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Abstract
Beach ridges and wetland swales formed in embayments along Great Lakes shorelines during Holocene lake-level changes.
Vegetation differences among swales suggested influence from differing groundwater flow systems. We characterized the
hydrology across 79 ridge/swale wetlands in the Manistique/Thompson embayments of Lake Michigan using chemical and
physical methods. Cross-sections were built from geologic data, and nested piezometers were installed across three ridges/swales
where upwelling was noted. Stainless steel piezometers driven in 30 swales were sampled and water analyzed for specific
conductance, alkalinity, and major ions. Surface water from 11 swales was analyzed. Water dominated by Ca-Mg-HCO3 was
prevalent across the strandplain, with specific conductance generally less than 100 μS/cm. Conductivity, Ca, Mg, and HCO3 in
groundwater were greater at identified groundwater discharges; where an amalgamated beach ridge forms a surficial groundwater
divide; and swales nearer LakeMichigan that likely receive greatly mineralized water from a deeper aquifer. Repositioning of the
shoreline as the embayments filled over the past 4700 years, coupled with isostatic rebound and changes in lake water levels,
altered head differentials and changed the sources of discharge from local, intermediate, and deep flow systems over time. Extant
plant communities are consistent with the groundwater dependence of these wetlands.
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Introduction

Wetland hydrology is widely recognized as the primary influ-
ence on wetland ecology and development (Hayashi and
Rosenberry 2002), and information about hydrology is essen-
tial for understanding and quantifying wetland functions and
processes. In the Laurentian Great Lakes, studies of the role of
groundwater in selected wetlands in a range of physiographic
settings were reported by Crowe and Shikaze (2004), but fur-
ther information on wetland hydrology is needed. A Great
Lakes wetland type not studied by Crowe and Shikaze forms
in the swales between sandy, dune-capped beach ridges. In

general, these arcuate swales are believed to be recharged
from the groundwater flow system because they are typically
depressions in the overall landscape topography. However, as
noted by Doss (1993) and Carlson Mazur et al. (2014), water
budgets and flows in these wetlands are complicated, and the
relative contributions from groundwater and surface water are
very difficult to discern.

Field studies (Wilcox et al. 1986; Shedlock et al. 1993;
Kehew et al. 1998) have confirmed that different flow systems
in Great Lakes wetlands can be empirically distinguished from
each other. Furthermore, previous work in the Great Lakes has
shown that these wetlands may not simply be spatially con-
nected to different parts of a flow-system continuum, but they
are likewise connected temporally. For example, in the ridge
and swale wetlands near Manistique, Michigan, changes in
wetland vegetation vary more with position from the shoreline
and connectedness to a deep-seated flow system than to atmo-
spheric changes (precipitation) through time (Burkett et al.
2005, Section 4.1). This temporal behavior of wetland sys-
tems is also shown bymany ridge and swale systems that have
a grouping of basal radiocarbon dates around specific time
periods when lake level in the Lake Michigan basin was high.
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This indicates that wetland hydrology and development are
additionally influenced by temporal changes in the elevation
of the water in the lake basin (Thompson and Baedke 1997)
and not simply local groundwater and surface-water
hydrology.

Further complicating the possible interactions that wet-
lands can have with their surroundings, Johnston et al.
(2004) showed that some ridge and swale sites around the
Great Lakes contain gaps in the peat record (or degraded peat
sequences) within wetlands, indicating that parts of some

