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The sediments of western Lake Superior hold a record of environmental changes that have accompanied the set-
tlement and urbanization of the surroundingwatershed. Organic carbon concentrations are low (1.5%)with little
variation in stable isotope composition (−26.5 ± 0.5‰) prior to 1900. Organic carbon and nitrogen concentra-
tions begin to rise after 1900, as increased anthropogenic disturbance led to enhanced inputs of terrigenous
matter as well as nutrients (i.e., nitrogen and phosphorus) from the watershed. An episode of enhanced aquatic
productivity from1900 to 1970 is recorded in the sediments by the 13C-enrichment of bulk organic carbon aswell
as the observed correlation between the bulk and aquatic molecular δ13C records, coinciding with the major de-
velopmental period of the Duluth-Superior harbor region. Decreasing organic carbon accumulation after 1925,
prior to regulatory implementation ofmunicipal discharges to the lake, is likely due to the construction of hydro-
power dams along the St. Louis River and a decrease in forest harvest within the immediate watershed.
Recentshort-lived decreases in the accumulation rate of organic matter can be attributed to the implementation
and operation of water treatment plants, but the 13C-enrichment observed in the last ~ decade remains enigmat-
ic, though we hypothesize that it may be attributable to climate change impacts on primary production.

© 2014 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

Lakes are intimately connected with their surrounding environment,
making them sensitive indicators of perturbations within their water-
sheds. Organic geochemical proxies preserved in lake sediments can pro-
vide a history of ecosystem change (e.g., carbon cycling). These proxies
enable us to gauge the historical impacts of regional development and
subsequent regulations within lake systems while providing insight to
guide possible management action to address any emerging issues.

The stable carbon isotope composition of sedimentary organic car-
bon (δ13Corg), a proxy for lacustrine productivity (Meyers, 1994), is
often used to track the response of lakes to historic anthropogenic activ-
ities (i.e., nutrient loading) and subsequent regulation. This approach is
based on the premise that the δ13C of organic carbon produced photo-
synthetically responds to the rate of primary productivity in the water
column (Schelske andHodell, 1991;Meyers, 2003). In general, increases
in lacustrine productivity should lead to increases in the deposition of
total organic carbon (TOC) and total nitrogen (TN) concentrations
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along with changes in their stable isotope compositions (δ13Corg

and δ15N, respectively). δ13Corg and δ15N are typically 13C- and
15N-enriched (depleted) with increasing (decreasing) in-lake primary
production (Mckenzie, 1985; Meyers, 1997, 2003). Thus, the bulk iso-
tope compositions as well as accumulation rates of Corg and TN can be
used as a proxy for lacustrine productivity.

One caveat to this general approach is that sedimentary C and N are
derived fromboth terrigenous and aquatic sources, thus increases or de-
creases cannot be unequivocally allocated to one source or the other.
Similarly, the isotopic composition of sedimentary TOC is influenced
by both terrigenous and aquatic sources, making it useful to look atmo-
lecular biomarkers (e.g., n-alkanes) to separate contributions from
these sources. The two principal sources of hydrocarbons to lake sedi-
ments are those of photosynthetic algae and bacteria, dominated by
the odd-numbered short chain n-alkanes(n-C17 + n-C19 + n-C21)
(Cranwell et al., 1987; Giger et al., 1980) and those contributed from
vascular land plants, which contain large proportions of the odd-
numbered long chain n-alkanes(n-C27 + n-C29 + n-C31) that are pro-
duced in their epicuticular waxy coatings (Cranwell, 1981; Eglinton
and Hamilton, 1963, 1967; Rieley et al., 1991). In order to circumvent
the issue of source, the stable carbon isotope composition of n-alkanes
(δ13Cn-alkane), when compared to the bulk δ13Corg record, can provide
an indication of the relative contributions of terrigenous and aquatic
.V. All rights reserved.
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sourced organic carbon to the bulk δ13Corg record (Bourbonniere and
Meyers, 1996; Meyers, 2003).

The Laurentian Great Lakes have experienced dramatic changes in re-
sponse to anthropogenic loadings and management activities. Studies of
organic geochemical proxies preserved within sediment cores from
Lakes Erie and Ontario have shown periods of increased lacustrine pro-
ductivity in correspondence with watershed/regional development.
Schelske and Hodell (1995) and more recently, Lu et al. (2010), found
that increases in lacustrine productivity (increases in the δ13Corg) of Lake
Erie were related to historic changes in anthropogenic phosphorus load-
ing during the development of the watershed and subsequent decreases
were in response to the implementation of phosphorus abatement pro-
grams in the mid-1970s. A study by Hodell and Schelske (1998) in Lake
Ontario shows similar correspondence between productivity and anthro-
pogenic activity as inferred from the sedimentary geochemical record.
One study from Lake Superior, measuring sedimentary biogenic silica
(BSi), provides evidence of low-level eutrophication associated with the
late 1800s European habitation and subsequent development of the wa-
tershed (Schelske et al., 2006). To date, these findings based on BSi in
Lake Superior have not been corroborated by other proxies.

