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Abstract: Analyses of sedimentary diatoms in two New England ponds reveal limnological changes

during the past 2500 years that are related to climatic change, anthropogenic activities and natural

disturbance. Deforestation in the lake catchments during the eighteenth and nineteenth centuries

temporarily affected diatom assemblages, with subsequent recovery. However, algal communities did not

return completely to presettlement conditions as a result of long-term trends in climatic change, small-scale

natural disturbances and delayed watershed recovery from acidification. A short-term rise in diatom-

inferred dissolved organic carbon (DOC) in Levi Pond was related to partial removal of vegetation by

logging in the catchment, and a similar DOC increase at North Round Pond is correlated with a hurricane

and increased aquatic productivity. At Levi Pond, increasing diatom-inferred DOC concentrations during

the past c. 2000 years likely reflect a long-term increase in allochthonous organic matter and peat

development in the watershed related to moister conditions, supported by corresponding patterns in the

stable-isotope, chironomid and pollen records. These results correspond with moisture patterns in adjacent

areas inferred from pollen and sediment analyses, suggesting that diatoms in Levi Pond recorded a larger

regional trend in increasing moisture. This is the first study in a temperate region that links diatom-inferred

DOC concentration to past changes in moisture balance, suggesting that fossil diatoms may be a promising

proxy for future palaeohydrological studies in temperate regions. However, more studies are necessary to

separate the effects of peatland growth and allochthonous organic-matter input on lake-DOC

concentrations.

Key words: Palaeolimnology, diatoms, forest disturbance, dissolved organic carbon, moisture, New

England, late Holocene.

Introduction

Intensive land use by European settlers, such as forest

clearance, agriculture, and urban and industrial development,

h AD a marked impact on terrestrial and aquatic ecosystems in

New England, USA (Davis and Norton, 1978; Engstrom et al.,

1985; Foster, 1995; Foster et al., 1998). These impacts are often

described in relation to the natural ‘baseline conditions’,

namely the ecosystem state before arrival of Europeans (Foster

et al., 1998). However, the presettlement environment and

vegetation were highly variable, probably related to climatic

change, natural disturbances such as fire and hurricanes,

and native people’s activities (Gordon, 1953; Russell, 1983;

Gajewski, 1987; Rhodes and Davis, 1995; Fuller et al., 1998).

Since the interaction between climatic change and human

disturbance may produce major changes in ecosystem structure

and dynamics, it is essential to understand presettlement

ecosystem conditions in order to assess human impact.

Insights into past climatic impacts on natural systems and

their interaction with human disturbance will also help

predict how human-altered ecosystems will respond to future

climatic change.

One major concern in studying human impacts on eco-

systems is the degree of disturbance and the nature and pace

of recovery. Much of the historically deforested areas in the

New England uplands were abandoned and reforested in the

late nineteenth century because of relocation of US agriculture

to mid-western states and of rural populations to urban centres
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(Foster, 1995). However, vegetation composition and lake

environments have not returned to presettlement conditions,

indicating that other disturbances, such as logging, forest

diseases, hurricanes and fire suppression continue to influence

the watersheds (Fuller et al., 1998; Francis and Foster, 2001).

Since many palaeolimnological studies in New England have

focused on continued effects of human activities on lakes, there

is a need for assessments of lake and watershed recovery after

disturbance has ceased (Francis and Foster, 2001).

Palaeolimnological studies using fossil diatoms have been

applied in a wide range of investigations to infer long-term

dynamics of lakes and their watersheds (Smol, 2002; Pienitz

and Vincent, 2003). Diatoms, which are often well preserved in

lake sediments, are powerful indicators of past environmental

change, such as lake trophic status (Hall and Smol, 1999) and

lake acidification (Battarbee et al., 1999). Applications of

diatoms to climatic (Smol and Cumming, 2000) and hydro-

logical studies (Moser et al., 2000) are mostly conducted in

(sub-) arctic and alpine regions, at ecotonal boundaries, and in

semi-arid areas, but seldom in temperate regions. The reason

for this may be that palaeoclimatic inferences in temperate,

forested lake regions are challenging, because lakes are

hydrologically open (Smol and Cumming, 2000), and pH and

trophic status often exert a dominant influence on diatom

assemblages in the southern, more densely populated areas

(Dixit et al., 1999). However, diatoms are sensitive to dissolved

organic carbon concentrations (DOC) (Kingston and Birks,

1990; Pienitz and Smol, 1993; Korsman et al., 1994; Fallu and

Pienitz, 1999), which in turn are strongly controlled by

precipitation patterns (Schindler et al., 1996). They may

therefore have some potential for palaeoclimatic inferences in

dilute temperate lakes. However, this has not yet been tested,

presumably for the reasons discussed above.

The main question we address in this study is: which were

the driving natural and anthropogenic factors affecting the

past lake environment? More specifically, we investigate the

following problems: what changes in the physical and chemical

lake characteristics can be identified? How do these changes

relate to natural processes and human disturbances in the

watershed? How do the lakes respond to recovery of the

watershed vegetation? We attempt to answer these questions by

reconstructing the environmental history of two New England

lakes for the last c. 2000 years through fossil diatom analyses in

the context of regional vegetation dynamics and disturbance

history.

Study sites

The study sites were chosen primarily for susceptibility to

climate change and natural disturbances and for their similar-

ity in morphology and human disturbance history. Levi Pond

and North Round Pond are small oligotrophic and acidic

headwater lakes with similar elevation and watershed:lake area

ratio (Table 1). The maximum water depth is 3.4 m in North

Round Pond and c. 3 m in most of Levi Pond, with only a

narrow deep depression in the centre of the lake of 6.8 m. The

bedrock mainly consists of Palaeozoic gneiss and schist with

some granitic intrusions, which is overlain by Wisconsinan till

and humus-rich organic soils (Siccama, 1974). According to

historical data, both lakes have undergone anthropogenic

disturbance by logging in the watershed after European

settlement and subsequent re-establishment of the vegetation.