wetlands were, at times, completely disconnected from the
groundwater system. Temporal changes to the hydrologic con-
tinuum are also due to ever-changing aquifer boundaries
(aquifer size and dimension) of embayments around the
Great Lakes. Through much of their existence, these embay-
ments continuously added new material to the shoreline, and
therefore, new beach ridges and wetlands were successively
produced. Not only has the depth of the embayment changed
through time, but the shape of the embayment has also
changed as littoral and fluvial sediment is added
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Fig. 1 Map showing the Manistique and Thompson embayments with
beach ridges (black arcs) between Indian Lake and Lake Michigan.
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surface and/or shallow groundwater samples were collected for geochem-
ical analysis. Ridges R26 and R73 are labeled, as are a series of swales
across the strandplain. Beach samples were taken adjacent to R1
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asymmetrically to one or both of embayment margins. Lastly,
the land surface is likewise being uplifted through isostatic
rebound (Baedke and Thompson 2000), modifying the rela-
tionship of the embayment to the water elevation of the greater
lake basin. This is especially true in more northern areas of the
upper Great Lakes where isostatic rebound is the greatest.

The Manistique/Thompson strandplain along the shore of
Lake Michigan southwest of Manistique, Michigan, USA
consists of two embayments that filled with more than 90
beach ridges and intervening swales during the past 4700 years
(Baedke and Thompson 2000). Differences in vegetation
across the suite of wetlands in the swales (Burkett et al.
2005) and seemingly abrupt differences in paleo-vegetation
data (Singer 1996) among nearby swales led us to conclude
that groundwater contributions were likely different across the
strandplain. We also discovered an upwelling in a swale land-
ward of a ridge in the Thompson embayment part of
strandplain that suggested localized upward groundwater flow
and helped explain the differences in vegetation.

Our objective was to understand the roles of local and deeper
flow systems in relation to long-term lake-level changes, iso-
static rebound, topography, subsurface geology, and shoreline
changes due to littoral drift of sands that can explain observed
differences in wetland vegetation across the strandplain. We
characterized the modern hydrology of the system chemically
(with field-instrument data and bulk water chemistry) because it
was the most efficient means of assessing such a large system
(Euliss et al. 2014). We supplemented chemical data with phys-
ical measurements (a series of shallow nested piezometers and
hydro-stratigraphic cross-sections). We then assessed results for
consistency with Tóth (1963), Meyboom (1967), and Winter
(1976) models describing local, intermediate, and deep flow
systems that are hydrologically distinct from each other. The
influences of isostatic rebound, shoreline changes, and paleo
lake-level changes on hydrology were also assessed, as well
as the potential responses of groundwater-dependent plant com-
munities to site hydrology.

Study Site

The Manistique and Thompson embayments occur south-
west of Manistique, Michigan (Fig. 1). The two embay-
ments contain more than 90 arcuate beach ridges forming
an 8-km-wide by 5-km-deep strandplain of relict shore-
lines that isolates Indian Lake from the greater Lake
Michigan basin. The two embayments were joined until
shoreline progradation intercepted a bedrock upland
(Stoney Point) midway through the strandplain develop-
ment, isolating the two areas of littoral sediment accumu-
lation. Continued progradation occurred on the northeast
and southwest sides of Stoney Point. Beach ridges within
the strandplain have relief from as little as 0.5 m to more

than 10 m, and they are spaced on average about 45 m
apart. The landward part of the strandplain is a platform
of ~25 ridges ranging in elevation from 188 to 190 m
International Great Lakes Datum 1985 (IGLD85). This
platform formed during the Nipissing phase of ancestral
Lake Michigan as lake level rose to a peak about
4500 years ago (Thompson et al. 2014; Argyilan et al.
2018). Subsequent fall from this last major high lake level
in the upper Great Lakes occurred across the next ~70
ridges to the modern lake, dropping in relative elevation
another 11 m to the modern elevation of Lake Michigan
(Fig. 2A). Within this sequence, several wedges of beach
ridges occur with low angle truncations and wider swales
that have small drainages within them. Our study focused
on ridges (R) and swales (S) 0 to 79.

