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Abstract

Here we introduce a combined experimental and descriptive approach (termed resurrection ecology) to recon-
structing historical perturbations, pointing out how direct tests with sediments and hatched resting eggs complement
the traditional descriptive calculation of microfossil fluxes. In the Keweenaw Waterway, a freshwater estuary off
Lake Superior, turn-of-the-century copper mining impacted the resident biota. Remain fluxes document that diatom,
rhizopod, and Bosmina production all declined during stamp sand discharges but recovered rapidly after World War
II, moving above background levels due to developing eutrophication. In addition to biogenic silica, we discovered
that bromine flux holds promise as an indicator of diatom production and confirmed that this element is present in
several genera. Fluxes of Daphnia resting eggs also increased dramatically since the 1940s, dominated by a hybrid
apparently produced from crosses between offshore and interior Waterway species, after channeling promoted greater
mixing of water masses. Toxicity studies with sediments and Daphnia clones directly tested recovery of environ-
ments after cessation of mining activities. The studies document that increased concentrations and fluxes of copper
in the Waterway during mining discharges were toxic to invertebrates. Once stamp sand discharges ceased, the biota
recovered rapidly due to a combination of decreased copper cycling and organic complexation. Although sedimen-
tation has returned to near-background conditions and surficial sediments in much of Portage Lake are no longer
toxic, eutrophication and faunal exchange with Lake Superior make it unlikely that the original zooplankton com-
munity composition will return to the Waterway system.

Because they are strongly coupled to biotic production,
fluxes of certain pelagic microfossils (diatom frustrules, cla-
doceran exuviae, and resting eggs) offer insights into the
magnitude of historic environmental perturbations and the
time scales of population responses to ecosystem recovery.
A recent attempt to improve the ecological relevance of pa-
leolimnological reconstructions includes comparing expect-
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ed production of remains with representation in sediment
traps and sediments (Kerfoot 1981, 1995a; Hall and Yan
1997). Following microfossil remains from production
through deposition and deep burial allows experimental eval-
uation of deposition dynamics. However, identifying new el-
emental signatures and retrieving entombed resting eggs for
biological tests extends experimental approaches over great-
er time scales. In particular, the idea of resurrecting viable
resting eggs or retrieving DNA from spent resting eggs for
assaying past environmental conditions opens a new field
with great promise. Bringing back ancestors or ancestral ge-
netic material for transgenerational tests represents a new
experimental approach to paleolimnology (resurrection ecol-
ogy) and answers the vexing question of how to test paleo-
limnological inferences directly. Here we document chemi-
cal and remain fluxes from accurately dated lake sediments
and then conduct experiments with past sediments, Daphnia,
and resting eggs to clarify cause and effect relationships.
This approach goes beyond mere description of historical
genetic changes (Weider et al. 1997).

The Keweenaw Peninsula juts out like a gigantic thumb
along the southern margin of Lake Superior, making shore-
line travel difficult (Fig. 1). Explorers traversed the base of
the Peninsula, taking the name Keweenaw from the Chip-
pewa word for ‘‘place where we make a shortcut on foot.’’
Travel was made even easier by an inland natural waterway
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Fig. 1. The Keweenaw Peninsula stretching into Lake Superior, showing (a) the location of the
Keweenaw Waterway, connecting Torch (northern) and Portage Lakes (Landsat, false color com-
posite), and (b) the region immediately around Portage Lake, indicating the location of coring sites
PL3 and PL7.
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Fig. 2. Total copper production from the Keweenaw Peninsula
plotted along with the combined population size of Keweenaw and
Houghton Counties.

that received waters from Torch Lake and that drained via
the meandering Portage River into Keweenaw Bay. One nar-
row arm of the inland lake, a flooded late glacial channel,
extended westward nearly to the shoreline of Lake Superior.
The lake created an almost complete portage across the base
of the Peninsula and was named Portage Lake. To facilitate
ship passage during mining, the southeastern and north-
western ends of the portage were channeled beginning in fall
1859 and improved circa 1862–1873 (Swineford 1876), cre-
ating the Keweenaw Waterway. Opened to navigation in
1890, the entries to the Waterway were expanded and more
deeply channeled in the 1920s, late 1930s, and early 1940s,
creating an extensive freshwater estuary open to Lake Su-
perior at both ends.

A key regional ecosystem perturbation on the Keweenaw
Peninsula was turn-of-the-century native copper and silver
mining. As one of the first great North American metal min-
ing rushes (Murdoch 1943), copper mining began in the late
1840s, reached peaks between 1890 to 1925, and ended in
1968 (Fig. 2). Whereas mines stretched for 106 km along
the Portage Lake Volcanic Series, over 95% of the district’s
total native copper production came from deposits that ran
23 km north and 15 km south of Portage Lake (Fig. 1). Early
sources of metal were vein copper or mass copper (large
chunks of pure metal). As rich veins played out, industry
shifted to extracting native copper from poorer ore lodes by
crushing the parent rock with gravity stamps. The location
and production histories of stamp mills are discussed in Ker-
foot et al. (1994). The actual concentration of copper in the
rock processed at stamp mills averaged between 0.5 and
6.1%, producing vast amounts of discarded copper-rich
stamp sands as a tailings byproduct. The parent rock material
closely resembled naturally outcropping bedrock formations,
but contained high concentrations of metals (particularly
copper). Between 1850 and 1968, about half a billion metric
tons of stamp sands were sluiced directly into rivers, interior
waterways (Torch Lake, Portage Lake portions of the Ke-
weenaw Waterway), and coastline waters of Lake Superior.
The coarse sand fraction ended up as long-shore bars or
beach deposits, subject to further reworking by waves and
currents. Clay-sized particles created during the milling pro-

cess, the so-called slime fraction (Lankton and Hyde 1982),
dispersed much further than the sands, moving across broad
reaches of inland lakes and sheltered bays. The slime frac-
tion averaged two to four times higher in copper concentra-
tion than the coarse fraction (Kerfoot and Robbins 1999),
because copper adsorbed onto the surface of clay particles
during processing.

Between 1850 and 1929, the Keweenaw district was the
second largest producer of copper in the world. In this one-
industry environment, the population expanded hand-in-
hand with copper production. Despite population build-up,
construction of a centralized sewage trunk line system and
a treatment plant that discharged into the Waterway did not
begin until the late 1940s. The system was expanded in the
1950–1970s, following a pattern common to many locations
in North America.

Our initial investigations focused on the use of varve
chronology and radiotracer techniques to measure sediment
and elemental fluxes precisely. Here we use changes in the
flux of microfossils and associated elemental tracers to ex-
amine the impacts of turn-of-the-century industrial buildup
and postwar eutrophication on biological productivity. In ad-
dition to descriptive measures, toxicity tests with both sed-
iments and Daphnia complement the flux studies by more
directly addressing cause and effect relationships.

Materials and Methods

Core studies: Dating accuracy and precision—Early work
emphasized dating techniques, largely to insure accurate and
precise flux calculations. Nineteen sediment cores were tak-
en from Portage Lake in the fall of 1991 from 12 to 14 m
depth, using a 2-in. Phleger-type KB gravity corer (site lo-
cations in Kerfoot et al. [1994]). This type of corer allows
water to pass through the 1-m core barrel during free fall,
minimizing disturbance to sampled strata. X-rays of cores
revealed a rich sequence of varve-like clay bands that could
be correlated closely with the reconstructed mill discharge
history. The distinctive bands in the cores offered outstand-
ing opportunities for accurately determining time horizons
and deposition rates down to 1860. Radiotracer studies com-
plemented the varve counts. Both the 137Cs and 210Pb profiles
are now completed and cross-correlated with banding pat-
terns (Kerfoot et al. 1994; Kerfoot and Robbins 1999).