Both lakes are situated within mixed hardwood forest, which is

mainly composed of Fagus grandifolia Ehrh. (beech), Quercus

borealis F. Michx. (oak), Tsuga canadensis (hemlock), Betula

spp. (birch), Pinus strobus (pine) and Acer saccharum Marshall

(sugar maple); with additionally Castanea dentata (Marshall)

Borkh. (chestnut) in the North Round Pond catchment and a

belt of Picea (spruce) along the edges of Levi Pond.

Some differences in location, site characteristics and natural

disturbance history are important for interpreting the palaeo-

limnological record. At Levi Pond, situated in the Green

Mountains of Vermont (Figure 1), a forested wetland about

15 m wide covers 40% of the shoreline at the western edge

(Neil Kamman, Vermont Department of Environmental Con-

servation, personal communication, 2004). Levi Pond is more

acidic and has lower nutrient concentrations than North

Round Pond (Table 1). Major logging around Levi Pond was

recorded in the mid-1800s, and the watershed was used briefly

for sheep pasture. Afterwards, moderate logging in the

watershed continued until c. 1950. Near the end of the 1970s,

the natural fish fauna was destroyed by application of

rotenone, a widely used piscicide and insecticide, in order to

subsequently stock lake trout for fishing.

The Pisgah State Park, New Hampshire, where the

watershed of North Round Pond is located, experienced

episodic logging after AD 1750, but no house construction or

farming (Foster, 1988). However, for the watershed of North

Round Pond, only minor cutting in the early 1900s is

documented (Foster, 1988). In 1938 a hurricane damaged the

watershed vegetation. About half of the catchment was

moderately affected, and c. 25% was severely damaged (Foster,

1988). In the undamaged part, several old-growth forest

stands are preserved (Foster, 1988). A lake survey in 1950

stated that the shoreline was 100% forested (Bob Estabrook,

New Hampshire Department of Environmental Services,

Concord, personal communication, 2004).

Table 1 Lake and watershed characteristics of the study sites

Levi Pond North Round Pond

Town Groton Winchester

State Vermont New Hampshire

Latitude 44815.6?N 42850.8?N
Longitude 72813.4?W 72827.2?W
Elevation (m a.s.l.) 501 317

Lake surface area (ha) 9 4.3

Watershed area (ha) 57 21.3

Watershed:lake area ratio 6:1 5:1

Maximum depth 6.8 3.4

pH 4.9�5.6 5.7�6.1

Alkalinity (meq/L) �/0.2�1.6 20�44

TP (mg/L) 7�11 10�14

SO4 (mg/L) 3.9�7.8 3�4

Chl a (mg/L) n.d. 3.9

DOC (mg/L) 4.8 n.d.

Coring date 11 Nov. 1994 20 Feb. 1997

Alkalinity, total phosphorus (TP), sulphate (SO4) and pH data for

North Round Pond represent ranges from two measurements

taken in August 1992 and February 1993; whereas chlorophyll a

(Chl a) was measured in August 1992. Alkalinity, pH and sulphate

data for Levi Pond are ranges for several measurements from

different seasons taken each year from 1981 to 1989 and in 1999.

TP for Levi Pond is the range of six measurements of spring TP

taken from 1987�2003. The data for North Round Pond were

provided by the Watershed Management Bureau, New Hampshire

Department of Environmental Sciences (Robert Estabrook). The

data for Levi Pond were provided by the Water Quality Division of

the Vermont Department of Environmental Conservation, Water-

bury (Neil Kamman).

n.d., no data.
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Methods

Sediment cores of 1.15 m (North Round Pond) and 1.02 m

(Levi Pond) length were taken at the deepest point of the lakes

with a clear Lexan coring tube (diameter, 10 cm) fitted with a

rubber piston. The sediment cores were subsampled at 1-cm

intervals and stored at 48C.

Bulk-sediment samples of 1 cm (Levi Pond) and 4 cm

(North Round Pond) thickness were radiocarbon-dated by

accelerated mass spectroscopy at Beta Analytic Laboratories,

Miami, Florida. For North Round Pond, four levels were

combined, because there was not enough material left after

the other analyses. Radiocarbon dates (14C yr BP) were

calibrated (cal. yr BP) using the computer program CALIB

version 4.3 (Stuiver and Reimer, 1993) and converted to

calendar years (yr AD) by adding 50 years in order to permit

consistent discussion of palaeolimnological data in the

historical context (Table 2). The dates of the other samples

were estimated by linear interpolation between 14C dates. The

recent chronology was established by the 210Pb technique and

ages were calculated with a Constant Rate of Supply (CRS)

point transformation model (Binford, 1990). The settlement

horizon for North Round Pond was based on the rise of

agriculture-indicator pollen, such as Ambrosia and Rumex,

and was assigned to the date of establishment of the town of

Winchester in AD 1733. Linear interpolations were made

between the 14C dates, the settlement date, and the oldest
210Pb date (Figure 2). The chronology as well as pollen and

chironomid stratigraphies of North Round Pond, all analysed

on the same core, were previously published by Francis and

Foster (2001).

Organic matter was measured at 1-cm intervals by standard

loss-on-ignition procedures at 5508C (Heiri et al., 2001).

Diatom extraction followed standard strong-acid-digestion

techniques (Pienitz et al., 1995), and a minimum of 500 valves

per slide were enumerated under 1000�/ magnification.

Species were identified according to standard and regional

taxonomic references (Krammer and Lange-Bertalot, 1986,

1988, 1991a, b; Camburn and Charles, 2000; Fallu et al., 2000).

The fossil assemblages were subdivided into diatom zones by

optimal partitioning using the computer program ZONE

version 1.2 (S. Juggins, unpublished program, 1991), and the

number of significant zones was determined by the broken-

stick model (Bennett, 1996).

Sediment preparation of subsamples for pollen analysis

followed standard procedures (Faegri and Iversen, 1975).

Pollen was counted to a total of 500 tree and shrub grains at

400�/ magnification. Pollen percentages are based on total

terrestrial pollen grains, excluding aquatics, but including

agricultural grains (ie, herbs). Identification is based on

standard taxonomic keys (McAndrews and Boyko-Diakonow,

1989; Moore et al., 1991). The sum of agricultural indicator

pollen was calculated by combining Poaceae, Ambrosia,

Artemisia, Rumex and Zea pollen counts. The pollen data

from North Round Pond presented here were previously

published by Francis and Foster (2001).

