the results between the forest and residential
land-use types, the forest cover will be used here to illustrate
the correlations with contemporary chemical conditions and
the residential land-use values used to examine trends during
the last century. Significant relationships were also observed
for agricultural land use and inferred lake-water chemistry.

However, because the relationships were weaker and because
agricultural land use is no longer a dominant feature of most
of the watersheds, they will not be discussed further (see
Field et al. [1996] for more discussion).

In general, the contemporary (1990) lake-water pH, spe-
cific conductivity, trophic score, and total nitrogen concen-
trations decline as the % forest cover increases in the sur-
rounding watersheds (Fig. 2). For both organismal groups, a
logarithmic model provided a slightly better fit to the data
than did a linear model, and in each case the relationships
were also slightly stronger for the chrysophytes (Table 3).
The strongest relationship was for specific conductivity us-
ing chrysophytes. Many of the waterbodies have similar in-
ferred lake-water chemistries provided that they are situated
in a watershed with ;80% or more forest cover. As the
forest cover declines below ;80%, the receiving waterbod-
ies tend to increase in pH, specific conductivity, and become
more eutrophic in nature.

Clear relationships between the amounts of change in in-
ferred chemistries over the last 100 yr and the increase in
residential land use since 1934 were observed for all chem-
ical parameters examined (Fig. 3). With two exceptions, all
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Table 3. Summary of r2 values for linear and logarithmic models
of inferred chemical conditions versus the percentage of forests in
the surrounding watersheds of Connecticut lakes. Results of models
for pH, specific conductivity, trophic score, and total nitrogen using
scaled chrysophytes or planktonic diatoms are given. Inferred chem-
ical conditions are based on organismal remains in surface sedi-
ments (see text for details).

Variable
Organismal

group
Linear
model

Logarith-
mic model

pH Chrysophytes 0.50 0.55
Diatoms 0.49 0.54

Specific conductivity Chrysophytes 0.61 0.67
Diatoms 0.42 0.48

Trophic score Chrysophytes 0.59 0.63
Total nitrogen Diatoms 0.49 0.55

Fig. 3. Changes in inferred specific conductivity (A), pH (B),
trophic score (C), and total nitrogen (C) based on scaled chryso-
phyte (diamonds or asterisk) and diatom (circles or stars) remains
relative to the change in residential land use in the watersheds of
20 Connecticut lakes. Asterisk and star symbols reflect significant
differences based on the RMSEboot for that specific inference model.

waterbodies situated in watersheds that have experienced an
increase of greater than 25% residential land use have sig-
nificantly increased in specific conductivity and pH and have
become more eutrophic in nature. On the other hand, most
lakes situated in watersheds with less than a 20% increase
in residential land use have not significantly changed in their
chemical conditions. Although there are exceptions, the re-
sults were similar for both the chrysophyte and diatom in-
ferences.

Two exceptions are worth noting. According to the diatom
but not chrysophyte reconstructions, Mohawk Lake (lake no.
16), a lake situated in a primarily forested watershed with
only a 3% increase in residential land cover, has increased
in specific conductivity. Two other lakes, Amos Lake (lake
no. 2) and Lake Hayward (lake no. 11), with similar increas-
es in residential land use (11% and 12%), experienced a
significant increase and decrease in their trophic scores, re-
spectively, based on chrysophyte remains.

Discussion

Based on the scaled chrysophyte and diatom inferences
made in this study, approximately 20–25% of the lakes have
significantly increased in specific conductivity, pH, and nu-
trient content during the last century. Most of the lakes that
have experienced significant changes are situated in water-
sheds that have increased substantially in residential land
cover. The findings in this study are in remarkedly close
agreement with those reported by Siver et al. (1996) and
Field et al. (1996) for Connecticut waterbodies, many of
which were included in the current study. By direct com-
parison of actual chemical measurements, Siver et al. (1996)
found that, on average, Connecticut lakes had doubled in
total phosphorus concentrations and decreased in Secchi disc
depth by 1.2 m between the 1930s and 1990s. In addition,
Siver et al. (1996) reported that 21% of the 42 lakes included
in that survey had increased in base cation concentration by
more than 20% between 1970 and 1990 and 20% of the lakes
had increased in alkalinity by more than 30% since the
1930s. As was observed in the current study, the lakes re-
ported by Siver et al. (1996) to have undergone the most
extensive chemical changes were those situated in the wa-

tersheds that have also undergone the largest increases in
residential land cover. Thus, it is concluded that the paleo-
limnological method utilized in the current study has pro-
vided an accurate and independent means of reconstructing
past lake-water conditions.