Chemical and microfossil analyses—Whereas all cores
were used to determine lakewide sedimentation patterns and
sieved (350 and 75 mm Nitex) for scarce microfossils, two
cores (PL3 and PL7) were selected for detailed temporal
microfossil analyses. Core PL3 was close to the deep, central
basin of Portage Lake, whereas core PL7 was further re-
moved from slime-clay discharge sources and was near the
southeastern portion of the lake (Fig. 1b). Initial steps in-
volved slicing cores into 1-cm intervals and removing sub-
samples for analysis of algal and animal remains. Sediment
subsamples used for 137Cs, 210Pb, and neutron activation stud-
ies were dried at 908C. Portions of dried, ground sediments
were placed in plastic vials of standardized geometry (Rob-
bins and Edgington 1975) and analyzed for g-emitting ra-
dionuclides (137Cs and 40K) using a high-resolution, planar
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GE(Li) g-dectection/multichannel analyzer system. Detector
efficiency was determined by doping sediments with pre-
cisely known (1%) amounts of an National Bureau of Stan-
dards-traceable mixed-radionuclide standard solution (Amer-
sham QCY46.1) counted in the same standard geometry.
137Cs was determined, from its 661.6 keV g emission, with
a precision generally better than 5% for counting times of
;1 d. Concentrations of trace elements were analyzed by
atomic absorption spectrophotometry (AAS) (Kerfoot et al.
1994) and instrumental neutron activation analysis (INAA)
(see Kerfoot et al. 1994; Kerfoot and Robbins 1999). AAS
determinations for copper values are used here because these
data extend the entire length of the core. The plotted values
for Cu are the means of three subsamples from the digested
slice (see Kerfoot et al. [1994] for standard errors).

Depth-specific concentrations and fluxes are reported for
the cores. Concentration is expressed as mg g21 for elements
and numbers cm23 (ml) for microfossils. Division of con-
centration (mg cm23, numbers cm23) by deposition time (yr
cm21) gives the deposition flux per year (mg cm22 yr21, num-
bers cm22 yr21).

Organic matter and carbon flux: General methods fol-
lowed Dean (1974) and Wetzel and Likens (1991). Wet slices
of sediment were weighed and then dried in a Blue M drying
oven at 1058C until they attained a constant weight. The
samples were then heated to 5508C in a Thermolyne 1400
oven, cooled under desiccation, and reweighed. Percent or-
ganic matter was determined by loss on ignition.

Concentrations of total carbon were analyzed by conven-
tional gasometric methods (Kolpack and Bell 1968) using a
LECO carbon analyzer. Organic carbon (Co) was calculated
as the difference between the total and inorganic carbon con-
tent. The uncorrected organic matter and carbon fluxes were
determined as the product of the mass sedimentation rate (g
cm22 yr21) and the organic matter or carbon content (grams
of organic matter or carbon per gram of dry sediment). These
values underestimate the actual flux if there is significant
decomposition of organic carbon. Some attempted correc-
tions for burial decomposition are treated in Robbins et al.
(1989) but were not applied here.

Biogenic silica and bromine profiles: Samples for biogenic
silica (BSi) were leached with 1.0% Na2CO3 at 858C and
analyzed following Schelske et al. (1985), including a cor-
rection for silicate mineral dissolution (DeMaster 1981).
Bromine (Br) was determined as part of an extensive (32
element) INAA (Dams and Robbins 1970; Kerfoot and Rob-
bins 1999). Small amounts of sample were irradiated with
neutrons using the Ford Nuclear Reactor, University of
Michigan, Ann Arbor, at fluxes up to 1013 neutrons cm22 s21

for as much as 20 h. Standards for calibration, coirradiated
with samples, included U.S. Geological Survey rock (An-
desite, AGV-1, and Granite, G-2) and National Institute of
Standards and Technology (NIST) fly ash (SRM 1633A).
These determinations augmented normal Phoenix Labora-
tory standards. An extensive table of calibrations is available
from the authors on request.

In the elemental profile study (Kerfoot and Robbins 1999),
bromine stood out as the only element negatively correlated
with stamp sand production (N 5 55, r 5 20.600, P ,
0.01). Because this element had previously been associated

with organic production in Lake Superior waters (Nussman
1965), and similar patterns emerged from Lake George sed-
iment cores in the St. Marys discharge of the lake, the find-
ings prompted us to explore bromine’s relationship with the
biotic component. Periphyton was collected from littoral
sediments. Initial preparation followed Van Der Werff
(1955): addition of K2Cr2O7, dilution with distilled water,
and placement of diatoms on a coverslip, followed by air
drying. The sample was then mounted on a stub and coated
with carbon using a vacuum evaporator. Individual diatom
frustules were examined under a Jeol JSM-35U scanning
electron microscope (SEM) with an EDS/MCA system (en-
ergy-dispersive X-ray spectrometer/multichannel analyzer).

Microfossil remains: In addition to determining percent
organic matter and biogenic silica, we surveyed what algal
and animal microfossils were well-preserved throughout the
cores, then selected certain categories for recording impacts
on aquatic food webs: diatom valves, rhizopod cases, and
the cladoceran Bosmina head shields and carapaces. The first
category was selected to register impacts on pelagic and ben-
thic primary producers, the second for impacts on the pro-
duction of benthic protozoans, and the third for impacts on
secondary production of herbivorous and detritivorous pe-
lagic zooplankton (Kerfoot and Kirk 1991, 1993). Within the
three groups, emphasis was placed on cladoceran counts.
Confidence intervals were determined from replicated 20-ml
subsamples drawn from stirred 1-ml samples, mounted on
glass slides, and covered by coverslip. Significance between
mean counts was tested using t-tests (SYSTAT, Wilkinson
1989).

Diatom preparations followed Van Der Werff (1955).
Generally four to seven slides were prepared from each cen-
timeter slice, two transect counts across each slide. In pre-
mining and postmining strata, between 200 and 1,000 dia-
toms were identified, whereas in the mining strata, because
cells were much more scarce, counts were based on 30–90
frustrules.

Rhizopods are small amoeboid protozoans that form pro-
tective houses from chitinous membranes or cemented mi-
nute sand grains, flattened silicious plates, and rods. Genera
include species of Diffugia, Centropyxis, and Cucurbitella.
Minimal chemical pretreatment was used for rhizopod
counts, because a 10% KOH treatment might disarticulate
cases. In the latter counts, 1 ml of sediment was placed in
10 ml of distilled water within a 50-ml Erlenmeyer flask.
The sample was stirred gently with a plastic stirring bar for
20–40 min, until the relatively inorganic sediment was finely
divided into small particles of clay, translucent organic sed-
iment, and cases. Then 20-ml subsamples were mounted on
glass slides in a 50% glycerin/water mixture and covered
with a coverslip. Counts were made at 5003 under a Zeiss
Universal compound microscope. During initial counts, we
decided that total counts, rather than individual species tal-
lies, provided a better indicator of overall mining impacts.

Cladoceran procedures utilized a 10% KOH pretreatment
(Kerfoot 1981). Ten 10-ml subsamples were mounted on
glass slides in a 50% glycerin/water mixture and covered
with a coverslip. Counts were made at 5003 under a Zeiss
Universal compound microscope. Head shields and carapac-
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es often disarticulate after molting or death, so these were
tabulated separately. To indicate if perturbations indirectly
influenced predator–prey relationships, or if historical mod-
ifications had altered population structure, we measured the
length of Bosmina carapaces, tail spines, and antennules. The
length of these features in small-bodied Bosmina species of-
ten indirectly indicates the strength of invertebrate versus
vertebrate predation (Kerfoot 1975, 1987). Significance be-
tween mean lengths was tested using a t-test (SYSTAT, Wil-
kinson 1989).