Quantitative reconstructions of environmental variables and

calculation of associated sample-specific reconstruction errors

were carried out with the computer program C2 (Juggins,

Figure 1 Map of the study region and location of Levi Pond and North Round Pond in New England

Table 2 Calibrated radiocarbon dates for Levi Pond and North Round Pond sediments, USA

Depth (cm) Lab. number Age 14C yr BP Age cal. yr BP Age yr BC/AD

Levi Pond 29�30 AA 35307 1100 10109/80 1040

45�46 AA 35308 1740 16409/100 410

59�60 AA 35309 2150 20909/100 �/40

79�80 AA 35310 2415 24209/50 �/370

North Round Pond 44�48 n.a. 570 5609/120 1460

65�69 n.a. 1000 9209/240 1130

91�95 n.a. 1570 14909/200 560

116�120 n.a. 1650 15309/200 520

Dating was performed on bulk sediment samples at Beta Analytic, Miami, Florida. Dates for North Round Pond were presented previously

by Francis and Foster (2001).

n.a., not available.
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2003). The diatom-based inference models were based on a

calibration set including 82 New England lakes, which were

selected from a larger calibration set (Dixit et al., 1999) in

order to limit its geographical extent to that of the palaeo-

limnological study sites. We chose the method of weighted

averaging (WA) with inverse de-shrinking for pH and Gaussian

logit regression (GLR) for total phosphorus (TP), because

these performed best in comparison with the instrumental

record in another New England Pond (Köster et al., 2004).

DOC did not explain a significant amount of species variation

in the model used for TP and pH. Therefore a model

encompassing 59 lakes situated along a latitudinal transect

from the boreal forest to the tundra in northern Québec was

applied (Fallu and Pienitz, 1999) for dissolved organic carbon

(DOC) reconstructions. Errors for quantitative inferences were

estimated by bootstrapping.

For detecting major trends in the fossil diatom assemblages,

principal components analysis (PCA) with intersample dis-

tance scaling and covariance matrix was carried out on species

percentage data with the computer program CANOCO for

Windows, version 4.0 (ter Braak and Šmilauer, 1998). The

choice for this linear method was based on the gradient length

in fossil species data of 1.6 SD and 1.7 SD in North Round

Pond and Levi Pond, respectively, as estimated by detrended

correspondence analysis. However, the PCA of Levi Pond

diatom data resulted in a severe ‘horse-shoe effect’, which is a

common problem with PCA, if some unimodal species

distributions are present (Birks, 1995). Therefore, we used

correspondence analysis (CA) instead of PCA on the diatom

data of Levi Pond. Correlations between reconstructed vari-

ables, ordination axes, and species abundances were estimated

using linear regression and t-test implemented in the software

S-Plus version 4.5.

In order to assess the reliability of quantitative reconstruc-

tions, the fit of the fossil samples to the variables of interest

was estimated. The squared residual distances of the modern

and fossil samples to the first axis in a canonical correspon-

dence analysis (CCA) were compared which was constrained to

the respective variable. Fossil samples with a residual distance

equal or larger than the residual distance of the extreme 5%

(or outside the 95% confidence interval) of the modern training

set samples are considered to have ‘very poor’ fit to the

variable. Samples with values equal or larger than the extreme

10% have ‘poor fit’ and all other samples have a ‘good fit’

(Birks et al., 1990). In order to assess the reliability of

reconstructed values, ANALOG (H.J.B. Birks, unpublished

program, 1991, john.birks@bot.uib.no) was carried out based

on squared chord distance (Overpeck et al., 1985).

Results

Levi Pond (Vermont)
Four significant zones with different diatom assemblages were

identified in the sediment core from Levi Pond (Figure 3).

Diatom assemblages in zone I consisted mainly of Tabellaria

flocculosa (Roth) Kützing str. IIIp sensu Koppen, Pinnularia

mesolepta (Ehrenberg) W. Smith, Brachysira brebissonii Ross

in Hartley Cymbella hebridica (Grunow) Cleve, Navicula

subtilissima Cleve, N. modica Hustedt and N. heimansii Van

Dam & Kooyman. These species have been mainly observed in

acidic and oligotrophic New England lakes (Davis et al., 1994a;

Dixit et al., 1999).

In zone II, from 54 cm (c. AD 100) upwards, Aulacoseira

distans var. distans (Ehrenberg) Simonsen increased from

around 5% to around 15% relative abundance. At the same

time, Brachysira brebissonii, Navicula modica, Navicula medio-

cris Krasske and Nitzschia perminuta (Grunow) M. Peragallo

decreased slightly, whereas Eunotia hemicyclus (Ehrenberg)

Ralfs started to appear more commonly.

With the third diatom zone at 30 cm (c. AD 1000),

Aulacoseira distans var. distans increased further to around

20%, simultaneously with an important increase of Eunotia

hemicyclus by c. 10% and a small but abrupt decrease of

Pinnularia interrupta W. Smith. Melosira arentii (Kolbe)

Nagumo & Kobayasi temporarily became a dominant part of

the assemblage from c. AD 1800 to 1959, coincident with the

high abundance of agricultural indicators in the pollen profile

(Figure 4a). This change is also recorded by the diatom sample

scores on PCA axis 2 (Figure 3).

In the most recent sediments, from 7 cm to 0 cm (c. AD 1940

to 1997, zone I), Melosira arentii and Eunotia hemicyclus

declined, whereas Aulacoseira lirata (Ehrenberg) Ross in-

creased from almost 0 to 10%, and Aulacoseira distans var.

distans reached maximum abundances of 40%.

The small-scale changes throughout zone II and III form

together a long-term trend in diatom assemblages starting at

c. AD 100 and continuing until the early twentieth century,

indicated by a gradual increase in fossil diatom sample scores

on PCA axis 1 (Figure 3). This long-term trend corresponds

both to increasing proportions of planktonic or tychoplank-

tonic (centric) diatoms (eg, Melosira arentii, Aulacoseira spp.)

at the expense of benthic (pennate) diatoms (eg, Navicula spp.,

Pinnularia spp.) and increased diatom-inferred DOC values

(Figure 4d, Table 3). This development also coincides with a

gradual increase of Picea pollen abundances from c. AD 100 to

1950 (Figure 4c; Table 3).