Here, we report temporal trends in productivity over the last 150
years, through the use of bulk organic and stable isotope compositions
of carbon and nitrogen as well as n-alkane molecular biomarker abun-
dances and their stable carbon isotope compositions, as contained in
the sediments of the western arm of Lake Superior. We compare two
cores from the same location taken 6 years apart which allow us to de-
termine not only the reproducibility of the sedimentary record but also
evaluate the effect of early sedimentary diagenesis on the preservation
of biomarker signals through time.

Regional setting and background

Lying along boundary of the United States (US) and Canada, Lake
Superior (Fig. 1), the largest of the Laurentian Great Lakes and the
Fig. 1. (A)Mapof LaurentianGreat Lakes, (B)mapofwestern Lake Superiorwith core locations, I
to right, Scanlon Dam, Thomson Dam, and Fond du Lac Dam).
world's largest freshwater lake by surface area, is often regaled as the
most “pristine” of the Great Lakes. This is due, in part, to the small
amount of surface runoff Lake Superior receives in relation to its
volume, as well as to the fact that most of the 127,700 km2 watershed
(considered small, in comparison to its surface area with a terrigenous
catchment area to lake area ratio of ~1.5:1) is sparsely populated and
heavily forested with little agriculture. As a result, Lake Superior has
not suffered from the high nutrient loadings or industrial pollution to
the same extent as other Great Lakes (e.g., Lake Erie; Bourbonniere
and Meyers, 1996; Schelske et al., 2006).

Although Lake Superior is considered the least altered of the Lauren-
tian Great Lakes, has been classified as ultra-oligotrophic andmostly re-
tains its pristine water quality conditions (Munawar and Munawar,
1978; Weiler, 1978), changes in its physical, biological and chemical
processes have been documented. Observations of rising nitrate con-
centrations since the 1900s (Sterner et al., 2007; Weiler, 1978), as
well as increasing water temperatures over the past two centuries
(Austin and Colman, 2007, 2008) and changes in primary productivity
(Urban et al., 2005; Urban, 2007; Vollenweider et al., 1974) indicate
that anthropogenic activities can impact Lake Superior.

The highest population density within the Lake Superior watershed
is located in the St. Louis River drainage basin, which is also the second
largest inflow to Lake Superior. The St. Louis River basin has been heavi-
ly impacted by anthropogenic changes and has been designated as one
of 43 areas of concern (having impaired beneficial uses due to pollution)
within the Laurentian Great Lakes by the International Joint Commis-
sion (IJC). The area of concern was later extended to include the
Duluth-Superior Harbor region (Fig. 1).

The objective of this study is to define changes in the primary pro-
ductivity of the western end of Lake Superior (Fig. 1) over the past
150 years in order to ascertain what the important drivers of change
may have been and to assess the efficacy of regulatory action to address
those changes. If anthropogenically induced changes in the trophic state
of western Lake Superior have occurred, we should be able to track
JC designatedArea of Concern (shaded area) and the St. Louis riverwith dam locations (left
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these changes in the sedimentary geochemical record, as has been done
successfully in lakes Erie and Ontario (Hodell and Schelske, 1998; Lu
andMeyers, 2009; Lu et al., 2010; Schelske andHodell, 1995). Therefore,
we hypothesized that increases in productivity should coincide with
increases in the δ13C of both bulk and molecular aquatic biomarker
proxies and such increases should be expected to occur within the
timeframe of regional development (1900–present). Conversely, de-
creases in productivitywould be expected to be observed after regulato-
ry actions were put in place in the mid-1970s.

Methods

Sediment cores

Two sediment multicores, designed to capture a well-preserved sed-
iment water interface, were collected aboard the R/V Blue Heron from
the westernmost arm of Lake Superior (Fig. 1), one in 2003 (BH03-1;
46° 48.51′N, 91° 51.95′W; water depth 44 m) and one in 2009 (BH09-
5; 46° 49.00′N, 91° 51.9′W;water depth 48m). Core siteswere identified
using a Knudsen 12 kHz Hi-Res and CHIRP seismic reflection profilers
onboard the R/V Blue Heron. The coring sites were chosen based on evi-
dence of uninterrupted stratigraphy indicating continuous sedimenta-
tion characteristic of similar locations in western Lake Superior. While
storm wave activity can periodically disrupt sedimentation in the rela-
tively shallow depths of these core sites, the sedimentation rate in this
part of Lake Superior is unusually high and we assume that it greatly ex-
ceeds the occasional erosional effect of a passing storm. This assumption
is confirmed by 210Pb results, discussed below. Core BH09-5MC was se-
lected to give an indication of the reproducibility of results, acting as a
sister location to core BH03-1MC as well as to evaluate possible diage-
netic effects on the developing record and recent trends.