Certain potentially valuable microfossils (e.g., cladoceran
ephippia, copepod resting eggs, Leptodora tail spines) are
too scarce for conventional analysis by 1-ml subsamples.
Many cores from the original 1991 sampling were sieved
(350, 75 mm Nitex) for medium-sized microfossils. These
studies revealed abundant resting eggs. Three new replicate
cores, collected in 1997 from the deep site (PL3) also were
X-rayed, sliced into 2-cm intervals, then sieved through 75-
mm Nitex netting to quantify cladoceran (Daphnia and Bos-
mina) ephippia and copepod resting eggs. Position in the
chronological sequence was derived from clay banding pat-
terns and the laminae used to assign stratum dates. Hatching
success was directly tested for Daphnia ephippia, by placing
individual resting eggs in petri dishes at 10–208C under long
daylength illumination. Hatched Daphnia were cloned and
identified to species, using a combination of allozyme (phos-
phoglucomutase, PGM; glucose-6-phosphate isomerase,
PGI; aldehyde oxidase, AO; glutamate-oxaloacetate trans-
aminase, GOT) and mitochondrial (mt)DNA 12S/16S data.
We discovered that PGI could also be run directly on un-
hatched resting eggs. To clarify the status of potential hybrid
populations, we employed the two diagnostic restriction en-
zymes used by Taylor and Hebert (1993).

Sediment and field toxicity tests: Daphnia: If the varve-
like clay layers sealed sediments, could sediments and en-
tombed Daphnia be used to test historic patterns of slime-
clay toxicity? Two types of tests were performed. The first
directly examined historical sediment toxicity by using lab
clones of Daphnia exposed to stratigraphic sediment samples
and different modern-day spatial environments. To our
knowledge, this is the first time that such sediment tests have
been used to test toxicity systematically in paleolimnological
studies. The second type of test quantified hatching of rest-
ing eggs and toxicity tests of present and past populations
of Daphnia, checking tolerance to dissolved copper concen-
trations.

Sediments were examined first. Preliminary laboratory
tests utilized an Environmental Protection Agency clone of
Ceriodaphnia dubia and mid-core pink clays (1900–1920
interval) to test for sediment toxicity. Tests (Kerfoot 1995b)
checked pore water and solid-phase sediment toxicity in ad-
dition to mass-dependent effects (kaolinite clay controls, to
check for clay effects alone). These early tests showed acute
toxicity from both pore waters (liquid phase) and suspended
bulk sediments (solid phase). Whereas Ceriodaphnia is pre-
sent at low concentrations in Portage Lake, the native species
do not include C. dubia. To counter the argument that lab-
oratory Ceriodaphnia are ill adapted to Keweenaw waters
and hence inappropriate for field tests, we purposely selected
and maintained native Daphnia pulex clones for use in sub-

sequent extensive sediment and translocation experiments.
We determined LC50 values for copper, using American So-
ciety for Testing and Materials (ASTM 1991) methods out-
lined below.

The Daphnia stock came from a roadside pool, 2 km south
of Gay, Michigan. For each test, Daphnia were reared in 20-
liter aquaria provided with 12 liters of filtered (Milipore,
0.45 mm) Lake Superior water (total copper 2.5 mg liter21).
Daphnia cultures were fed twice a week with Chlamydo-
monas and YT (a mixture of trout chow and yeast; ASTM
1991) for approximately 2 weeks before testing. Three days
prior to toxicity tests, Daphnia were fed every day in order
to insure good lipid reserves.

A replicate core, taken near core PL3 (Kerfoot et al.
1994), was first X-rayed to determine clay band chronology
and then cut into approximately 1-cm slices that were stored
at 48C in whirl pak bags until assayed. For toxicity tests, we
used sediment samples from every third to fourth slice be-
tween 4 and 43 cm depth. Solid-phase sediments were pre-
pared by initially centrifuging sediment slurries at 3,600 rpm
for 15 min, decanting the supernatant, then centrifuging for
an additional 1 h, decanting the second supernatant. Prior to
experiments, 10 ml of millipore-filtered Lake Superior water
were added to sediment samples, which were then sonicated
to produce a slurry.

The laboratory experiments followed standard acute tox-
icity testing procedures (ASTM 1991), Thirty 250-ml Pyrex
beakers were used in each bioassay test. Each beaker was
filled with 200 ml millipore-filtered Lake Superior water. Ten
beakers served as controls (medium only), 10 received a 40-
mg reagent-grade kaolinite clay slurry (clay control), and 10
received the 40-mg core sediment slurry (sediment), pro-
ducing a ;200-mg g21 concentration. Beakers were set up
in a systematic block design and all were stirred periodically
to resuspend particles. Healthy adult Daphnia were added
individually to the 30 beakers in round-robin fashion moving
from control, kaolinite clay, and sediment treatments, to
achieve a final number of 10 individuals per beaker. Beakers
were occasionally stirred to resuspend any settled clay.
Daphnia were counted at approximately 2, 5, 10, 20, and 24
h, and all dead individuals were removed. Surviving Daph-
nia were preserved in 10% formalin–sucrose. Percentage
survival was calculated for each treatment and time interval.
Generally, medium- and kaolinite clay controls showed good
survivorship over the 24-h period, whereas the sediment
slurry treatment showed decreased survivorship in slime-
clay strata. We used repeated-measures ANOVA (SYSTAT,
Wilkinson 1989) on arc-sine-transformed survivorship val-
ues to evaluate the significance of these departures.

Laboratory toxicity tests on Daphnia clones and on
hatched ephippia were conducted using standardized copper
ion concentrations with copper chloride (CuCl2) in a 96-h
test. Fifty beakers each contained 10 Daphnia. Ten beakers
were run with filtered Lake Superior water as a control. The
remaining 40 beakers were subdivided into four sets of 10
beakers, representing a dilution sequence (5, 25, 50, 250 mg
Cu liter21). A graph of survivorship versus the dilution con-
centration gave the 50% lethal concentration (LC50) value,
with confidence intervals determined by fitting a linear re-
gression equation (Y 5 mX 1 b) to the dilution results.
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Daphnia occur locally in lakes, ponds, and beach pools
near the shoreline of the Keweenaw Peninsula. However, no
cladocerans occur in the 301 ponds or lakes situated adja-
cent to or on stamp sands, we presume because pore water
and slime-clay-bound copper flushes into ponds after spring
snow melt and during rain events. To test directly the un-
suitability of these environments to cladocerans, we carried
out transfer experiments.

Daphnia were obtained in late May to early June from
the Gay source pond. At the control and stamp sand sites,
50-ml shell vials were filled with water from the site pond.
A single adult female from the control site was then placed
in each vial. Field incubation experiments in a stamp sand
pond (Gay Pond no. 3), fed by groundwater seepage through
slime-clay-rich substrata, were run on 15–25 May 1992 and
28 May–12 June 1992. The first set had 58 vials initially in
the control (Coal Dock Road Pond) and experimental (Gay
no. 3) sets, whereas the second had 83 in the control and 86
in the experimental. The vials were covered with 125-mm
Nitex netting secured by rubber bands and placed in a plas-
tic-coated test tube rack in groups of 50 vials. The racks
were submerged at a depth of 0.5 m. Every 2–3 days, we
scored surviving adults and counted any young born. At the
end of the experiment, all surviving animals were preserved
in formalin-sucrose. Standard chi-square contingency tables
(Pyke and Thompson 1986) were used to determine signif-
icance. Dissolved copper concentrations in pond waters were
determined following millipore (Gellman 0.45 mm) filtration
with a graphite furnace AAS (Perkin Elmer model 5100,
analytical error, 1–2%; detection limits, 0.5 mg liter21).