The CCA with modern and fossil samples showed that the

fossil assemblages have variable fit to the DOC model (Figure

4d). Almost half of the samples (22) have good fit to DOC,
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Figure 2 Age�depth curves for (a) Levi Pond, and (b) North Round Pond using (from Francis and Foster, 2001) 210Pb and 14C dating
methods, as well as the settlement horizon based on pollen agriculture indicators assigned to AD 1750 yr. Calibrated 14C dates were converted
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eight levels have poor fit and 17 samples have very poor fit,

indicating that reconstructions for the latter samples are less

reliable. However, several samples with good fit were present in

each diatom zone, suggesting that the model is appropriate for

reconstructing major trends in DOC concentrations of Levi

Pond. As almost all fossil samples from Levi Pond show a very

poor fit to both the pH and TP model (data not shown), we do

not present the inferences derived from these models.

The results of the program ANALOG indicate that all fossil

samples have a high dissimilarity compared with the modern

samples within the calibration data set. This indicates that the

values of the reconstructions are not entirely reliable. The fossil

species that are absent in the model have mainly low fossil

abundances (only N. modica and Pinnularia abaujensis h AD a

sufficient abundances to be included in Figure 3) and the

goodness of fit showed mostly good agreement between the

model and the core samples. Therefore we are confident that

the reconstructed trends, eg, the direction and timing of

changes, are reliable. We still need to note that the poor fit

may indicate imprecise values. The latter is confirmed by the

comparison of a recent measurement of DOC in Levi Pond in

July 1999, which was c. 4 mg/l lower than the reconstructed

value (4.8 versus 9 mg/l, Vermont Department of Environ-

mental Conservation, Kamman et al. 2004).

The LOI profile of Levi Pond showed two minima at the

core bottom around 70 cm depth (c. 270 BC) with 33% and

around 56�58 cm (AD 0) with 38% (Figure 4e). Afterwards, the

organic matter in the sediments increased up to 48% at 45 cm

(c. AD 400), remained stable until 28 cm (c. AD 1200), and

started to decrease above 28 cm. From 10 cm to the top of the

core (AD 1920�1994) it remained quite stable.

North Round Pond (New Hampshire)
Diatom assemblages in North Round Pond were dominated by

oligotrophic to mesotrophic species throughout the last c. 1500

years (Figure 5), which is also indicated by the diatom-inferred

TP (DI-TP) values that range between 10 and 15 mg/l (Figure

6a). We distinguished three significant changes in the fossil

diatom assemblages as detailed below.

In the first zone (95�52 cm; c. AD 450�1300), diatom

assemblages were dominated by Tabellaria flocculosa str. IIIp,

Cyclotella stelligera CLEVE & GRUNOW, Fragilaria pinnata

Ehrenberg, and Navicula heimansii. With the beginning of zone

II at 52 cm (c. AD 1300), benthic species, such as Fragilaria spp.

and Navicula spp., increased at the expense of the planktonic

species Cyclotella stelligera and Tabellaria flocculosa str. IIIp

(Figure 6e). The diatom-inferred pH (Figure 6b) and TP

(Figure 6a) increased slightly. At 32 cm (c. AD 1800, Zone III),

Fragilaria spp. abundance increased further, coincident with a

decrease of organic matter (Figure 6c) and the rise of

agricultural indicator pollen. During the most recent period

(14�0 cm; c. AD 1940�1997; Zone IV) several acidophilic taxa

(Eunotia spp., Aulacoseira spp. and Asterionella ralfsii W.

Smith) appeared or increased in abundance. Diatom-inferred

pH decreased (Figure 6b), while diatom-inferred DOC in-

creased (Figure 6d), coincident with the increase of organic

matter in the sediments (Figure 6c). Both inferred pH and TP

are significantly correlated with PCA axis 1 of the fossil diatom

assemblages, while DOC is correlated with PCA axis 2 (Table

3), indicating that the reconstructed values actually reflect

main patterns in fossil diatom assemblages.

The good fit of the fossil diatom assemblages at North

Round Pond to DOC (except for two levels with poor fit at 0

Figure 4 Summary of palaeolimnological analyses for Levi Pond. (a) Percentage of agricultural pollen indicators relative to total upland
pollen, (b) percentage of planktonic diatom taxa, (c) relative abundance of Picea pollen, (d) diatom-inferred DOC, (DI-DOC), (e) percent
organic matter as estimated by loss-on-ignition (LOI). (Asterisks indicate samples with very poor fit to DOC indicating unreliable value)

Table 3 Correlation matrices of PCA (North Round Pond) and
CA (Levi Pond) axes, based on diatom percentage data, diatom-
inferred limnological variables, and selected diatom and tree taxa
for (a) Levi Pond, and (b) North Round Pond

Ax1 Ax2

(a)

MA 0.26** 0.19**

AD 0.82** 0.02

PIC 0.62** 0.14*

DOC 0.78** 0.10*

(b)

pH 0.09 0.75*

TP 0.87* 0.03

DOC 0.03 0.60*

Numbers marked by * indicate a significant correlation at the 95%

confidence limit, and ** indicate a correlation at the 99%

confidence limit.

MA, Melosira arentii; AD, Aulacoseira distans. TP, total phospho-

rus; DOC, dissolved organic carbon; PIC, Picea pollen percentage.
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and 2 cm) suggests that the inferred DOC trends are reliable

(Figure 6d). Most fossil samples of North Round Pond have

good fit to pH and TP. Exceptions are levels 16 to 20 and 34 to

36 cm, which have poor fit (data not shown), as well as the

samples 22 to 32 cm, which are outside the 95% confidence

interval of the model (Figure 6a, b). Analogues between fossil

samples of North Round Pond and the model were poor,

because some fossil species were absent in the model. However,

the most abundant fossil species, such as shown in Figure 5,

were mainly present in the model, except Asterionella ralfsii.