The fact that some of the study lakes associated with large
increases in residential land use, e.g., Ball (lake no. 3), Cov-
entry (lake no. 8), and Terramuggus (lake no. 20), have had
significant increases in inferred pH, specific conductivity,
and nutrient concentrations is not surprising. Alterations that
are associated with the development of residential areas can
simultaneously and effectively result in changes to each of
these three chemical conditions. Urban and residential land
uses are known to yield a higher export of phosphorus and
nitrogen per unit area to waterbodies than forested or agri-
cultural cover types (Downing and McCauley 1992). For ex-
ample, the nutrient export models used in the Field et al.
(1996) study that were developed in Connecticut assumed
that urban and agricultural land use contributed 17 and 5.4
times more phosphorus and 5.6 and 3.2 times more nitrogen
than forests, respectively. Because of the increased concen-
trations of nutrients, waterbodies associated with highly res-
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idential landscapes are often more eutrophic in nature. In
addition, increased algal growth resulting from elevated nu-
trient input can cause the pH to increase through photosyn-
thetic activity.

In addition to resulting in an increase in nutrients that can
directly stimulate algal growth, runoff from urbanized or res-
idential areas also contains higher concentrations of dis-
solved salts than runoff from forested areas and will there-
fore result in elevated specific conductivity values in
receiving waterbodies (Prowse 1987). Specific conductivity
of runoff can also be significantly increased through road-
deicing salts used in winter. Mattson and Godfrey (1994)
demonstrated a strong correlation between concentrations of
sodium and chloride in waterbodies and waterways and the
use of winter road-deicing salts. Because road-deicing salts
are also heavily used in Connecticut, and because there is a
positive correlation between the linear distances of roads and
the amounts of residential land cover in the study watersheds
(King 1997), this activity has most likely contributed to the
increased specific conductivities of Connecticut lakes (Siver
et al. 1996).

Activities associated with increased residential land use
can also result in a subsequent increase in watershed-based
alkalinity generation. Disturbances such as the building of
homes and roads result in the removal of low pH, organic-
rich forest humic layers and subsequent exposure of base
cation-rich subsoils (Prowse 1987). As a result, more of the
strong acids in surface runoff would be balanced with base
cations instead of hydrogen or aluminum ions, thereby in-
creasing the alkalinity. Other activities, such as the liming
of grass lawns and gardens and the application of fertilizers
can increase the alkalinity of surface runoff and ultimately
receiving waterbodies. In-lake alkalinity generation, through
the reduction of sulfate by phytoplankton in the water col-
umn and bacterial-mediated processes in anaerobic sedi-
ments, is known to occur in some Eastern Upland Connect-
icut lakes (Murray 1994) as well as in other New England
lakes (Giblin et al. 1990). If the reduced sulfur becomes
permanently buried in the lake sediments, the gain in alka-
linity becomes permanent (Giblin et al. 1990). Such in-lake
alkalinity generation through the burial of sulfides may be
enhanced by elevated sulfate concentrations, changes in hy-
polimnetic anoxia, or increased delivery of organic matter
to the sediments (Mitchell et al. 1988; Murray 1994).