Results

Sediment flux—The two Portage Lake cores (central PL3
and southern PL7 sites) record a major perturbation in mass
flux (Fig. 3). At the central site, early values averaged
around 0.03 g cm22 yr21 (corresponding to a sediment ac-
cumulation of 1 mm yr21). This value is probably conser-
vative, based on basal thin bands. The rate more than tripled
to 0.11 g cm22 yr21 (1.3–2.0 mm yr21) during the early cop-
per mining years (1850–1890). With the opening of large-
volume stamp mills that discharged directly into the northern
and central basin of Portage Lake, there was a severalfold
increase, again coming principally from discharged mill
slime clays. Some of the details involve local events. Mass
flux peaked between 1909 and 1917 at 0.99 g cm22 yr21

(12.1 mm yr21) during the interval that the two large-volume
Point Mills and single Isle Royale stamp mills operated si-
multaneously. Sedimentation decreased dramatically after
the Point Mills operations closed in 1919 and after the last
mill, the Isle Royale Mill, reduced operations in 1920 and
finished discharging in 1947 (Kerfoot et al. 1994). At pre-
sent, mass flux has declined to around 0.05 g cm22 yr21 (3.0
mm yr21).

Premining mass flux at the southern core site was slightly
more (;0.04 g cm22 yr21; 1.2 mm yr21) than at the central
site, probably because the Sturgeon and Pike Rivers dis-
charge substantial sediment loads nearby. Although the pat-
tern of mass flux resembled the historical pattern at the cen-

tral site, values were lower. The maximum mass flux peaked
at 0.35 g cm22 yr21 (5.3 mm yr21), less than one third the
maximum value at the mid-lake site (Fig. 3). We presume
that lower fluxes of the slime-clay fraction were due simply
to greater distances from the mill discharge sources. Since
1920, mass flux declined progressively, approaching preset-
tlement values (0.04–0.07 g cm22 yr21; 1.2–2.8 mm yr21).

Copper concentration and fluxes—At the central site, cop-
per concentrations were relatively low in early strata and
increased rapidly during the initial copper mining period,
correlated with slime-clay discharges, achieving a maximum
of 1,978 mg g21 between 1888 and 1896. The maximum peak
resulted from a combination of two factors: processing of
high-grade ore and low efficiency of copper extraction from
the slime fraction. Copper concentrations declined to 320–
860 mg g21 after the opening of the high-volume steam
stamp mill operations, because these operations included
methods for extracting copper from the slime fraction (Wil-
fley Table, introduced in 1898; Benedict 1955). Despite ces-
sation of clay discharges in 1947 and the return of sedimen-
tation rates to near-background values, copper concentrations
continued to remain as high in modern-day surface sedi-
ments as at the peak of slime-clay discharges, ranging be-
tween 500 and 1,000 mg g21 over the past 30 yr.

Flux calculations revealed a distinctly different pattern,
more closely tied to discharge history (Kerfoot et al. 1994).
Copper flux was relatively low in premining strata (1.7–2.3
mg cm22 yr21), increased gradually during the early gravity
mill operations, then climbed dramatically with the onset of
steam stamp mill operations. Maxima (505–579 mg cm22

yr21, 220–3403 background) occurred during 1900–1920.
Flux then declined (90–162 mg cm22 yr21, 40–953 back-
ground) after the two main mills at Point Mills (Franklin no.
2, Centennial) closed in 1920 and after the final mill (Isle
Royale) suspended activity in 1947. At present, fluxes are
lower still, yet far above background, ranging between 34
and 60 mg cm22 yr21 (15–353 presettlement values).

At the southern site (PL7), peak historical copper concen-
trations were lower (1,360 mg g21) than at the central site,
although values for recent strata are similar to current mid-
lake values (last 30 yr, 536–851 mg g21), probably because
of greater bioturbation and resuspension. Peak copper fluxes
(168 mg cm22 yr21) also were lower than at the central site,
presumably again because less of the slime clays reached the
site. As at the central site, modern fluxes are considerably
above presettlement levels, ranging between 29 and 64 mg
cm22 yr21. Overall, the relative profile patterns are similar to
the central site.

Percent organic matter, percent carbon, and carbon
flux—Percent organic matter in the central basin core (Fig.
3) was very sensitive to mining activities. Values originally
averaged 12–13% in presettlement strata. Initial phases of
mining depressed values only slightly, although by 1880,
stamp sand discharges from numerous small operations and
erosion inputs decreased percent organic matter to 5–7%,
largely through dilution from inorganic slime-clay inputs.
Lows were reached between 1900 and 1920, at 3–4%. From
1920 until the present, percent organic matter gradually re-
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Fig. 4. Carbon and bromine fluxes: (a) percentage carbon and carbon flux at the southern site (PL7), (b) biogenic silica (BSi) concen-
tration at PL7; with plus or minus 1 SD plotted about the means, and (c) bromine concentration and flux (mg cm22 yr21) at the central
(PL3) site, expressed as enrichments above background (i.e., concentration or flux/premining value).

←

Fig. 3. Concentrations and fluxes for sediment mass, copper, organic matter, biogenic silica, and various organism remains (total diatoms,
total rhizopod cases, carapaces, and head shields of Bosmina). Organism remains are plotted with 95% confidence limits on either side of
the mean. Results of sediment toxicity tests (Daphnia 24 h mortality) are plotted along with % organic matter in the far right panel of the
central core results; dashed and broken lines indicate lake medium-only and kaolinite clay mean control values.

bounded fully to initial conditions, currently residing around
13%.

Although percent organic matter was diluted by inorganic
slime-clay discharges, the absolute organic flux was posi-
tively associated with mining activity at the central site (Fig.
3). Increased flux is expected because increased allochthon-
ous inputs of carbon from surrounding watersheds coincided
with the deforestation and accelerated erosion that accom-
panied mining activity. Background values were originally
around 6 mg organic matter cm22 yr21 in presettlement strata.
Fluxes increased to a maximum (six times background) of
about 33 mg organic matter cm22 yr21 during the early 1920s

and then declined to 9–10 mg organic matter cm22 yr21 dur-
ing the depression years. Levels increased to a second peak
of about 25 mg organic matter cm22 yr21 during the World
War II (WWII) mining years. As in the case of mass sedi-
mentation flux, organic flux also is approaching background
values, around 6 mg organic matter cm22 yr21.

In this relatively soft-water lake, measures of percent car-
bon and carbon flux also provide additional information on
organic matter sedimentation. Figure 4a shows changes in
percent carbon and carbon flux at the southern core site.
Percent carbon averages around 3% in presettlement hori-
zons. There is a slight increase in values prior to 1850, then
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values decrease to around 1% during the period of maximum
stamp sand discharge (1890–1920). After 1920, values grad-
ually return to circa 1800–1850 levels. Carbon flux is lowest
in pre-1860 samples, averaging around 1.3–1.5 mg cm22

yr21, increases to a maximum of 4 mg cm22 yr21 around
1920, then fluctuates between 1.6 and 2.8 mg cm22 yr21 until
the present.

Microfossil concentrations and fluxes—Biogenic silica
concentrations, counts of diatom valves, rhizopod tests, and
Bosmina remains all revealed highly significant (Fig. 3; t-
test, P , 0.01) fluctuations in strata concentrations between
premining, mining, and postmining eras. Declines from 1850
until the end of WWII produce a pattern that coincides with
slime-clay discharges. For example, mean concentrations 6
95% confidence intervals at 3 cm depth (postmining era,
1982) are 33.4 6 10.3 3 106 diatoms, 12.8 6 3.6 3 103

rhizopod tests, 47.2 6 18.0 3 102 Bosmina carapaces, and
45.0 6 14.7 3 102 head shields per ml. In contrast, many
samples between 14 and 27 cm (1940–1892) contain much
lower concentrations. To illustrate, at 25 cm depth (mining
era, 1901) we find 2.04 6 0.35 3 106 diatoms, 0.5 6 0.29
3 103 rhizopod tests, 1.3 6 1.3 3 102 carapaces and 2.5 6
7.1 3 102 head shields per ml. At 35 cm depth (premining
era, 1831) mean concentrations are 23.8 6 8.0 3 102 cara-
paces and 27.0 6 6.5 3 102 head shields per ml. However,
because all these concentration measures are potentially sus-
ceptible to dilution from enhanced inorganic sedimentation,
flux calculations of remains are necessary (1) to more prop-
erly reflect temporal changes in species production of re-
mains and (2) to resolve true historic patterns of impacts on
remain production.