Initial core description and splitting were performed at the National
Lacustrine Core Repository (LacCore). Subsamples were taken from
each core at 0.5 cm intervals to 10 cm and every 1 cm thereafter to
the base of the core. Sediment samples were subsequently frozen and
freeze-dried for geochemical analyses.

210Pb geochronology

A total of 24 sub-samples from core BH03-1, and 20 sub-samples
from BH09-5 were taken for 210Pb geochronology. Intervals at greatest
sample depth were included to determine the background (supported)
210Pb activity. Unsupported 210Pb activity is expected to be negligible at
these depths, where sediment age is likely to exceed 150 years (N6
half-lives).

Bulk and stable isotopic analysis of carbon and nitrogen

Bulk sediment samples were analyzed for weight percent organic C
(TOC) and total N (TN) concurrently with isotope ratio determinations.
All concentrations were determined on acid fumigated (decarbonated)
samples, eliminating variability in total C content caused by any carbon-
atewithin samples. N2 and CO2 peak areas (Isodat v3.0)were converted
to weight percent compositions using response factors generated from
standards of known composition (acetanilide, caffeine, B-2153, B-2159
and urea), whichwere run between every ten samples. Analytical preci-
sion, based on replicate standard runs for bulk measurements, was typ-
ically better than±0.80% (1σ, n=24) for carbon andnitrogenweight %
values and better than ±0.20‰ for carbon and ±0.25‰ for nitrogen
isotope values. Reproducibility between duplicate samples was better
than ±0.05% for both carbon and nitrogen weight % values; isotopic
values of carbon and nitrogen between duplicate samples were better
than ±0.05‰ and ±0.09‰, respectively. Analyses were performed at
the Large Lakes Observatory (LLO) Stable Isotope Lab using a Costech
Elemental Analyzer coupled with a ThermoFinnigan DeltaPlusXP stable
isotope ratio monitoring mass spectrometer (EA-IRMS).
Lipid analysis for molecular biomarkers

The sediment sampling frequency for lipid analysis was half that for
bulk analysis (i.e., ten samples from each core were analyzed for molec-
ular biomarkers). The total lipid extract (TLE) was obtained from sedi-
ments using a DIONEX Accelerated Solvent Extractor (ASE) 350, with
a solvent ratio of 9:1 dichloromethane/methanol (DCM/MeOH). TLEs
from core BH03-1 were separated into sub-fractions using Alltech®
aminopropyl bond elute columns. The neutral fraction, containing the
n-alkane biomarkers of interest, was eluted first with 9:1 DCM/MeOH.
After sulfur removal by activated (reduced) copper beads, TLEs from
core BH09-5 (not exceeding 5 mg in weight) and neutral fractions
from core BH03-1 were separated by activated (150 °C for 2 h)
alumina column chromatography using solvents of increasing polarity
(9:1 hexane/DCM, 2:1 DCM/MeOH and MeOH, for apolar, aromaticand
polar compounds, respectively). The n-alkanes were present in the
first (apolar) fraction; this fraction was next passed through a Ag+ im-
pregnated silica pipette column to separate saturated and unsaturated
hydrocarbons. The saturated fraction was eluted first with n-hexane.
Each fraction was dried under a stream of N2 gas.

The saturated fraction was quantified using an Agilent 6890 GC
equipped with a flame ionization detector (FID). An internal standard
(androstane)was added to each sample prior to injection for quantifica-
tion of individual n-alkanes. Identification of n-alkanes was accom-
plished using an Agilent 6890A Series GC System equipped with an
Agilent 5973 single quadrupole mass spectrometer (GC/MS).

Stable carbon isotope compositions of individual n-alkanes were de-
termined with a ThermoFinnigan DeltaPlusXP isotope ratio mass spec-
trometer, using a modified GCC III interface (GC-C-IRMS). Calibration
was performed using a mixture of n-alkanes (C16 to C30, Schimmelman
“Mix A”) of known isotopic value, which was analyzed multiple times
daily. Based on these replicate measurements, typical precision of
individual δ13Cn-alkane measurements was better than ±0.50‰ (1σ,
n=24). Squalene was co-injected with each sample as an internal iso-
topic standard. Samples were run in duplicate, with reproducibility bet-
ter than ±0.50‰. In all samples the C17n-alkane was not present in
adequate abundance to obtain an accurate isotopic measurement. In
core BH09-5, theC19n-alkane in thefirst two samples co-elutedwith an-
other compound and those isotopic values have been excluded from the
data set. Values are expressed in conventional delta notation as per mil
(‰) deviations from the Vienna Pee Dee Belemnite (VPDB) standard.
Correction for the Suess Effect