The internal architecture of the beach ridges consists of a
core of water-lain nearshore deposits with an overlying cap of
eolian sediment. Thompson and Baedke (1995, 1997) used
the elevation of basal foreshore deposits vibracored from 87
ridges and radiocarbon dates from the bases of 25 intervening
swales to create a mid- to late-Holocene relative
paleohydrograph for the Manistique/Thompson strandplain,
which was incorporated into a lake-wide paleohydrograph
(Baedke and Thompson 2000) (Fig. 2B). This Port Huron-
outlet-referenced hydrograph shows lake level rising to the
peak of the Nipissing phase of ancestral Lake Michigan at
4500 years, followed by a 6-m fall over the next 4500 years.
At Manistique, the lake-level fall, accentuated by rebound,
produced beach ridges up to 2700 years ago, where a 1000-
year gap occurs in the strandplain chronosequence (Fig. 2A).
Baedke and Thompson (2000) speculated that insufficient
sediment in the southern Thompson embayment precluded
beach ridges being formed or that ridges that were formed
were subsequently eroded. Regardless, beach ridges began
to form again 1700 years ago as part of an additional 2.5 m
relative lowering of lake level (Fig. 2 A). A second gap occurs
in the sequence from 1500 to about 100 years ago, followed
by the recent creation of two beach ridges in the 1970s and
1980s near the modern shoreline.

Methods

Subsurface Geologic Data

Several sets of subsurface data were available for the study
area. Most abundant were the individual vibracores collected
by Thompson and Baedke (1997). On average, these cores
only reached a depth of 3.6 m. Detailed facies descriptions
were available for each core. The second most abundant
source of data was water-well driller logs available from the
state of Michigan (https: / /www.mcgi.state.mi.us/
waterwellviewer/). Variable in quality and depth, these logs
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provided a gross overall stratigraphy for the area reaching
bedrock at depths of 30 m or slightly more. Holzer et al.
(2011) collected 12 cone-penetrometer logs along accessible
roads in the Manistique/Thompson area. These logs provided
gross stratigraphy from depths of 7 to 30 m. Ground-
penetrating radar data were collected using a 250-MHz anten-
na along a logging road in the landward part of the Manistique
embayment. Like the vibracore data, this 1.4-km-long transect
provided detailed information on the stratigraphy of the upper
10 m of the subsurface.

Geochemical Sampling

Wells were installed in June 2004 for geochemical sampling in
30 swales ranging from S0 to S79. SolInstModel 615 stainless
steel drive points and 2-cm NPT steel pipe were hand-driven
generally 1.2 to 1.5 m deep. All wells were removed immedi-
ately following sampling. Samples were withdrawn from
polyethylene tubing attached to the stainless steel drive-point
piezometers using a 12-V peristaltic pump. At S26 and S27,
samples were collected from both 1.5-m and 3-m depths to
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Fig. 2 A. Paleohydrograph showing relative lake level for theManistique
and Thompson embayments (Thompson and Baedke 1997) and historical
lake level. Paleo lake-level data were derived from the elevation of basal
foreshore deposits within each beach ridge. Note the two periods when
beach ridges were eroded or never formed. The gap ending at ~1700 years
ago allowed the development of a 10-m-high ridge in the Thompson

embayment where a topographically influenced groundwater divide oc-
curs. B. Hydrograph of the late Holocene lake level and historical lake
level for Lake Michigan/Huron. The top line is interpreted from beach-
ridge studies, and the lower line is inferred from historical records
(Baedke and Thompson 2000)
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determine the influence of large ridge R26. A spring emanat-
ing on the beach led us to sample drive-point piezometers
there at 1.2-m and 1.8-m depths. Groundwater samples were
also withdrawn from the deeper PVC piezometers at S58, S59,
and S60 (see below) and the 603-m-deep, water-supply well
screened in sandstone at a state fish hatchery adjacent to the
southeast edge of the study site. Surface-water samples were
collected from 11 swales that had standing water, ranging
from S4 to S78, and from the spring on the beach, downslope
Lake Michigan, upslope Indian Lake, and Big Spring Kitch-
iti-kipi (a 60-m-wide, 12-m-deep pool about 6 km upslope
from the study site that is fed by a discharge of about 38 kL/
min). Standard sampling protocol for field aqueous chemistry
was followed (Wilde 2010). All field meters were calibrated
once per day and calibration checked and adjusted as neces-
sary at each new sampling site visited during the day. All
sampling equipment was flushed and cleaned between sam-
ples with deionized water.