Fluxes of remains indicate relatively low production in
premining strata, depression of all three biotic groups (small
cladocerans, benthic rhizopods, pelagic, and benthic dia-
toms) during the slime-clay discharge period, and major in-
creases in production after WWII. The 95% confidence in-
tervals are plotted in Fig. 3. Total diatoms average between
25 and 30 3 105 valves cm22 yr21 in premining strata, de-
crease below 10 3 105 valves cm22 yr21 during the slime-
clay discharge interval, then increase to between 50 and 150
3 105 valves cm22 yr21 in postdischarge strata. Total rhizo-
pod tests average around 20 3 102 tests cm22 yr21 in pre-
settlement strata, decrease to less than 5 3 102 tests cm22

yr21 during the slime-clay interval, then increase to between
40 and 150 3 102 tests cm22 yr21 in postdischarge strata.
Bosmina average 1.8–3.3 3 102 remains cm22 yr21 in 1830–
1865 strata, decrease considerably below 1 3 102 remains
cm22 yr21 (low of 2–4 remains cm22 yr21) during the slime-
clay discharge era (1856–1947), then increase abruptly to
levels between 10 and 20 3 102 remains cm22 yr21 in post-
discharge strata. Comparisons between strata with a nested
ANOVA confirmed highly significant differences (concen-
tration: PM, postmining 1950–1991, df 5 12, MS 5
0.337337E 1 08, F 5 19.8, P , 0.000; LSSE, large stream
stamp era 1950–1900, df 15, MS 5 0.224235E 1 08, F 5
13.2, P , 0.000; EGSE, early gravity stamp mill era 1899–
1850, df 6, MS 5 0.268501E 1 08, F 5 15.8, P , 0.000;
PE, premining era 1899–1850, df 2, MS 5 0.159964E 1
08, F 5 4.7, P , 0.01; error df 152, MS 5 1704630. Flux:

PM, df 12, MS 5 3128455, F 5 32, P , 0.000; LSSE, df
15, MS 5 1200974, F 5 12, P , 0.000; EGSE, df 6, MS
1892866, F 5 20, P , 0.000; PE, df 2, MS 5 1603804, F
5 17, P , 0.000; error df 152, MS 5 96489).

Biogenic silica, bromine, and algal composition—An un-
expected indicator of biological impacts emerged from ele-
mental analysis of sediments. Although we were concerned
that biogenic silica values might be corrupted by opal or
other hydrated silicates associated with crushed ores, cor-
rected values gave a strong signal (Figs. 3, 4b). Diatom
counts were highly correlated with biogenic silica (linear
regression Y 5 212.83 1 6.82X, r2 5 0.866; improving with
the nonlinear fit Y 5 4.64–3.74X 1 1.38X2 2 3.15e22X3, r2

5 0.906, P K 0.01). However, both biogenic silica and di-
atom counts also were strongly correlated with bromine (Fig.
5). Regressions with BSi (N 5 43, Y 5 23.22 1 3.02X, r2

5 0.684, P ,, 0.01) and diatom counts (N 5 12, Y 5 4.72
1 0.288X, r2 5 0.508, P , 0.01) prompted us to examine
the association more closely.

The pattern for Br flux suggests an association with dia-
tom production. For example, Br concentrations were clearly
diluted by slime-clay influx. The Br flux calculation (Fig.
4c), which compensates for any dilution effects from mass
loading, was severely depressed during peak stamp sand dis-
charge years. Moreover, Br flux showed trends consistent
with enhanced primary production since WWII. Subsequent
SEM microprobe examination of prepared frustrules and sec-
tioned whole mounts of freshwater diatoms confirmed strong
Br concentrations in siliceous frustrules. Bromine was found
in all four taxa examined: Fragilaria construens, F. c. var
binodies, Navicula rhynchocephala, and Fragilaria pinnata.
which suggests a new signature worthy of further explora-
tion.

Although fluxes of total diatoms were reduced, the com-
position of the pelagic diatom community showed little
change in dominant genera through time, although species
determinations will probably reveal differences. Premining,
mining, and postmining strata had the same five dominant
pelagic genera in approximately similar percentages (Melo-
sira 32–40%, Stephanodiscus 16–28%, Cyclotella 7–10%,
Fragilaria 6–18%, and Tabellaria 2–16%). Although further
work is necessary, the small degree of change may relate to
periodic exchange between Portage and Lake Superior wa-
ters via the Portage River connection. The conservative re-
sponse also was seen in Bosmina morphology, but not in
overall cladoceran species composition.

Bosmina morphology and Daphnia ephippial record—Al-
though remains and preliminary electrophoresis tests suggest
a mixture of two sibling species (presumably Bosmina freyi
and Bosmina liederi, DeMelo and Hebert 1994a,b), Bosmina
morphology changed only slightly over the slime-clay dis-
charge interval (Table 1). The morphology indicates mod-
erate to high densities of invertebrate predators, i.e., inter-
mediate to long mucro and antennule lengths (Kerfoot 1987,
1995a). Moderate invertebrate predation is consistent with
the modern-day presence of predatory copepods (Mesocy-
clops, Epischura, Limnocalanus), some predatory cladocer-
ans (Leptodora, Polyphemus, recent invasion by Bythotre-
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Fig. 5. Correlation between (a) biogenic silica and bromine con-
centration and (b) diatom counts and bromine concentration.

phes), phantom midge larvae (Chaoborus), and predatory
rotifers (Asplanchna). The similarity in body size, mucro,
and antennule spine lengths throughout the mining interval
suggests that the importance of invertebrate versus fish pre-

dation did not change radically. There were, however, some
subtle changes. Carapace length shows a significant increase
during the mining interval, coinciding with population de-
clines. We interpret this to reflect a shift in the age distri-
bution of the population, corresponding to reduced produc-
tion and a smaller fraction of juveniles. There are also
indications that the present-day Bosmina populations possess
slightly shorter mucrones and antennules than earlier popu-
lations, reflective of recent late-season population shifts cor-
related with increasing eutrophication of Portage Lake.

In contrast, the Daphnia species composition was very
sensitive to the creation of the Waterway, which permitted
increased mixture of inland and Lake Superior plankton (Ta-
ble 2). Originally, a relatively large-bodied Daphnia rosea
(5D. dentifera; Hebert 1995) dominated Portage Lake as-
semblages. After the creation of the Waterway, a hydrid be-
tween Daphnia galeata mendotae (5D. mendotae; Hebert
1995) and D. rosea became abundant, along with Daphnia
retrocurva. Plankton samples from the past 10 yr indicate
numerical superiority of the hybrid and D. retrocurva. The
hybrid, characterized by a smaller, roundish, and more trans-
parent ephippium, has dominated the epphipial egg bank for
the last 60 yr. On a milliliter basis, concentrations of total
Daphnia ephippia are low, so entire counts for 2-cm slices
(volume 5 40.6 cm3) are given in Table 2. Counts of sieved
Bosmina exuviae are highly correlated with total Daphnia
ephippia (r 5 0.84), again probably reflecting increased eu-
trophication. Expressed in concentrations per milliliter,
premining (1825–1848) concentrations of Daphnia resting
eggs are low (0.3–0.7 ml21). Mining era (1848–1920) values
increase to 0.4–1.8 ml21. There is a brief burst beginning
during the Great Depression, when mills closed, which ex-
tends through WWII (5.3–10.2 ml21), then a sustained in-
crease since the early 1950s (2.2–13.4 ml21). Fluxes of
Daphnia ephippia suggest low production in premining stra-
ta (0.03–0.06 ephippia cm22 yr21), gradually increasing until
the present, peak fluxes of 4.3–6.3 ephippia cm22 yr21, two
orders of magnitude above background values. The in-
creased Daphnia ephippial concentrations and flux in upper
strata, considerably above background rates, again seems to
suggest increased eutrophication (productivity) of the Wa-
terway relative to premining strata.