To account for the change in the δ13C of atmospheric CO2 from an-
thropogenic fossil fuel burning (the Suess effect) over the past two cen-
turies, it is necessary to correct bulk and molecular δ13C values.
According to Verburg (2007), lakes that are in isotopic equilibrium
with the atmosphere (e.g., lakes N1000 km2Bade et al. (2004); Lake
Superior is ~82,000 km2) will reflect the isotopic signature in atmo-
spheric CO2 and the Suess effect. Verburg (2007) additionally suggests
that the Suess correction be applied with caution in extremely hetero-
trophic lakeswhere the source of sedimentary organicmatter is primar-
ily allochthonous. Atilla et al. (2011) have shown that Lake Superior is in
equilibriumwith CO2atm and that the lake, overall, is not respiring large
amounts of terrigenous CO2 (terrigenous carbon inputs do not exceed
17% of the total carbon budget; Zigah et al., 2011). Zigah et al. (2011)
also report bulk Δ14CDIC measurements in Lake Superior track
atmospheric radiocarbon levels, with a calculated residence time for
dissolved inorganic carbon (DIC) of ~3 years. These observations sub-
stantiate our application of the Suess correction to bulk and molecular
δ13C values in Lake Superior sediments. Therefore, all δ13C values were
corrected using the equation of Verburg (2007), as it encompasses the
entire time period of the two cores (2009 to 1700 AD) covered by our
age model.
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The Pearson test (two-tailed)was conducted using SigmaPlot v. 11.0
to examine bivariate correlations among different paleoenvironmental
proxies. The α-level was set at 0.05.

Results

Sedimentation rate and age model

The age–depth relationship of the two cores was estimated from
semi-log plots of excess 210Pb activity versus accumulated sediment
mass (Fig. 2) using methods described in Johnson et al. (2012). The
slopes of the straight-line segments below the uppermost centimeter
in the core are proportional to sediment mass accumulation rates
(MARs), which are applied to arrive at sediment age at each horizon.
A bioturbation zone is apparent in the uppermost cm, exhibits the
steepest slope observed (Edgington and Robbins, 1990; Robbins and
Edgington, 1975) and precludes application of a Constant Rate of Supply
(CRS)model to derive sediment age profiles in the core. TheMAR in the
bioturbated zone is assumed to be constant and equal to that derived
from the slope of the line segment immediately below it. The 210Pb
data revealed a bioturbated zone of approximately one cm in each
core, which is equivalent to ~3 years of sedimentation.

The profiles of excess 210Pb vs. accumulated sediment mass are re-
markably similar in the two cores (Fig. 2). The MARs in Lake Superior
have not been constant over the periods of depositional history record-
ed in these two cores.We approximate the agemodels by selecting two
intervals of constant MAR in each core, determined by a least squares
linear fit through the data in each interval (Fig. 2). While the profiles
could have been split intomore than 2 straight-line segments to achieve
more refined age models, the improved temporal resolution, if any
more accurate, would not impact the conclusions of our study. The cal-
culatedmass accumulation rates in both cores are analogous, showing a
Fig. 2. Left: excess 210Pb vs. accumulated sediment mass in each core. The sediment mass accum
data illustrated in the linear portions of the two cores from western Lake Superior. Right: age v
decrease in rates around 1950. The MAR for the first 12 cm (2002–
1948 A.D.) in BH03-1 is 0.086 g/cm2/yr and 0.094 g/cm2/yr below
that. Core BH09-5 shows a mass sedimentation rate of 0.090 g/cm2/yr
for the top 14 cm (2008–1950 A.D.) and 0.110 g/cm2/yr below.
Bulk geochemical data

Patterns of accumulation of the bulk proxy data are similar in both
BH03-1 and BH09-5. Most notable are the increases in organic carbon
mass accumulation rate (TOCMAR) and total nitrogen mass accumula-
tion rate (TNMAR) beginning in 1850, reaching a maximum in 1930
(Fig. 3). Values tend to decrease after 1930 showing an additional in-
crease beginning after 1990. The Corg:N record tracks changes in both
the TOCMAR and TNMAR records, with the highest values occurring
when TOCMAR (Pearson r=0.850, p b 0.0001, n=28) and TNMAR (Pear-
son r= 0.458, p b 0.01, n= 28) are the highest, before 1940. Corg:N re-
main high after TOCMAR and TNMAR decrease after 1940, before
beginning a continuous steady decline since 1970.