Samples were collected for major ion analyses, as well as
field parameters of temperature, dissolved oxygen, pH, spe-
cific conductance (SPC), and alkalinity. Duplicates were col-
lected for 10% of the samples to be analyzed for major ions to
ensure reproducible and reliable results. Prior to collection of
samples or determination of field parameters, three volumes of
the polyethylene tubing of the piezometer were purged. All
samples to be analyzed in the lab were filtered through a
disposable, in-line, 0.45-μm filter, collected and stored in
clean, high density polyethylene bottles, and cooled on ice
during transport to the laboratories. Additionally, cation sam-
ples were acidified with nitric acid.

Analyses for Cl− and SO4
= were conducted using a Dionex

DX-120 Ion Chromatograph. Ca2+, Mg2+, Na+, K+ were ana-
lyzed by atomic absorption using a Perkin-Elmer 1100B
Spectrophotometer. These analyses were performed at the
James Madison University Aqueous Chemistry Laboratory.
In addition to the duplicates collected in the field as a check
on the field methodology, duplicates were also run in the lab
every 20 samples. Chemical data from both the lab and field
were entered into the software package AquaChem (Waterloo
Hydrologic) for data storage, retrieval, and text and graphical
reporting.

Water-Level Elevations

Piezometers made from 2-cm-inside-diameter PVC tubing
(2.5-cm outside diameter), screened for 10 cm by drilling 1-
mm holes, and sealed at the bottom with pointed PVC plugs
were installed in July 1998 across the suite of ridges and
swales near the observed upwelling in S59 (swale landward
from beach ridge R59). Holes were created using a 3.5-cm
diameter soil auger, and after insertion, the piezometers were
driven to the desired depth using a short plank and mallet. The
surface around the piezometers was excavated, and bentonite

was used to seal the holes. Vibracore-site elevations were pre-
viously surveyed as part of a parallel study (Baedke and
Thompson 2000), and short core tubes remained in place
marking the survey sites. Piezometer elevations were sur-
veyed with a laser level using the ridge 59 elevation as a
benchmark. Screens were centered at 186.477 m (IGLD85)
at S58, R59, S59, and S60 to determine horizontal flow.
Nested piezometers to determine vertical flow were
established with screens at 186.035 m at S58, 186.705 m at
R59, and 186.385 m at S59. An additional piezometer at R60
was screened at 186.614 m. Water levels were measured by
tape and chalk on three dates in different seasons. The water
table at S58 and S59 was measured as surface water elevation
(or in small pits when dry).

Results

Subsurface Stratigraphy

Subsurface data from vibracores, water-well driller logs, cone
penetrometer logs, and ground penetrating radar transects pro-
vided insight into the subsurface of the Manistique and
Thompson embayments. Most of these data, except for the
shallow vibracore transects, were limited to the margins of
the two embayments because of the inability to move wheeled
vehicles across the ridges and swales. Common to both em-
bayments was an upper sand of strandplain deposits consisting
of 6–7 m of medium to fine-grained sands that represent dune
to lower nearshore sediments. These sands overlie an addi-
tional 6 m of sand, sandy gravel, and clayey sand of probable
coastal origin – most likely associated with the transgression
to the Nipissing phase of ancestral LakeMichigan.Water-well
driller logs from the margins of the embayments that penetrate
deeper into the subsurface showed that these coastal deposits
overlie 8 to 12 m of red clay. However, in the Thompson
embayment, the driller logs indicated that this red clay layer
is much thinner and perhaps discontinuous throughout the
southern strandplain. Where present, the red clay appears to
overlie 1–2 m of clay-rich sand and sandy gravel resting on
limestone. Well-driller logs show the limestone at about 30 m,
but depth is variable and near 50 m in some places near Indian
Lake. The wells are finished in limestone.