Although viable resting eggs of Daphnia extended the
deepest (18–20 cm) in core strata, down 60–70 yr, viable
copepod (12–14 cm) and Bosmina eggs (14–16 cm) also
were common. We utilized 211 hatchlings to establish clonal
populations from three replicate cores (Table 3). Almost all
hatched individuals were assignable to the hybrid cross. The
allozyme data support a more dentifera-like than mendota-
like assignment for the hybrid, whereas the mtDNA evidence
confirms some mendotae influence. Employing the two di-
agnostic restriction enzymes used by Taylor and Hebert
(1993), every isolate analyzed (n 5 42) was fixed for the B
and very rare E patterns of Rsa-I and Taq-I, respectively.
Taylor and Hebert (1993) found only three individuals from
three different Indiana populations that expressed the E pat-
tern at Taq-I, and all three were mendotae 3 dentifera hy-
brids. Hence the distinctive Portage Lake population over
the past 60 yr is most likely a D. mendotae 3 dentifera
hybrid.
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Table 1. Morphology of Bosmina from various layers in core PL7. Entries give mean and standard deviation (SD). Core samples arranged
by depth in cm and assigned a midslice date. Lengths rounded to nearest mm.

Age
Depth
(cm) N

Carapace
length N

Mucro
length N

Antennule
length N Sutures N Segments

1990 0–1 106 237 (53)
156–404

106 47 (12)
24–70

61 94 (23)
57–148

106 2.9 (1.2)
1.0–6.0

61 10.6 (1.7)
8.0–14.0

1987 2 85 232 (47)
143–344

85 42 (14)
15–70

42 104 (24)
64–143

85 2.7 (1.1)
1.0–5.0

42 1.8 (1.5)
9.0–14.0

1982 3 44 234 (50)
148–370

44 48 (13)
26–77

44 89 (21)
51–143

44 3.0 (1.4)
0.0–6.0

24 10.4 (1.9)
7.0–15.0

1977 4 27 243 (53)
156–426

27 44 (11)
22–68

27 112 (23)
59–148

27 2.9 (1.4)
0.0–5.0

18 11.9 (1.4)
9.0–15.0

1972 5 34 240 (70)
159–425

34 46 (15)
22–77

34 97 (17)
66–123

34 2.9 (1.4)
0.0–5.0

28 11.0 (1.1)
9.0–13.0

1966 7 28 229 (52)
152–362

28 47 (12)
13–66

28 112 (25)
62–150

28 3.5 (1.0)
0.0–5.0

28 11.9 (1.5)
10.0–16.0

1954 10 57 255 (75)
159–490

57 53 (14)
20–81

57 117 (26)
46–176

57 3.8 (1.3)
1.0–6.0

28 11.6 (2.0)
8.0–15.0

1932 15 57 270 (63)
167–415

57 56 (9)
20–79

57 107 (23)
73–157

57 3.9 (1.3)
0.0–6.0

30 11.5 (1.8)
8.0–15.0

1873 30 50 257 (51)
163–371

50 57 (17)
22–84

24 104 (15)
77–135

50 2.4 (1.0)
0.0–4.0

24 9.5 (1.1)
8.0–11.0

1831 35 30 224 (53)
135–368

48 49 (10)
22–70

33 104 (22)
59–176

28 3.5 (1.3)
1.0–6.0

24 11.6 (2.0)
7.0–16.0

1655 56 58 231 (52)
167–450

58 52 (6)
24–66

34 105 (17)
73–161

58 3.5 (0.7)
1.0–5.0

34 12.1 (1.3)
9.0–15.0

Sediment and field toxicity tests—To illustrate the histor-
ical bioavailability of copper, we tested the toxicity of sed-
iment suspensions taken from various horizons of the sedi-
ment core, using a native clone of the microcrustacean
Daphnia pulex in standard test protocols (see Materials and
methods). To measure relative toxicity, we used a constant
mass (40 mg/200 ml medium) of solid-phase sediments in
bioassays. Identical concentrations of a nontoxic clay (kao-
linite) were used to test for clay effects only.

We checked exposure values for slime clays against ob-
served historic settling rates and reconstructed concentra-
tions. The 250-ml beakers had a volume of 200 ml and an
approximate bottom surface area of 539 cm2. Hence, settling
of clay during a 24-h experiment (40 mg day21/539 cm2) 5
0.074 mg cm22 day21. Recall that the annual mass flux for
the southern site (PL7) ranged from 0.100 to 0.319 g cm22

yr21 during 1880–1947, giving a daily range of 0.274–0.874
mg cm22 day21, whereas that for PL3 ranged between 0.110
and 0.985 g cm22 yr21, giving 0.301–2.699 mg cm22 d21.
Thus, in terms of settling mass on a daily basis, the exper-
iments were conservative. They fell below observed ranges
and were usually less than the mean mass flux experienced
by benthic organisms. Because the water depth and daily
sediment accumulation amount also is known, we can back-
calculate concentration exposure. Solid-phase concentrations
were set during experiments at 200 mg ml21, whereas re-
constructed daily values at PL7 ranged between 249 and 795
mg ml21 and at PL3 between 201 and 1,799 mg ml21. Again
the experimental exposures were conservative, falling at the
low end of historic exposure levels.

Selected survivorship curves from different strata are il-
lustrated in Fig. 6. Above and below clay horizons, repeated-
measures ANOVA F scores are low and treatment effects

are nonsignificant or marginally significant (e.g., slices at 11,
17, and 20 cm, corresponding to 1945, 1923, and 1917 time
horizons). Within the clay-discharge interval, F scores are
high and treatment effects are highly significant (e.g., slices
at 33, 35, and 37 cm, corresponding to 1888, 1879, and 1873
time horizons). For example, at 33 cm, a repeated-measures
ANOVA that compared Lake Superior water control, kaolin-
ite clay control, and suspended solid-phase sediment treat-
ments gave a treatment F of 119.9 (df 5 2, P , 0.000).

Figure 3 shows 24 h mortality plotted along with the av-
erage medium-only and kaolinite clay control mortality lev-
els. Twenty-four-hour mortality in medium-only (Lake Su-
perior water, LSW) and kaolinite clay (kaolinite 1 LSW)
controls ranged between 0 and 15% (mean, LSW only 5
7.6%; kaolinite control 5 4.2%). In contrast, 24-h mortality
increased to as high as 87% at peak copper concentrations
of suspended sediment. That is, solid-phase sediments
(slime-clay layers) from the mining era were highly toxic.
Highest levels of mortality came from slices deposited be-
tween 1890 and 1910. High mortality is not surprising, be-
cause dissolved Cu concentrations in pore waters (discarded
supernatant) from slime-clay strata averaged 1,360 mg li-
ter21, orders of magnitude above levels potentially lethal to
Daphnia (ca. 7–90 mg liter21; Hodson et al. 1979). Toxicity
tests gave an estimated LC50 value of 10.4 mg Cu liter21 for
the D. pulex clone used in sediment tests. Organic-rich top
and bottom solid-phase sediments showed noticeably lower
levels of toxicity. Mortality declined to negligible values in
the upper 7 cm of organic-rich strata, despite high sediment
copper concentrations, and this corresponded to a decrease
in pore-water copper. Overall, percent organic matter in sed-
iments was highly correlated with survivorship (r 5 0.82).
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Table 2. Sieved (75-mm Nitex netting) remains from 2-cm slic-
es, Portage Lake sediment cores. Dates are midslice values. Depths
are in cm. Count totals include large Bosmina carapaces and total
Daphnia ephippia per slice (volume 5 40.6 cm3). Total ephippial
concentrations and fluxes are given, then ephippia broken into hy-
brid (mendotae 3 dentifera) and dentifera subtotals. Concentration
is expressed as ephippia cm21, whereas flux is number of ephippia
cm2 yr21.