The general pattern observed in bulk sediment carbon isotopic
values (δ13Corg) for both cores is a period of 13C-enrichment from
1900 to 1960 followed by a leveling off and slight decline of δ13Corg

values in the 1970s (Fig. 3). The most striking increase is observed be-
tween 1900 and 1960, where δ13Corg values increase almost 2‰, from
b−26‰ to−24.5‰. A second period of increasing δ13Corg begins post
1990, with the most enriched δ13C signatures occurring at the top of
the cores. Unlike δ13Corg values, δ15N values start their increase later,
ca. 1925, with values increasing from 1.5‰ to 3‰ by 1975. δ15N values
also decrease more significantly from 1980 to 2000. Similar to the earli-
er record, the δ15N values again increase but later than δ13C beginning in
2000 and increasing to the top of the core, following the observed
trends in TOC and TN MARs.
ulation rates (MARs) presented correspond to the linear segments that were fitted to the
s. depth plots with associated error.



Fig. 3. Temporal variation in bulk organic geochemical proxies within two corresponding cores from western Lake Superior. Shaded areas indicate periods of inferred enhanced produc-
tivity based on the multiple proxies.
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Molecular biomarkers

The flux of both aquatic (C17 + C19 + C21) and terrigenous (C27 +
C29 + C31) n-alkane biomarkers show an overall increasing trend up
to 1925, after which values decrease until 1975 and level off thereafter;
with a minor increase around 2000 (Fig. 5). Variations in the weighted
isotopic averages of both aquatic (i.e., δ13C19 and δ13C21 expressed as
δ13Caquatic) and terrigenous (i.e., δ13C27, δ13C29 and δ13C31, expressed as
δ13Cterrigenous) n-alkane biomarkers are used to examine changes in
primary productivity as observed in the bulk δ13Corg record (Fig. 5).
δ13Caquatic values display an increase (−34‰ to −30‰) from 1825 to
1960, decreasing slightly thereafter, before increasing again in the mid-
1990s. δ13Cterrigenous values show a decreasing trend between 1825 and
1925, after which values remain steady. Generally, aquatic biomarker
δ13C valuesfluctuate between−35‰ and−30‰, while terrigenous bio-
marker δ13C values fluctuate between−33‰ and −30‰ (Fig. 6).
Discussion

Effects of diagenesis on the sedimentary geochemical record

It is important when using organic geochemical indicators to recon-
struct the recent past (the period in which degradation rates are the
greatest) to consider the role of diagenesis in altering the sedimentary
geochemical record. Organic carbon in excess of that which can be at-
tributed to either steady-state degradation (Li et al., 2012) or changing
sediment MARs is present in the two cores deposited since 1900. This
conclusion is supported by downcore increases in TOCMAR profiles and
elemental Corg:N ratios in sections of the two cores (Fig. 3), which are
not typical of diagenetic profiles present in Lake Superior sediments
(cf. Li et al., 2012). Our data indicate that TOCMAR is a reliable indicator
of productivity changes in these cores, especiallywhen used in conjunc-
tion with other proxies (i.e., δ13Corg, δ15N and Corg:N).

Period of 13C-enrichment (1900–1970)

The Lake Superior watershed witnessed its first European settle-
ments in the early 1800s, with the beginning of the fur trade.
Subsequent population increases occurred with the further develop-
ments of logging, mining, shippingand processing of raw materials,
until the Duluth-Superior Harbor region reached its historic maximum
of 100,000 people in 1922. A series of water quality studies, conducted
by the United States Geological Survey (USGS) and Minnesota Board of
Health in the 20s, 40sand then 60s concluded that the water quality
within the St. Louis River had steadily declined with regional develop-
ment (U.S. Department of the Interior, 1969 and references therein).
The cumulative impacts of this cultural and economic development
eventually resulted in the International Joint Commission (IJC) identify-
ing the region as an Area of Concern under the Great LakesWater Quality
Agreement of 1987 because of multiple beneficial use impairments.

We use the time period, 1800–1900, as a baseline on which to com-
pare later changes in the bulk proxy data. Prior to 1900, we expect little
anthropogenic disturbance in the watershed as European settlement
and development of the region was slow. Prior to 1900, both cores ex-
hibit δ13Corg, δ15Nand Corg:N values (Figs. 3 and 4) that indicate organic



25M.D. O'Beirne et al. / Journal of Great Lakes Research 41 (2015) 20–29
matter derived primarily from aquatic algae growing within a cold, oli-
gotrophic environment (Meyers and Ishiwatari, 1993), such as Lake
Superior—although a slight increase in TOCMAR and Corg:N could be re-
lated to logging in the region. The mass accumulation rates of TOC and
TNdiffer little between the two cores and appear to be highly correlated
temporally, suggesting dominant controls from in-lake primary produc-
tion. This inference is supported by Corg:N ratios, with values falling
mostly near the lacustrine algae range rather than within C3 or C4 land
plants (Meyers, 1994; Fig. 4), although an increasing contribution
from terrigenous C3 land plants to the sediment organic matter pool is
observed between 1900 and 1970.