Thus the range of reconstructed values may be incorrect, while

the trends are reliable, as suggested by the general good fit of

fossil assemblages to the calibration set.

In contrast to Levi Pond, organic-matter content in North

Round Pond sediments increased more steadily from 40% at 80

cm depth (c. AD 750) to 50% at 55 cm ( AD 1150; Figure 6c).

Afterwards, it decreased rapidly to 42% at around AD 1200,

and remained low afterwards until a second increase to 50%

occurred around 40 cm ( AD 1750). At 32 cm, coincident with

the start of diatom zone II and rising agricultural pollen, the

LOI values fall below 40%. The largest increase from 40% to

c. 55% occurred in the upper 20 cm (c. AD 1920 to the present;

Figure 6e).

Discussion

Levi Pond
Although the fossil species composition (Figure 3) indicates

that Levi Pond has been slightly acidic and oligotrophic

throughout the past 2400 years, significant changes in diatom

assemblages suggest that limnological conditions during that

time have not been stable.

The overall long-term trend in the diatom assemblages

during the last c. 2000 years with increased planktonic:benthic

species ratios and higher DI-DOC suggests increased relative

availability of pelagic habitats and/or increased lake DOC. The

planktonic to benthic species ratio mainly reflects the increas-

ing relative abundance of Aulacoseira distans var. distans and,

in the upper levels, Aulacoseira lirata. These algae are heavily

silicified tychoplanktonic species, which need water turbulence

and/or high water levels for suspension in the water column.

Therefore, the increased abundance of Aulacoseira spp. after

AD 0 (52 cm, zone II) may indicate increased mixing intensity

or high lake level. Given the continuously closed forest

vegetation around the pond before European settlement, as

indicated by the dominance of tree species throughout the

pollen sequence (David Foster, unpublished data, 2003), the

impact of water mixing by wind is unlikely to have changed

before AD 1800. However, water levels may have increased

because of an increasingly positive water balance, for example

as a result of increasing precipitation and/or reduced evapora-

tion. Independent indicators for lake levels, such as macrofossil

analyses, would be necessary to test this hypothesis.

The close correlation of the quantitative DOC reconstruc-

tions for Levi Pond with the first PCA axis (r2�/0.76, p�/

0.001, Table 3) and the increase of indicator species for high

DOC (eg, Aulacoseira lacustris (Grunow) Krammer) suggest

that the long-term diatom changes reflect variations in DOC

concentrations. Coloured substances contained in DOC are

largely responsible for the attenuation of photosynthetically

active radiation (PAR) (Wetzel, 2001) and ultraviolet radiation

(UV-A and UV-B) in lakes (Morris et al., 1995), thereby

controlling the light conditions for phytoplankton assemblages

(Williamson et al., 1996). Therefore, the structure of diatom

assemblages may have been altered by changing underwater

light conditions due to increased DOC concentrations, as

discussed in detail below.

It may be argued that the dominant species Aulacoseira

distans solely drives the DOC reconstructions and that this was

mainly caused by increased pelagic habitat availability. This

hypothesis is rejected by parallel increases of several other

species with high DOC optima (eg, Eunotia hemicyclus,

Pinnularia abaujensis (PantocŠek) Ross, Melosira arentii) and

declines of low DOC indicators (Pinnularia microstauron

(Ehrenberg) Cleve, Navicula mediocris, Nitzschia perminuta)

(Fallu and Pienitz, 1999; Camburn and Charles, 2000). Also,

the correlation between DI-DOC and the PCA axis 1 (r2�/

0.76) is stronger than the correlation between DI-DOC and the

percentages of Aulacoseira distans (r2�/0.61) alone, indicating

that this species explains not all, yet a large part of the

reconstructed DOC changes.

Figure 6 Summary of palaeolimnological analyses for North Round Pond. (a) Diatom-inferred total phosphorus (DI-TP), (b) diatom-
inferred pH (DI-pH), (c) percent organic matter as estimated by loss-on-ignition (LOI), (d) diatom-inferred DOC (DI-DOC), (e) percentage
of planktonic diatom taxa, (f) percentage of agricultural pollen indicators relative to total upland pollen. Error ranges for quantitative
inferences are estimated by bootstrapping. (Asterisks indicate samples with very poor fit to the reconstructed variable indicating unreliable
value)
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As the DOC rise in the second study site (North Round

Pond) occurred parallel to a decline in pH, the question arises

whether the diatoms in Levi Pond also respond to a change in

pH. In the modern calibration set, DOC is not correlated with

pH (r2�/�/0.27) (Fallu, 1998), indicating an independent

response of diatoms to DOC. As in Levi Pond, other studies

have shown that diatom-inferred DOC may increase because of

catchment vegetation changes without parallel acidification

(Korsman et al., 1994; Pienitz et al., 1999). Measured pH at

Levi Pond during the 1980s was around 5.5, and high SO4

concentrations (maximum 7.8 mg/l in February 1981) suggest

that Levi Pond has been heavily impacted by atmospheric

pollution (Neil Kamman, Vermont Department of Environ-

mental Conservation, personal communication, 2004). As our

diatom-based pH reconstructions were not reliable because of

poor fit, another model would be needed to test the hypothesis

of recent acidification in Levi Pond.

Within-lake variations in DOC are mainly controlled by

climatic processes (Pace and Cole, 2002). Higher DOC

concentrations can be produced by late ice-out and higher

precipitation (Pace and Cole, 2002), longer residence times

(Curtis and Schindler, 1997), and tree or peat development in

the catchment (Dillon and Molot, 1997; Pienitz and Vincent,

2000). Aulacoseira distans var. distans has been associated with

higher DOC concentrations because of peatland development

in a Minnesota (USA) bog (Brugam and Swain, 2000). A

stratigraphic analysis of the bog sediments and their macro-

fossil remains would help clarify the history of bog develop-

ment at Levi Pond over the past 2000 years. The timing of ice-

out is determined mainly by winter air temperature (Assel and

Robertson, 1995), and hence colder winter temperatures might

have delayed ice-out and increased DOC in Levi Pond. Climate

reconstructions for the northeastern USA using pollen transfer

functions indicate a trend to moister and cooler conditions

starting at c. 2000 years BP (Gajewski, 1988). Additional

independent evidence for a cooler and moister climate during

the last 2000 years is provided by the pollen, chironomid and

stable-isotope data obtained from Levi Pond, as discussed

below.