Date Depth
Bosmina
carapace

Daphnia ephippia

Total
count

Concen-
tration Flux Hybrid

denti-
fera

1991
1986
1979
1973
1966

1
3
5
7
9

455
2,719
1,751
1,179

332

133
389
429
544
278

3.3
9.6

10.6
13.4

6.8

1.3
2.7
3.5
3.8
2.0

130
382
429
544
278

3
7
0
0
0

1959
1953
1946
1941
1932

11
13
15
17
19

1,115
209
568
211

4

99
54

415
216

19

2.2
1.3

10.2
5.3
0.5

0.7
0.4
4.1
1.2
0.1

87
12
95
53

6

12
42

320
163
13

1924
1921
1917
1915
1912

21
23
25
27
29

10
15
21
3

20

60
38
46
73
73

1.5
0.9
1.1
1.8
1.8

1.0
0.5
1.1
1.2
1.8

4
1
2
9
2

56
37
44
64
71

1910
1907
1902
1898
1890

31
33
35
37
39

9
13
11
10
33

55
52
18
21
41

1.4
1.3
0.4
0.5
1.0

0.9
0.5
0.2
0.1
0.2

12
5
2
0
3

43
47
17
21
38

1880
1865
1848
1825

41
43
45
47

18
25
3

12

73
66
12
28

1.8
1.6
0.3
0.7

0.2
0.2
0.03
0.06

2
4
0
1

71
62
12
27

Table 3. Mean number of viable resting eggs retrieved from
sieved, 2-ml thick slices of a Portage Lake sediment core. The num-
ber of isolated Daphnia hatchlings (isolates) used to establish clonal
cultures from three sliced cores are tabulated and matched with the
stratum date.

Date
Depth
(cm) Daphnia isolates Bosmina

Cerio-
daphnia Copepod

1993
1986
1979
1973
1966
1959

1
3
5
7
9

11

32
43
53
60
93
78

37
29
37
12
27
14

1
1

15
15
16

5

6
0
0
0
2
2

15
10

117
70
64
16

1953
1946
1932
1924
1921
1917

13
15
17
19
21
23

98
159
54

7
0
0

41
13

1
0
0
0

1
1
0
0
0
0

4
4
0
0
0
0

7
7
0
0
0
0

That is, although copper was present in organic-rich sedi-
ments, it was not bioavailable.

Daphnia ephippia were removed from core slices and
hatched. Over 211 clones from the D. rosea 3 mendotae
hybrid were established from surface to 18-cm depth slices,
corresponding to a maximum of 70 yr of age (Table 3). Tox-
icity tests with clones from various strata suggest inherent
differences in Cu resistance (Kerfoot unpubl.). We wish to
point out that Daphnia resting eggs are known to retain vi-
ability over much longer durations than 60 yr (C. Caceres
pers. comm.), suggesting that high pore-water copper con-
centrations may have killed resting eggs in deeper strata,
eliminating seed bank components during heavy slime-clay
discharge periods.

Results from both series of field incubation experiments
were similar (Fig. 7). Around 80% of mature fecund females
survived 12–14 d in their natural source pond (Coal Dock
Road Pond), whereas all females were dead by the 11th day
in the first series and by the 13th day in the second series
in the stamp sand pond. Chi-square tests of homogeneity
show significant differences (P , 0.05) between controls and
experimentals by the 4th–6th day of the experiment. The
number of young that survived to the end of the experiment
also showed significant differences between treatments. For

example, in the 15–26 May experiment, 14.1 6 1.7 (mean
6 95% confidence limit; standard deviation [SD] 5 5.9)
young per vial survived in the natural pond environment,
whereas only 7.8 6 1.5 (SD 5 5.4) young per vial survived
in the stamp sand pond (t-test; P , 0.001). Extensive follow-
up experiments at several sites in 1993–1995 gave similar
results and showed that none of the second-generation off-
spring could survive to maturity (Lytle 1997).

The inability of stamp sand environments to sustain viable
populations of cladocerans is underscored by the lack of cla-
doceran remains and viable resting eggs in sediments of 34
ponds surveyed by short cores, despite the persistence of
some ponds for more than 42 yr (durations based on 1954–
1992 U.S. Geological Aerial Survey photographs). In con-
trast, Daphnia, Ceriodaphnia, Bosmina, and their resting
eggs occur quite commonly in nearby coastal ponds spatially
removed from stamp sand contamination. One obvious ex-
planation for poor survivorship in the stamp sand ponds is
dissolved copper concentrations of 50–2,000 mg liter21 (Ker-
foot and Harting pers. comm.; Sarah Green pers. comm.),
greatly in excess of the normal LC50 values for Daphnia.
The much higher levels of dissolved copper are beyond tol-
erance levels, precluding successful colonization and the ac-
cumulation of a viable resting egg pool.

Discussion

Paleolimnological studies are usually ex post facto recon-
structions, i.e., explanations of patterns based on descriptive,
not experimental, studies. Recent attempts to quantify the
relationship of remain fluxes to population production (Ker-
foot 1981, 1995a) provide experimental and predictive ap-
proaches to deposition dynamics. The use of multiple indi-
cators, i.e., species from different trophic levels or niches,
and structurally associated elements (e.g., biogenic Si, Br),
broaden the efforts to community and elemental cycling in-
ferences. Here we encourage additional novel direct exper-
imental approaches, using buried sediments and resting eggs
to test inferences directly.
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→

Fig. 6. Selected examples of survivorship patterns during clay
toxicity tests. Daphnia pulex responses to sediments at three dif-
ferent levels: (a) premining, mining, and postmining. Dashed and
broken lines indicate lake medium-only and kaolinite clay-only con-
trols.

The events in Portage Lake provide an important example
of how depositional environments and sediment types alter
biologically available metal at given concentrations, illus-
trating the interplay between ecosystem processes and biotic
interactions. As mining began around Portage Lake, several
factors contributed to increase sediment flux, some more
than others. Intensive deforestation associated with early
mining activities increased runoff. Period photographs and
drawings document barren and badly eroded hillsides sur-
rounding the Keweenaw Waterway (Lankton and Hyde
1982; Lankton 1991). Shoreline erosion also probably in-
creased after channeling opened the Waterway to large ship
traffic. However, the bulk of the increased mass flux came
from early stamp mill discharges. A close correspondence
exists between the thickness of laminae and yearly stamp
mill discharges (Kerfoot et al. 1994). The correlation be-
tween observed mass flux in sediment cores and recorded
total stamp sand discharge is strong (N 5 55, r 5 0.831, P
, 0.01; Kerfoot and Robbins 1999).

Among the heavy metals, copper does not bioaccumulate
in vertebrates and is generally not a threat to human health.
However, copper may severely impact pelagic and benthic
algae, aquatic macrophytes, invertebrates, and larval fish
(Hites and Eisenreich 1987). Apparently, there are previous-
ly unrecognized sensitive elemental indicators. For example,
the strong relationship of Br to BSi and diatom productivity
suggests that the flux of the element Br is closely associated
with freshwater diatom production and burial. The physio-
logical requirement for bromine is poorly documented in di-
atoms, with most reports confined to the red and brown algae
(Fries 1966; McLachlan and Craigie 1967; Wolk 1968).
However, Johnson et al. (1995) recently demonstrated a nu-
tritional requirement of bromine in the stalked marine diatom
Achnanthes. Extracellular polymeric substance (EPS) secre-
tion in this species apparently exhibits an absolute require-
ment for bromide as both stalk formation and adhesion re-
quire this compound. Moreover, bromoform and
bromoalkane emmissions have been documented for the ice
diatoms Nitzchia stella and Porosira pseudodenticulata
(Sturges et al. 1992, 1993) and a brominated phenolic benz-
aldehyde synthesized by Navicula sp. was reported by Man-
ley and Chapman (1978). We have verified that Br is found
in silicious frustules and extracellular exudates of several
freshwater diatom genera, and we suspect that the incidence
is widespread.