Geochemistry

A Piper plot was constructed using 53 water samples from
piezometers, swale and beach surface water, the fish hatchery
well, Indian Lake, Lake Michigan, and Big Spring Kitch-iti-
kipi (Fig. 3). Sample points were designated as local, interme-
diate, deep, and mixed as later determined by data analysis.
Local was identified by SPC ≤ 63 μS/cm and deep by SPC ≥
440 μS/cm. Intermediate ranged from 151 to 263 μS/cm, and
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mixed covered a range of 70 to 1136 μS/cm but with other
constituents differing from those in local, deep, or intermedi-
ate. The plot shows Ca-Mg-HCO3 chemistry in many surface-
water and groundwater samples. More scatter occurs at the
fish hatchery well (F), Indian Lake (I), Lake Michigan (M),
Big Spring Kitch-iti-kipi (S), beach (B) surface and B1.2m/
B1.8m piezometers, swales S48, S49, and S56 affected by
road salt, and swales S0, S1, and S2 near Lake Michigan.

Specific conductance of groundwater samples collected
from stainless steel drive-point wells was relatively high
(295–1136 μS/cm) in swales S1, S2, and S48 to S56
(Table 1). Swales S1 and S2 are downslope from Rte. 2, and

S48-S56 are adjacent/downslope from Rte. 442. Both sites are
likely influenced by salting of roads in the winter
(VanderMuelen 1984), as corroborated by Na as high as
71 mg/L and Cl as high as 288 mg/L. The regional aquifer
sampled at the 603-m-deep water-supply well at the fish
hatchery also had relatively high specific conductance
(1597 μS/cm), as did groundwater from drive-point piezome-
ters on the beach (841 μS/cm).

Specific conductance was generally less than 100 μS/cm in
groundwater samples from across the strandplain that are not in-
fluenced by road salt or the deep aquifer (S19 to S23, S29, S34,
S40, S65 to S79) (Table 1). However, values were greater at S5,
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Table 1 Water chemistry from
groundwater samples collected
from drive-point piezometers at
~2-m depth (unless noted other-
wise) at beach and swales 0–79
and the fish hatchery well; and
surface-water samples from Lake
Michigan, the beach, swales, Big
Spring Kitch-iti-kipi, and Indian
Lake.