Paleolimnological studies have confirmed that lakes in the
northeastern part of North America, especially ones in the
Adirondacks (Sullivan et al. 1990; Cumming et al. 1992a),
northern New England (Davis et al. 1994), and regions of
Ontario (Dixit et al. 1992; Hall and Smol 1996) have acid-
ified over the last ;50–150 yr, presumably as a result of
anthropogenic acidic deposition. Despite the fact that areas
of Connecticut are particularly susceptible to acidic deposi-
tion due to the crystalline nature of the bedrock and thin
acidic soils (Rogers et al. 1959) and receive acidic deposition
(Husar et al. 1991), paleolimnological studies have not re-
vealed widespread declines in lake-water acidity since the
mid-1800s (Marsicano and Siver 1993). In fact, a number of
lakes have significantly increased in alkalinity (Siver et al.
1996) and pH (this study) over the last 100 yr. Marsicano
and Siver (1993) and Siver et al. (1996) suggested that land-

use changes, especially the development of residential areas,
may have effectively buffered potential declines in pH due
to acidic deposition through watershed-based, and possibly
in-lake, alkalinity generation as discussed above.

It is clear in other paleolimnological studies that land-use
changes have also most likely resulted in increased lake-
water pH and alkalinity. Sullivan et al. (1990) found that 7
of 48 lakes in the Adirondacks had significantly increased
in alkalinity since pre-1850; five of the seven waterbodies
had alterations within their watersheds. Renberg et al. (1993)
illustrated that forest clearing and resultant agricultural prac-
tices in the Iron Age period resulted in increased lake-water
alkalinity. Davis et al. (1994) reported increases in inferred
pH and alkalinity of up to 0.60 pH units and 40 meq/L,
respectively, that correlated well with logging of the sur-
rounding catchments. Hall and Smol (1996) found that al-
though 13% of their study lakes in south-central Ontario had
declined in pH since preindustrial times, 24% had signifi-
cantly increased in pH presumably due to the development
of cottages. Thus, it appears that land-use activities can ef-
fectively increase the pH of poorly buffered lakes situated
in regions receiving acidic deposition.

Unlike the paleolimnological works referred to above, our
study links changes in water chemistry to more precise es-
timates of land-use change. We found significant relation-
ships between present-day inferred pH, specific conductivity
and trophic condition, and the present-day land uses, espe-
cially the percentages of forests and residential lands, in the
watersheds. Thus, we feel confident that scaled chrysophyte
and diatom inferences can indeed track chemical changes
that are at least, in part, related to alterations in the water-
shed. An interesting result of our study was that the majority
of the significant changes in water chemistry, especially in
pH and specific conductivity, were noted in lakes where over
20–25% of the surrounding watersheds had been converted
to residential land since the turn of the century. Similarly,
the lakes with watersheds that maintained greater than ap-
proximately 80% forests since ca. 1890 did not generally
undergo significant chemical changes. Although there were
two exceptions, the same basic relationship observed be-
tween pH or specific conductivity and land use was also
noted for trophic condition. The relationships observed in
this study between inferred chemical changes and land use
could most likely be improved on if more detailed data, such
as soil types, age of homes, types and conditions of septic
systems, and distances of homes to the lake or strategic wa-
ter courses could be included in the analyses.

Several recent changes in the trophic condition of a few
lakes were observed that do not appear to be related to land-
use changes. Two lakes, Norwich (lake no. 17) and Uncas
(lake no. 21), are situated in state forests and have water-
sheds that have remained ;98% forested since 1934. Neither
lake has significantly changed in inferred trophic score or
total nitrogen concentrations since 1890. However, a more
detailed analysis of both lakes (unpubl. data) indicates that
even though the inferred lake-water chemistry has remained
relatively constant between 1890 and ca. 1980, shifts in the
biological remains indicate a trend (although not significant)
toward increasing eutrophy since 1980. Even though other
lakes show similar trends toward becoming more eutrophic
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they differ from Norwich (lake no. 17) and Uncas (lake no.
21) in that they are situated in watersheds that are also ex-
periencing increases in residential land use. We can only
conclude that factors other than those related to land-use
changes, such as in-lake loading of nutrients or a shift in the
food-web structure, are responsible for the recent changes in
scaled chrysophyte and diatom remains. It will be interesting
to see if the trend toward becoming more eutrophic contin-
ues in Norwich (lake no. 17) and Uncas (lake no. 21), and
to examine recent changes in nonsiliceous algal and geo-
chemical remains in the sediments.