Fluxes of remains (diatom valves, rhizopod tests, Bosmina
exuviae) and bromine indicate moderate depression of pro-
ductivity during the period of active stamp mill discharge,
despite increased total organic flux. Because the taxa se-
lected are representative of radically different trophic levels,
we conclude that the food web of Portage Lake was adverse-
ly affected by active slime-clay discharge. There are also
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Fig. 7. Survivorship curves for in situ Daphnia incubation ex-
periments. Curves contrast Daphnia survivorship in a Gay stamp
sand pond (experimental) with survivorship in their native habitat
(Coal Dock road pond; control). Results from two replicate exper-
iments run between 15 and 25 May (58 vials, experimental and
control) and 28 May and 12 June 1992 (86 experimental vials, 83
control vials).

indications that the pool of resting eggs, the so-called seed
bank, was severely damaged, although the extent of this ef-
fect is difficult to assess because the highest copper fluxes
were so long ago. The sediments from the mining era remain
toxic to cladocerans (our studies) and to bacteria (Microtox
tests; Cusack 1995; Cusack and Mihelcic 1999). Given the
increasing human population density along the margins of
the Waterway (Fig. 2), we also expected an increased pro-
ductivity due to increased eutrophication aided recovery.
However, all three biotic categories did not show major in-
creases in the upper sediment layers until after cessation of
active slime-clay discharge in 1947. The recovery ensued
despite continued high copper concentrations in sediment
strata and was associated with a return of mass sedimenta-
tion and percent organic matter to nearly background (pre-
settlement) levels. During the recovery, we suspect that sol-
uble copper interactions shifted from particle-bound
dominance to much more organically mediated processes.

Some caution is necessary, for historical impacts of slime
clays could be due to several causes, operating alone or in
concert: systemwide physical disturbances, turbidity effects
of suspended slime-clay particles on primary production,
general effects of slime-clay ingestion on zooplankton, or
direct toxicity caused by the copper associated with the slime
clay. However, laboratory and field results suggest direct ef-
fects of slime-clay discharge, as sediment horizons that cor-
responded to slime-clay layers were found highly toxic. Sed-
iments that contained higher organic matter concentrations
were much less toxic, and the organically rich top 7 cm of
sediment showed no toxicity. Moreover, laboratory clones
and hatched resting eggs document a progressive decline in
copper resistance that coincides with decreasing copper
availability. An additional bioassay technique for resting
eggs, presently explored in our laboratory, is to monitor the
metallothionein activity of eggs and hatched clones. The
field and laboratory observations suggest that there are
marked differences in the bioavailability of copper among

the Portage Lake sediment horizons that ostensibly appear
related to the organic matter content of the sediments.

The exact details of biogeochemical transformations are
under investigation. Present shoreline stamp sand piles are
porous. The slime fraction settles within the piles, is rinsed
out after rains, and is remobilized by shoreline erosion.
Whereas local rainfall is slightly acidic, groundwater that
percolates through shoreline piles is basic (pH 8–10, the
buffering capacity originating from calcite found with basalt
in ore rocks) and receives Cu from the coarse fraction or
from Fe-tenorite (CuO) complexes on the surface of the
slime-clay fraction and then reprecipitates the copper as mal-
achite (CuCO3), which is more soluble, around the edges of
piles (Jeong et al. 1999). Regions immediately around near-
shore stamp sand piles are characterized by reduced diversity
of benthic macroinvertebrates (Kraft 1979; Kraft and Syp-
niewski 1981). The freshly reworked stamp sand sediments
are toxic to Daphnia and Hexagenia because they release
Cu across the pore-water gradient (Malueg et al. 1984). Ad-
ditional laboratory toxicity experiments with slime-clay-rich
sediments from the Keweenaw Waterway and Torch Lake
showed that solid-phase sediments and aqueous fractions
(e.g., interstitial water) associated with the slime-clay sedi-
ments were lethal to several taxa of freshwater macroinver-
tebrates: chironomids (Chironomus tentans), oligochaetes
(Lumbriculus variegatus), amphipods (Hyalella azteca), and
cladocerans (Ceriodaphnia dubia). Moreover, the observed
toxicity was due to copper, as opposed to other metals (prin-
cipally lead and zinc) present in the sediments (Schubauer-
Berigan et al. 1993; West et al. 1993). Toxicity to benthic
organisms was not predictable based on total copper con-
centrations in the sediments; rather it appeared that the bio-
available copper, i.e., the fraction that caused toxicity, was
freely dissolved in the sediment interstitial water (Ankley et
al. 1993).

Key factors that control interstitial concentrations of di-
valent metals are often sediment and system specific. For
example, in anoxic sediments, labile sulfide complexes can
be critical in dictating metal bioavailability, whereas in more
aerobic systems, interstitial water concentrations of cationic
metals are often controlled by complexation with iron and
manganese oxides or organic carbon. The Keweenaw Wa-
terway system is oligotrophic–mesotrophic, slightly basic
(pH 6.5–9.1), and like much of the Lake Superior basin,
surficial sediments are relatively aerobic. Recent studies in-
dicate that sulfide does not appear to be an important binding
phase that controls the bioavailability of copper in the Ke-
weenaw Waterway sediments. Rather, in these aerobic fresh-
water sediments, organic carbon constitutes a major binding
phase for cationic copper (Ankley et al. 1993). Although
total organic carbon flux increased with mining activity, the
increase was only 63 background as compared to the 220–
3403 increase in Cu flux. At present, aerated sediments al-
low recolonized benthos to work organic matter through a
well-mixed layer 2–4 cm deep. Concentrations of pore-water
copper show major decreases in the top organic-rich upper
sediments of Portage and Torch Lake, due to organic com-
plexation (Cusack 1995; Cusack and Mihelcic 1999). In the
Waterway, at least 50% of the dissolved copper in pelagic
waters is bound in an organic fraction (Brandt 1973). These
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findings are consistent with the observation that in meso-
cosm experiments with Daphnia, dissolved organic matter
(DOM) binding of copper is often the chief means of detox-
ification (Meador et al. 1993). Although the specific nature
of the organic complexing agents is unclear, currently there
is a substantial influx of humic acids from the Sturgeon,
Trap, Pike, and Pilgrim Rivers (Spain et al. 1969) and mod-
erate fulvic acid production from increased summer pelagic
algal populations associated with historic eutrophication.

The full extent of recovery is still under investigation.
Daphnia incubation experiments in stamp sand ponds indi-
cate that most contain dissolved Cu concentrations too high
to support cladoceran populations and that many existing
shoreline stamp sand piles produce a lethal halo zone along
the shoreline (Lytle 1997). However, zooplankton assem-
blages are returning to Torch Lake, the most disturbed local
environment, and viable resting eggs can be found in surfi-
cial sediments. In the late 1960s to early 1970s, dissolved
copper concentrations in Torch Lake were as high as 100 mg
liter21 (Brandt 1973), yet have now declined below 20–30
mg liter21 (Lytle 1997).

Thus, despite its present pristine appearance, the Kewee-
naw Peninsular region appears to be an ecosystem in recov-
ery from turn-of-the-century mining operations. The long-
term legacy of regional mining operations is persistent,
enhanced flux of metals, particularly copper. Our investiga-
tions underscore the valuable historical information provided
by inorganic and organic flux calculations from sediment
cores and the value of associated sediment and organism
tests. The Keweenaw Waterway scenario suggests a natural
ecosystem-scale self-healing process overridden by a trend
of nearshore eutrophication, one that couples enhanced cop-
per cycling from mining disturbances with organic complex-
ation from nearshore wetland discharges and increased algae
exudates to detoxify the circulating copper. Unfortunately,
increased exchange of Lake Superior and Keweenaw Water-
way waters has promoted hybridization and allowed ele-
ments of the large lake fauna to colonize inland waters suc-
cessfully, suggesting that recovery from mining impacts will
not mean return of zooplankton communities to their pre-
vious condition.
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