We interpret the observed increases in δ13Corg and δ13Caquatic values
between 1900 and 1960 to reflect a period of enhanced lacustrine pro-
ductivity (Figs. 3 and 5). Increasing δ13Corg values are consistentwith in-
creasing lacustrine primary production from 1900 to 1960 and coincide
with increased anthropogenic disturbances during the development of
the St. Louis Riverwatershed. The observed 13C-enrichment of sedimen-
tary organic matter could also be due to the preferential mineralization
of isotopically light carbon compounds during early diagenesis. This
possibility seems unlikely; in low organic content (b2–3%) sediments
such as those in Lake Superior, isotopic discrimination associated with
mineralization appears to have aminor influence on the δ13Corg(Meyers,
1994). Additionally, Hodell and Schelske (1998) found that in Lake On-
tario post-burial diagenesis reduced the mass of organic carbon buried
within sediment cores taken 6 years apart but did not change the
Fig. 4. Cross-plot of atomic Corg:N and δ13Corg from two corresponding multicores. Data
from the two cores demonstrate the relative source contributions to bulk sediment organ-
icmatter inwestern Lake Superior. Top: time periods of differing source contributions are
noted; magnified version of bottom plot. Bottom: generalized atomic Corg:N ratios and
δ13Corg values of major sources of organic matter to lake sediments (after Meyers, 1994).

Fig. 5. Temporal variation in the flux of both aquatic and terrigenous n-alkane biomarkers
within two cores from western Lake Superior. Shaded areas indicate periods of inferred
enhanced productivity based on the multiple proxies.
δ13Corg values; a condition which we also observe in the two cores
from western Lake Superior presented in this study (Fig. 3).

Carbon isotopic values of algal-derived molecules (δ13Caquatic)
should not be influenced by terrigenous carbon inputs, and therefore
they can provide a better indication of trophic state than that of bulk
δ13Corg and n-alkane abundances (Meyers, 2003). The trends in the
δ13Caquatic signature agree well with the bulk organic carbon
δ13Corgsignature, suggesting that aquatic productivity drives the isoto-
pic composition of the sedimentary geochemical record (Fig. 6). Abso-
lute n-alkane abundances for both aquatic and terrigenous sources
show similar trends down core. Increased fluxes from 1920 to 1950 cor-
respond with increases in aquatic productivity and transport of terrige-
nous material to the lake, consistent with the development of the
watershed (Fig. 5).

The variability in the δ15N record and the temporal shifts in both di-
rections—especially evident in core BH03-1(Fig. 3)—indicate thatmulti-
ple sources of N with differing isotope compositions are influencing the



Fig. 6. Comparison of temporal variations in molecular δ13Caquatic, δ13Cterrigenous, and bulk δ13Corg values between two cores from western Lake Superior. Shaded areas indicate periods of
inferred enhanced productivity based on the multiple proxies.
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final δ15N signature preserved in the sediment core records. The more
rapid temporal variations between 1900 and 1970 are likely due to wa-
tershed disturbances causing the export of varying amounts of soil N to
this part of the lake (soil NO3

−: 3–12‰, Hodell and Schelske, 1998). This
interpretation is supported by increases in the Corg:N ratio between
1900 and 1970 (Fig. 4). However, the most plausible explanation for
the overall long term trend of increasing δ15N between 1900 and 1970
in the two cores is the gradual increase in primary production, as evi-
denced by increasing δ13Corg and δ13Caquatic values during the same
time period (Fig. 6).