The correlation of the long-term trend in diatoms with

increased Picea pollen abundances (Table 3) suggests that one

factor directly or indirectly influenced both the terrestrial

and the aquatic ecosystems. Picea immigration to some boreal

lake watersheds at the northern tree line led to increased

diatom-inferred lake DOC, probably because of increased

accumulation of humus derived from decomposing tree matter

(Korsman et al., 1994; Pienitz et al., 1999). Forests always

surrounded Levi Pond during the time covered by our core,

so vegetation cover has likely not changed in density. In

northeastern North America, spruce, particularly P. mariana

P. Mill, prefers moist and cool habitats (Webb et al., 1993). The

increase of Picea pollen has been related to cooler and wetter

conditions in Michigan lakes from the thirteenth century

onwards (Bernabo, 1981), in southern Ontario starting at c.

600 yr BP (Campbell and McAndrews, 1991) and in Maine

starting at c. 1000 yr BP (Gajewski, 1987). Stable-isotope

analyses of Levi Pond sediments showed coincident decreasing

organic d13C values and increasing organic d15N values (Brent

Wolfe, unpublished data, 2004), which may indicate enhanced

soil organic-matter decomposition, generation and leaching of

organic substances due to moister conditions (Wolfe et al.,

1999, 2003). The increase in the relative abundance of cold-

water chironomid fossils belonging to the genus Microtendipes

between c. AD 200 and 1800 (Donna Francis, personal

communication, 2004) suggests that this increased effective

humidity likely resulted from a decline in temperature.

A change to moister conditions around 2000 years ago at

Levi Pond is consistent with sedimentary and pollen evidence

for moister conditions during the last 2000 to 4000 years in

New England (Almquist et al., 2001; Shuman et al., 2001),

Ontario (Yu et al., 1997) and southern Québec (Lavoie and

Richard, 2000). This period corresponds with the onset of the

Neoglacial cooling that followed a dry and warm period during

the mid-Holocene, the ‘Hypsithermal’. The correlation of

multiple independent proxies in Levi Pond with regional

evidence supports the interpretation that the watershed of

Levi Pond has undergone a long-term trend to moister

conditions over the last c. 2000 years, thereby responding to

a larger regional moisture trend.

Increased DOC concentrations and higher lake levels have

likely occurred simultaneously at Levi Pond, because they may

have the same causes. As discussed above, both trends can

result from increased moisture in the watershed. The observed

relative increase of planktonic taxa, coincident with increasing

diatom-inferred DOC, may be due to higher water levels or

lower water transparency caused by increased DOC, which

reduces the light required by aquatic macrophytes and thereby

limits epiphytic diatoms. In return, higher water levels provide

more pelagic habitat and also lead to the augmented decom-

position of submerged lake-shore vegetation and eventually to

peat development, thereby enhancing the release of organic

matter into the lake. On the basis of our analyses, we can

conclude that there was an increase in DOC concentrations in

Levi Pond, which may have been partly enhanced by higher

precipitation and water levels.

The change in assemblage composition between c. AD 1800

and 1940 (zone II to III) likely reflects historical logging

and agricultural activities in the drainage basin, as it coincides

with the historical and pollen-based records of deforestation

(Figure 6a). The dominant diatom Eunotia hemicyclus is

usually found in oligotrophic and dystrophic waters (Krammer

and Lange-Bertalot, 1991a; Camburn and Charles, 2000) and

Melosira arentii lives in dystrophic and mesotrophic environ-

ments (Krammer and Lange-Bertalot, 1991a). Thus we con-

clude that the disturbances were not strong enough to

significantly increase the nutrient concentrations of Levi

Pond. However, both species are indicators of high DOC

concentrations (Fallu and Pienitz, 1999), and the accelerated

increase in diatom-inferred DOC (Figure 4 d) indicates that the

lake temporarily received higher inputs of organic matter.

Logging in the catchment of lakes can result in increased

DOC concentrations because of increased erosion of humic

soil layers (Carignan et al., 2000; France et al., 2000). Thus, it

is likely that the short-term changes in diatoms reflect

additional inputs of DOC to the lake caused by logging in

the watershed, which accelerated the long-term, moisture-

driven DOC increase.

While the diatom assemblages show signs of recovery from

these human disturbances, the overall species composition,

diatom-inferred DOC and stable isotopes in Levi Pond

sediments suggest that this lake has not returned to predis-

turbance conditions. Melosira arentii, which increased most

evidently after logging in the watershed, decreased around AD

1950, indicating rapid recovery of diatom assemblages follow-

ing reforestation. Conversely, the diatom Aulacoseira distans,

which had responded to moisture-balance change in presettle-

ment times, continued to dominate the assemblages until 1994.

In addition, the stable isotopes of carbon and nitrogen

continued to decrease or increase, respectively (Brent Wolfe,

unpublished data, 2004), indicating that the lake and watershed

continue to be controlled by climatic factors. The forest

structure is also different now from the time before European
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settlement, corresponding to other lake studies in New

England and potentially caused by continued forest distur-

bances, acidification, or climate change (Fuller et al., 1998,

Francis and Foster, 2001). The reason for the recent appear-

ance of Aulacoseira lirata remains unknown, but the reasons

cited above as well as continued peat development, rising lake

levels and/or a change in food-chain structure due to fish

removal in the 1970s may have caused an increase of this taxon.