A paleolimnological study can be a useful and effective
tool in the successful management of aquatic ecosystems
(Brenner et al. 1993). Brenner et al. (1993) used such a
method to estimate predisturbance chemical conditions in
order to establish realistic lake restoration goals. In some
instances it may be determined that restoration efforts may
not benefit a given waterbody because the predisturbance
conditions are found to be similar or worse than present-day
conditions (e.g., Reavie et al. 1995). The paleolimnological
method utilized in this study is an effective means to indicate
the amounts and rates of changes in individual lakes or suites
of lakes, especially if background chemical data are lacking
(Brenner et al. 1993; Marsicano et al. 1995). The method
can be used to examine shifts in water quality related to
known alterations in the surrounding watershed (Lott et al.
1994) or atmospheric inputs (Sullivan et al. 1990), as well
as to establish baseline conditions that in turn can be used
to set realistic lake restoration goals or prioritize lake res-
toration efforts.

It is possible that the findings in this study could serve as
a general benchmark for lake management and watershed
development purposes for Connecticut lakes, especially for
lakes situated in the geological zones referred to as the East-
ern or Western Upland areas (Canavan and Siver 1994). Per-
haps a goal of maintaining watersheds with greater than 80%
forests or with less than 20% residential development could
be used as a general target for planning purposes, especially
if funding will limit more detailed analysis for a given wa-
terbody. Regardless of such a broad generalization, it is par-
amount that other factors, including the water residence time,
watershed to lake area ratio, soil types, degree of wetland
development, the age structure and proximity of the residen-
tial areas to the receiving waterbody, and the potential for
in-lake loading be integrated into the management of indi-
vidual waterbodies (Field et al. 1996).

Despite the overall close agreement between the inferenc-
es made using scaled chrysophytes and those based on
planktonic diatoms, there were differences in some of the
lakes. Dixit et al. (1996) also noted differences in pH infer-
ences made using the same two organismal groups working
on a lake in Sudbury, Ontario. A number of reasons may
explain why both scaled chrysophytes and diatoms do not
always yield the same inferred results. First, although much
effort was made to separate planktonic and periphytic taxa
in the construction of the diatom inference models (Siver
1998), some of the counts inevitably have valves that orig-
inated from both habitats. Because the chemical conditions
may differ widely between the planktonic and periphytic
habitats, this could result in some variance in inferences

made between the two organismal groups. Second, the com-
plement of taxa in each organismal group may dominate at
different times of the year and therefore reflect seasonal dif-
ferences in the chemistry of individual lakes. Third, in any
given lake, the complement of taxa representing each organ-
ismal group may respond moreso to different variables and
thus yield more informative inferences for specific variables
(Siver 1995). Fourth, due to significant differences in flush-
ing rates between the lakes, the biological remains recovered
from the lake sediments can represent organisms that grew
during different times of the year (Siver and Hamer 1992).
In lakes with low residence times a greater percentage of the
remains found in the sediments most likely represent organ-
isms that grew during periods of low flow (e.g., the autumn
period). Therefore, inferences based on these remains should
reflect chemical conditions corresponding to the periods of
low flow. As the water residence time increases, the sedi-
ment remains should represent more of a yearly integration
of the planktonic community.

In conclusion, significant changes in the chemical struc-
ture of Connecticut lakes, as inferred from biological re-
mains, has occurred during the last century, and the changes
are highly correlated with development of the surrounding
watersheds. The lakes that have experienced the largest
shifts are those situated in watersheds that have had the
greatest amount of residential development, and those situ-
ated in watersheds that have remained largely forested re-
main primarily unaltered. In general, results based on scaled
chrysophyte or planktonic diatom remains were similar.
None of the lakes, even those situated in watersheds that
have remained largely forested, significantly declined in pH,
whereas others have significantly increased in pH. Because
the region does receive very acidic precipitation, it is con-
cluded that watershed-based and perhaps in-lake alkalinity
generation must be aiding in the neutralization of the acidic
deposition. Such an hypothesis will be the subject of future
investigations.
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