GROUNDWATER

Site SC HCO3 Ca Mg Na K Cl SO4 pH

beach 1.2 m 626 146 54 25 81 0.7 193 0 7.3

beach 1.8 m 841 162 52 25 84 1.1 212 5.3 7.4

R0 440 212 47 19 13 0.4 35 0 6.8

R1 701 148 66 24 40 0.8 90 0 7.5

R2 838 179 62 62 71 0.8 170 0 7.6

R5 247 161 30 15 0.2 0.9 1.3 0 7

R9 90 55 12 6 0.5 0.3 0.4 0 6.8

R11 70 47 9 4 0.3 0.2 0.4 0 6.8

R13 105 53 13 7 0.5 0.4 0.5 0 6.8

R14 78 35 11 4 1.3 0.8 0.7 0 6.4

R18 235 126 25 14 0.7 0.8 0.9 0.1 7

R19 50 21 4 2 1 1.3 0.7 0.9 6

R22 55 28 4 2 1.1 0.7 0.6 0 6.4

R23 36 13 2 2 1.1 0.9 0.7 0 6.1

R24 123 52 13 6 1 0.8 0.8 0 6.5

1.5 m R26 229 135 22 13 1.9 1.3 2.7 0.3 6.7

3.0 m R26 263 163 30 17 1.7 1 1 0 7.1

1.5 m R27 55 14 4 1 1.6 1.1 1 0 5.5

3.0 m R27 247 144 24 15 1.9 1.1 0.9 0 6.8

R29 25 7 1 1 1.1 1.4 0.4 0 5.2

R31 115 61 18 5 1 0.5 0.6 0 6.2

R34 51 9 8 3 0.9 0.7 0.7 0 5.7

R37 107 55 18 5 2.3 0.8 0.6 1.6 6.6

R40 36 10 1 3 2.1 0.7 0.5 5.8 5.9

R44 111 61 16 6 0.8 0.6 1 0 6.9

R48 295 138 31 12 9 0.3 23 0.3 6.4

R49 316 172 30 14 18 0.1 41 0.2 7.5

R51 440 262 46 22 18 1.9 22 0 7.1

R56 1136 238 143 37 39 3.4 288 0.8 6.7

R58 151 76 10 8 1.6 1.4 1.1 5.5 7.1

R59 188 107 22 10 2.2 1.4 7.6 0 7.6

R60 228 96 20 12 2.4 1 1 4.9 7.5

R62 197 124 25 10 2.1 1.6 0 0 6.7

R65 24 4 1 1 1.3 1 0.7 3.3 5.6

R72 63 43 2 4 1.1 1.3 0.3 4.1 6.7

R74 23 6 1 1 0.6 0.9 0.7 0 5.8

R79 44 13 3 3 2.1 1.2 1 0 5.3

Fish Hatchery 1597 159 145 47 106 8.9 495 53.7 7.6

SURFACE WATER

Lake Michigan 287 110 37 10 7 1.1 10.1 19.7 8.2

beach 112 174 46 18 58 0.7 89 0 7.9

S4 245 145 31 14 0.9 0.4 1.4 0.8 7.3

S9 100 68 17 7 0.5 0.2 0.2 0 6.8

S11 128 89 20 7 1.3 0.3 0.6 0.3 6.6

S13 140 96 19 8 1 0.1 0.3 0 6.8

S23 43 19 7 3 2.2 0.9 0.4 0 6.2
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S18, S26, S62, and S58 to S60. The latter swales are in the area
where upwelling was observed (S60 = 228 μS/cm). Swales S5
(247μS/cm) and S18 (235μS/cm) had SPCvalues similar to S60.

Specific conductance of 263 μS/cm at the 3-m depth
at S26 was greater than at 1.5 m (229 μS/cm) (Table 1),
suggesting upward flow of more mineralized water
mixed with and diluted by precipitation. At adjacent
S27, the 3-m-deep SPC was 247 μS/cm, while only
55 μS/cm at 1.5 m. These narrow swales with no stand-
ing water are upslope from R26, which is an amalgam-
ated ridge rising 10 m higher than the ridges typical of
the strandplain, and discharge of water recharged on this
ridge may be driving landward groundwater flow to S26

and S27. Downslope S24 may also be affected by such
discharge (123 μS/cm).

Groundwater Ca, Mg, and HCO3 followed patterns very
similar to SPC across the full strandplain, including S26
(Table 1). Increased Ca, Mg, and HCO3 were observed at
S44, S37, and S31, which are downslope from S58 to S60.
However, lower SPC, Ca, Mg, and HCO3 were observed at
intervening S40, S34, and S29, as well as swales S19 to S23.

Geochemistry data for surface water samples are limited
because many of the swales had no standing water. Specific
conductance and ionic constituents were low in swales not
receiving groundwater flows. However, increased SPC, Ca,
Mg, and HCO3 at S4, S48, and S56 (Table 1) followed the