North Round Pond
The first change in diatom assemblages around AD 1200 (zone

I to zone II) to more benthic species (Figure 6e) correlates with

changes in pollen and chironomid assemblages (Francis and

Foster, 2001), as well as sediment composition. At the same

time as the proportion of benthic diatom species increased,

Tsuga and Fagus pollen declined, Castanea pollen increased,

the charcoal to pollen ratio increased, the chironomid taxon

Microtendipes (Francis and Foster, 2001) temporary increased

and organic matter in the sediment decreased (Figure 6c). The

increased charcoal content indicates higher fire frequency or

intensity, which is consistent with the increased inorganic

matter in the sediments. The same vegetation and charcoal to

pollen ratio changes were observed at c. AD 1400�1500 in

pollen records from several Massachusetts ponds (Fuller et al.,

1998), but it remains unclear whether these patterns were due

to climatic factors, fire frequency and/or Native American

activities (Fuller et al., 1998). The higher abundance of

Microtendipes in the chironomid assemblages indicates a slight

temperature decrease after c. AD 1300 that lasted until c. AD

1870. Nevertheless, more independent evidence is needed to

test the hypothesis that climatic change has driven the changes

at North Round Pond around AD 1300.

The second change in diatom assemblages during the

nineteenth century (zone II to zone III) probably reflects

logging activities in the watershed, as indicated by the increase

in agricultural pollen indicators, but may also be related

to natural disturbance such as fire. Although logging was

a common activity in the region since settlement in the

eighteenth century, historical evidence for logging in the North

Round Pond watershed exists only for the early twentieth

century. The increase in the proportion of benthic species

indicates a higher extent of littoral habitats (Figure 6e). The

parallel appearance of aquatic macrophytes in the pollen

profile (Francis and Foster, 2001) provides evidence for higher

availability of surface substrates on submerged macrophytes

for the attachment of benthic diatoms.

As most of the changes in the benthic to planktonic species

ratio is represented by increases in small Fragilaria species,

particularly F. pinnata, the explanation for this assemblage

change may be found in the ecological preferences of this

taxon. As this species is cosmopolitan and an ecological

generalist (Krammer and Lange-Bertalot, 1991a), the inter-

pretation of its dominance is challenging. It has been reported

to live on sand and under low-light regime in frequently river-

flushed lakes (Roland Hall, personal communication, 2004).

Material transported to the lake from eroded areas of the

watershed following forest disturbance may have supplied that

habitat and increased turbidity. The taxon has also been

described as a pioneer species that rapidly colonizes newly

formed or isolated lake basins, because of high initial supplies

of alkalinity from unweathered catchment soils and glacial tills

(Stabell, 1985; Marciniak, 1986; Saulnier-Talbot and Pienitz,

2001; Pienitz et al., 1991). Increased alkalinity may have

resulted from enhanced erosion of catchment soils following

disturbance, also indicated by the slight rise of diatom-inferred

pH at 34-cm depth (Figure 6c). Similar changes of small

Fragilaria species have been observed in Ontario lakes follow-

ing the mid-Holocene hemlock decline in their catchment (Hall

and Smol, 1993), indicating that different kinds of forest

disturbances may have similar effects on diatom communities.

In summary, the increased Fragilaria spp. abundances from c.

AD 1850 to 1940 seem to result from higher macrophyte

abundance and/or higher inputs of allochthonous material,

resulting in lower water transparency, higher alkalinity and

increased epipsammic habitat due to enhanced runoff from

deforested catchments. However, the relative importance of

these factors remains unknown.

After c. AD 1940, the most important shift in diatom

assemblages indicates a major disturbance in the watershed.

The increase of acidophilic taxa and the resulting decline in

diatom-inferred pH suggest that the lake has undergone

acidification, accompanied by a small increase in diatom-

inferred DOC. One likely cause of lake acidification is atmo-

spheric deposition (‘acid rain’) during industrial development.

Deposition of materials associated with fossil fuel combustion

started in the late 1800s and early 1900s (Charles, 1990) and

acidification of New England lakes began in the early to mid

twentieth century (Davis et al., 1994b). Numerous studies on

diatoms in lake sediments of lakes in the Adirondack

Mountains, situated c. 200 km northeast of the study region,

have demonstrated that atmospheric deposition caused severe

lake acidification (Sullivan et al., 1990; Cumming et al., 1992,

1994; Davis et al., 1994b). The limnological changes seen in

North Round Pond correspond to this reported regional

acidification of surface waters.

Acidification was probably enhanced by the destruction of

large parts of the watershed vegetation by a major hurricane

event on 20 September 1938 (Foster, 1988). This event is

recorded in the sediments by a sudden increase in pollen of

agricultural or forest clearance plants, such as Poaceae, Rumex

and Ambrosia (Figure 6f; Francis and Foster, 2001). Opening

of the forest vegetation may have enhanced leaching of organic

and inorganic acids from the soils into the surface waters. As in

Levi Pond, the diatom-inferred DOC concentrations also

increase following the deforestation. Additionally, an abrupt

decrease in d18O indicates a flush of precipitation, likely

representing enhanced snowmelt inputs during the springs

following the hurricane (Brent Wolfe, personal communica-

tion, 2004). As snow is naturally acid, rapid input of acidic

meltwater may also have favoured acidophilic taxa.

The acidification effects and the increases in DOC concen-

trations and sedimentary organic matter persist in zone IV up

to the core surface, indicating that the lake ecosystem has not

fully recovered since human disturbance ended and reforesta-

tion occurred after the hurricane. Controls of SO2 emissions

implemented in the USA following the amendments in 1970 to

the Clean Air Act have resulted in decreased atmospheric

sulphur concentrations, but minimal changes were achieved in

NOx emissions (Driscoll et al., 2001). Delayed recovery from

acidification due to acidified watersheds has been observed in

several regions of eastern North America (Stoddard et al.,

1999). Delaying processes include decreased acid-neutralizing

capacity (ANC) of the soils due to reduced base-cation

concentrations (Likens et al., 1996) and increased N and S

concentrations, which easily leach acids into surface waters

(Driscoll et al., 1998). These processes may have played a role

in delaying the recovery from acidification in North Round

Pond.

The reason why DOC and sedimentary organic matter did

not return to predisturbance levels, as should be expected from

the totally reforested watershed, may be increased aquatic

productivity, as suggested by Francis and Foster (2001). They
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found decreasing C/N ratios, higher macrophyte pollen and

spore abundance, as well as the appearance of eutrophication

indicators in the chironomid assemblages in the post-settle-

ment period of North Round Pond. Francis and Foster (2001)

thus hypothesized that increased nutrient inputs from the

watershed, increased sedimentation rates and filling of the lake

basin were responsible for the eutrophication. However, the

sedimentary and chironomid changes occurred c. AD 1930, ie,

they showed a delayed response by c. 100 years compared with

the appearance of macrophytes. This indicates that different

factors have driven these changes or that chironomids and

sediment chemistry responded with a significant time lag. The

diatom assemblages yielded limnological changes at North

Round Pond with similar timing but of different nature.