The observation that δ15N starts increasing after the observed in-
crease in productivity (increases in TOCMAR, TNMAR and δ13Corg) indi-
cates that nitrogen limitation is not the factor determining the amount
of primary production (i.e., δ13Corg begins increasing around 1900,
whereas δ15N increases starting at ~1920; Fig. 3). Thus, some other lim-
iting nutrient must be responsible for the increases in primary produc-
tion from 1900 to 1960. Historical measurements of phosphorus within
Lake Superior are nonexistent until the 1970s; therefore, we can only
surmise that the nutrient responsible for the historical increase in pro-
ductivity is phosphorus.
P-availability is known to control productivity within present-
day Lake Superior with Fe playing a co-limiting role at least during
artificially stimulated primary production (Ivanikova et al., 2007;
Sterner et al., 2007). Schelske et al. (2006) offer evidence of anthro-
pogenically driven eutrophication in western Lake Superior,
reporting enhanced biogenic silica accumulation between 1900 and
1970 from which they infer increased historic phosphorus supply
(diatom growth in Lake Superior is phosphorous limited; Schelske
et al., 1986). This is consistent with data presented by Munawar
and Munawar (1978) who report the dominant phytoplankton spe-
cies in the western arm of Lake Superior during 1973 was the diatom
species Melosira granulata (now identified as Aulacoseira granulata),
which is often associated with eutrophication/perturbed environ-
ments (Holland, 1968). The observed increases in productivity pre-
sented in the current study are consistent with increased
anthropogenic phosphorus loading beginning in 1900, which also
correlates well with the increases in productivity, in response to
P loading, reported in Lakes Erie and Ontario during the same time
period (Hodell and Schelske, 1998; Lu and Meyers, 2009; Lu et al.,
2010; Schelske and Hodell, 1995).
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Lake Superior is the largestmanaged freshwater body in theworld. It
has been regulated (levels and flow) through the International Joint
Commission (IJC) since the signing of the Boundary Waters Treaty in
1909. It is clear from observations of the sedimentary geochemical re-
cord that anthropogenic disturbances correlated with increasing
human populations led to increased lacustrine productivity, most likely
driven by P loading, during the major developmental period of the wa-
tershed, at least in the Duluth-Superior harbor region.

Declines in proxy data beginning in 1925

Decreases in MARs of organic C (with no accompanying change in
δ13Corg) and total N and fluxes of both aquatic and terrigenous n-alkane
biomarkers began post 1940, years before the strict regulatory P control
actions of themid-1970s as required after the signing of the Great Lakes
Water Quality Agreement in 1972. Three large hydropower dams were
built on the St. Louis River between 1900 and 1925 (Fig. 1); the Thom-
son Water Project (a series of dams) in 1907, the Scanlon Dam in 1922
and the Fond du Lac Dam in 1924. During this same time period, the
lumber industry began its decline due to depletion of high value lumber
products from the forests and increased competition; only one of
fifteen original lumber mills was still operating in 1925 (White and
Mladendoff, 2004; Minnesota Historical Society). The construction of
these dams and the decrease in lumbering are themost plausible causes
of the observed declines in TOCMAR and TNMAR in both cores, as well as
the delivery of aquatic and terrigenous n-alkane biomarkers in BH09-5
and to a lesser extent in BH03-1(Figs. 3 and 5). Corg:N ratios show that
terrigenous contribution to the sedimentary record is still influential
in this time period as values trend towards C3 land plants between
1900 and 1970 (Fig. 4).

An additional, although comparatively short, decrease in TOCMAR

and TNMAR is observed between 1975 and 1990 (Fig. 3). In 1971,-
Minnesota State Legislature approved the creation of the Western
Lake Superior Sanitary District (WLSSD), which then became operation-
al in 1978. This could account for the observed decrease in sediment
organic matter, as the tertiary plant combined virtually all of the
Minnesota industrial and municipal discharges in the area and reduced
anthropogenic P loading to the western end of the lake. Decreases in
Corg:N ratios (Fig. 4) indicate that algal derived organic matter becomes
a larger component of sediment organic matter around 1975, even
though δ13Corg shows little variation (Fig. 3).

During this same time period (1975–1990), δ15N values decrease
while TNMAR remains relatively stable (Fig. 3), which is counter to
expectation if aquatic productivity alone is driving the observed δ15N
signal. Therefore, this period of 15N-depletion is a likely reflection
of continually increasing atmospheric deposition of isotopically light
N to the lake from anthropogenic fossil fuel combustion and synthetic
fertilizers that is subsequently incorporated during primary production.
The contribution of fertilizers to the depletion of δ15N is unlikely to be of
significance in Lake Superior, given the small watershed with little
agricultural development. Large increases in NOx emissions were
observed in the United States (EPA, 2000) and Canada(Chen et al.,
2000) between 1940 and 1980, after which emissions remain relatively
constant. Increasing δ15N values after 1990 in the cores may be a
response to constant NOx emissions, whereby δ15N values begin to re-
flect the influence of primary production rather than anthropogenic
light N inputs.

The latest increase in productivity (1990–present)

The latest increase in δ13Corg values, beginning near 1990, is enig-
matic but may be attributable to increasing water temperatures and
length of the stratified season. Magnuson et al. (1997) predicted that
increased epilimnetic temperatures are unlikely to affect rates of phyto-
plankton primary production directly, but increases in annual produc-
tion should be expected within the Laurentian Great Lakes because of
longer open water growing seasons. This phenomenon has been ob-
served in the history of Lake Baikal, a high-latitude large lake similar
to Lake Superior (Hampton et al., 2008; Moore et al., 2009). In contrast,
Lehman (2002) predicted a longer stratified season causing nutrient
limitation, resulting in a reduction in rates of productivity within Lake
Superior, which is already the most oligotrophic of the Laurentian
Great Lakes. Lake Tanganyika in East Africa has experienced an en-
hanced thermal gradient between the epilimnion and hypolimnion,
resulting in inefficient mixing (nutrient turnover) of the two layers
and a reduction in primary production (Verburg et al., 2003; O'Reilly
et al., 2003; Tierney et al., 2010). The length of ice-free season has
been predicted to be proportional to phytoplankton production in the
Canadian Shield Lakes (Fee et al., 1992). Lake Superior was noted as
an exception to this due to its large areas of open water during most
winters. However, Lake Superior is not completely ice-free for 12
months of the year, and a shift to longer ice-free and summer stratified
periods has been noted in the past 20 years (Austin and Colman, 2007,
2008). Quay et al. (1986) showed that the δ13C of dissolved inorganic
C increased as the stratified season lengthened in Lake Washington
which would be reflected in the δ13Corg photosynthetically produced
from the DIC. A recent three-dimensional model of Lake Superior, in-
cluding dynamic and thermodynamic ice cover, shows an increasing
trend in total annual primary production (for the simulation period of
1985–2008) that correlates with decreasing winter ice cover, as well
as increasing annual average surface water temperatures (White et al.,
2012). Our results, showing increasing bulk organic C and N content
within sediments as well as enriched δ13Corg and δ13Caquatic values, are
consistent with the modeled results and the results of Quay et al.
(1986).
Implications

Although our data clearly indicate that anthropogenic disturbances
in the St. Louis Riverwatershed impacted lacustrine productivitywithin
the western arm of Lake Superior, we do not assume this to be the case
for the whole of Lake Superior due to its large size and increasing depth
off shore. In general, we would expect impacts such aswe observe to be
limited to relatively shallow, near shore areas in large lakes, where the
loading of nutrients and productivity would be highest. Thus, these
are constrained to the western arm of Lake Superior, the area most
heavily influenced by disturbances in the watershed of the second larg-
est inflow (i.e., the St. Louis River) to Lake Superior. However, we note
that the human impacts described could potentially influence the rest
of Lake Superior, or any lake system, given a large enough anthropogen-
ic input relative to lake size.

On the other hand, the influence of increased atmospheric deposi-
tion on the nitrogen record (i.e., 15N-depletion) is likely to be a lake
wide occurrence. Lake Superior has the largest surface area for any
lake in the world, and due to the fact that atmospheric deposition
isnot localized, wewould expect lakewide incorporation of atmospher-
ically deposited, isotopically light N during primary production. The ob-
servation of 15N-depletion, as recorded in the sediments, and attribution
to atmospheric sources is oneof thefirst of its kind for Lake Superior and
large lakes in general, but has been previously observed in many small,
remote lakes (Holtgrieve et al., 2011). While atmospheric deposition of
isotopically light N is the most plausible scenario relating to the N re-
cord,more detailed studies are needed in order to confirm our interpre-
tation. Our observations regarding the most recent increases in
productivity post 1990 are the first direct sedimentary evidence of a re-
cent trend of increasing productivity within Lake Superior. This trend is
consistent with increasing temperatures stimulating primary produc-
tivity through a positive feedback related to the length of the ice-free
period, although further investigation should be undertaken to confirm
this inference and whether or not it is a lake wide or localized
phenomenon.
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Conclusions

Sediments of western Lake Superior provide a historic record of
changes in the source and flux of sedimentary organic matter; these,
in turn, provide a record of historical ecosystem disturbances/changes
within the western arm of the lake and its watershed. Early settlement
and subsequent industrial development produced an increase in aquatic
productivity, most likely driven by P loading associated with urbaniza-
tion of the watershed. Increases in aquatic primary productivity are
marked by enhanced organic carbon delivery to the sediment as well
as the enrichment of δ13Corg values of sedimentary organic matter.
Further evidence of aquatic productivity being themajor influence driv-
ing the changes seen in δ13Corg is observed in the increase of aquatic bio-
marker δ13Caquatic values during the same time period. The most recent
decrease in bulk δ13Corg, δ15N andCorg:N valuesmay have begun as early
as 1925 and were largely accomplished prior to establishment of
WLSSD. Nevertheless, δ13Corg and δ15N show their strongest decrease
after 1970, which indicates that improved waste collection and treat-
ment did reduce anthropogenic P loading, thereby reducing algal pro-
ductivity. Observations of recent increased primary productivity are
enigmatic but may be attributable to increasing water temperatures
stimulating primary productivity through a positive feedback related
to the length of the ice-free period.
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