Diatoms did reflect a slight trophic change at the time of

macrophyte increase but also increased benthic habitat avail-

ability, which likely is linked to the rise in aquatic macrophytes.

Similar to the results in our study, Francis and Foster (2001)

observed most changes in chironomid assemblages after AD

1930, when logging in the watershed was recorded and a severe

hurricane affected its vegetation. They interpreted these recent

changes to a lack of recovery from the effects of earlier

deforestation or as a response to other confounding distur-

bance factors. These other disturbances (acidification and

increased DOC concentrations following a major hurricane)

were identified and interpreted in more detail in the present

study. Both studies have provided complementary data

about the effects of human and natural disturbance on North

Round Pond.

Regional versus local factors controlling Levi Pond
and North Round Pond
Despite the proximity, comparable elevation, lake morphology,

watershed characteristics and land-use history of Levi Pond

and North Round Pond, the diatom communities displayed

dissimilar trajectories during the past c. 2000 years. Differences

were observed in patterns of habitat availability, in the response

to climatic change, and in the evidence for short-lived natural

and anthropogenic disturbance. In Levi Pond, a long-term

increase in the relative abundance of planktonic taxa was

associated with higher lake DOC, which in turn was coupled

with increased moisture. The short-term increase of benthic

taxa in North Round Pond, however, was probably related to

increased macrophyte abundance and/or increased supply of

allochthonous material from deforested areas. These differing

patterns in habitat availability indicate that changes in life

forms are controlled by diverse local factors and must therefore

be interpreted with caution in the context of regional

investigations.

It may be surprising that signs of lake acidification were only

seen in North Round Pond, since this trend is of great regional

and inter-regional importance. However, Levi Pond may have

acidified too, but our model was not adequate for pH

reconstructions because of poor analogues. It is possible that

the massive deforestation caused by the 1937 hurricane

enhanced acidification effects in North Round Pond, whereas

the watershed of Levi Pond remained mostly forested during

the period of acidic deposition (David Foster, unpublished

data, 2003).

A climatic signal was only recorded in Levi Pond in the form

of a long-term moisture increase over the last c. 2000 years.

The fact that we did not find this pattern in North Round Pond

may simply be explained by the shorter sedimentary record,

which did not allow for the comparison of lake histories

predating AD 0. Also, the watershed morphology of Levi Pond

is such that it may have favoured wetland development and

therefore enhanced the moisture signal.

A common pattern observed in both lakes is the response of

diatom assemblages to logging in the watershed and their

partial subsequent recovery. This correspondence reflects the

uniform land-use history across mountainous regions in New

England. Another similarity is that algal communities did not

completely return to presettlement conditions. This is probably

due to a hurricane and delayed recovery from acidification at

North Round Pond and continued peat development at Levi

Pond. Our results indicate that long-term trends in climatic

change and small-scale natural disturbance patterns did not

only cause ecosystem variability in presettlement periods, but

still influence the dynamics of anthropogenically altered

ecosystems and will likely do so in the future. Also, such as

noted by Francis and Foster (2001), disturbance events can

change the trajectory of lake development, such as in

North Round Pond. These factors have therefore to be taken

into consideration in management decisions for ecosystem

conservation and restoration of the ‘baseline conditions’.

Diatoms, DOC and climate in temperate lakes
Diatom-inferred DOC concentrations appeared to be con-

trolled by climate-driven changes in moisture balance and

natural or anthropogenic forest disturbance. In both lakes,

rising diatom-inferred DOC is related to partial removal of

catchment vegetation by logging or the effects of a hurricane.

At Levi Pond, the increasing DOC concentrations and coin-

cident changes in stable-isotope composition and vegetation

seem to reflect a long-term increase of allochthonous organic-

matter inputs and peat development in the watershed related to

moister conditions during the past c. 2000 years. As these

results correspond to inferred moisture patterns in adjacent

areas, fossil diatom assemblages in Levi Pond possibly

recorded a larger regional moisture trend associated with

Neoglacial cooling. To our knowledge, this is the first study

to link diatom-inferred DOC in a temperate lake to past

changes in watershed moisture balance. However, the relative

role of wetland development versus moisture-driven allochtho-

nous organic-matter input for DOC in lakes remains to be

clarified. Therefore, more diatom-based long-core studies in

conjunction with stable isotopes and plant-macrofossil

analyses, combined with a thorough investigation of climate�
lake DOC links, are necessary to test the general usefulness of

diatom-based DOC transfer functions as a palaeohydrological

proxy. If hydrologically sensitive study sites are carefully

chosen to avoid overriding eutrophication or acidification

signals, fossil diatoms may be a useful additional proxy for

future palaeohydrological studies in temperate regions.

Conclusions

This study of fossil diatom assemblages in two small

New England ponds has provided evidence for complex

limnological changes related to a multitude of human and

natural disturbances in the watershed, as well as climatic

change. The regional history of deforestation and subsequent

reforestation is reflected in the diatom response and partial

recovery of both ponds. Local factors, such as peatland

development, macrophyte abundance and hurricane impact

are likely responsible for differences in the diatom assemblage

patterns between the lakes and the lack of complete recovery.

Diatoms and pollen in Levi Pond indicated a change to

increased moisture during the past c. 2000 years, correspond-

ing to a regional record of increased moisture due to
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Neoglacial cooling. This is the first attempt to link diatom-

inferred DOC in a temperate lake to past moisture changes, but

further investigations are needed to test the applicability of this

proxy in palaeohydrological studies. Our study has also shown

that diatoms provide independent evidence for natural dis-

turbances and climatic change. Their integration into more

palaeolimnological analyses should therefore help generate a

more comprehensive picture of factors controlling presettle-

ment ecosystem variability in New England lakes.
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