Table 1 (continued)
GROUNDWATER

Site SC HCO3 Ca Mg Na K Cl SO4 pH

S48 136 34 11 4 12 0.2 24 0.2 6.6

S56 915 279 92 32 63 2.4 151 0.7 7

S61 50 17 1 1 2.2 1.5 0.8 0.3 5.6

S62 20 9 2 1 1.5 0.7 0.4 0 7

S71 19 11 1 1 1.2 1.1 0.7 0.6 6

S78 27 8 5 2 2.1 1.2 0.6 0 5.8

Big Spring 961 240 169 24 2.2 1.4 7.5 344 7.6

Indian Lake 225 94 36 7 1.5 0.7 2.5 40.1 7.8
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pattern seen there in groundwater; road-salt influence was
shown in Na and Cl at S48 and S56 but not at S4. Surface-
water SPC, Ca,Mg, and HCO3 at S13, S11, and S9 downslope
from S18 were also elevated. Surface water at S4 had charac-
teristics similar to the groundwater discharge at S5. Values
were also high in surface waters from the spring on the beach,
as well as 6-km-upslope Big Spring Kitch-iti-kipi that is sup-
plied by voluminous discharge from a deep aquifer.

Nested Piezometers

In the area where upwelling was observed as a flowing spring
in S59, nested piezometers confirmed an upward gradient of
flow that is sufficient to cause discharge in the region of S58 to
S60 (Fig. 4). Water levels in the four piezometers screened at
186.477 m decreased from S60 to S58, showing horizontal
flow in that direction. Vertical flow direction at S58 was
downward in April 1999 when daily high temperatures for
the previous month melted a 43 cm snowpack, resulting in
recharge. Across sampling dates, the water table at S58 ranged
from 186.724 m (IGLD85) to 187.001 m (−0.201 m to
+0.076 m from land surface) and at S59 from 186.894 m to
187.239 m (−0.153 m to +0.192 m from land surface).

Discussion

Groundwater Flow Patterns

Toth (1963) used an analytical solution to model groundwater
flow in vertical section to generate cross-sectional, flow-
simulation models (Fig. 5A) showing local, intermediate,
and regional flow systems. Winter (1976) used a numerical
simulation analysis to model groundwater flow near lakes in a
multiple-lake system (Fig. 5B), again showing local,
intermediate, and regional flow systems. Studies in the field
by Meyboom (1967) in Canada (Fig. 5C) and by Winter and
others in prairie-pothole wetlands of North Dakota, USA (e.g.,
Winter 1989; Winter and Rosenberry 1995; Euliss Jr et al.
2014) generated an understanding of recharge, discharge,
and flow-through wetlands at a local scale, recharge to a
deeper flow system that bypasses one or more downslope
wetlands before discharging (intermediate flow system), and
recharge to a much deeper regional flow system that ultimate-
ly discharges much farther downslope (Winter et al. 1998)
(Fig. 5B).

Although underlying geology differs, our data suggest
that the groundwater flow system in the strandplain at
Manistique, Michigan also displays local, intermediate,
and regional flows. Ridge 73 (R73) is a topographic high
at the peak Nipissing lake level about 4500 years ago
during the mid-Holocene (Argyilan et al. 2018), and local
groundwater flows across S73 to S79, which are likely

recharged by precipitation (SPC ≤ 44 μS/cm; Table 1),
would be directed landward toward lower elevation
Indian Lake (Fig. 6). Swales S72 to S65 also have quite
dilute water (SPC ≤ 63 μS/cm), as local flows driven by
precipitation would be directed toward Lake Michigan
until they meet the discharge identified by the piezometer
at S60 (SPC = 228 μS/cm) (Fig. 4). Here, an intermediate
flow system may be generated by upward flow from a
confined aquifer that is released by a discontinuity in the
clay confining layer (Fig. 6). The confined aquifer may be
recharged by Indian Lake, which has chemistry similar to
S60, except for SO4 (Table 1). Alternatively, some of the
upward flow at S60 could be generated by deeper surficial
flows from Indian Lake (Fig. 6). Upward flow at S60
reaches landward to at least S62, as indicated by SPC of
197 μS/cm in groundwater. Downslope from S60,
groundwater SPC was 188 and 151 μS/cm at S59 and
S58, respectively, as influence from the confined-aquifer
discharge decreases. Water chemistry was mixed at S56 to
S48, which are altered by road-salt contamination, but
elevated groundwater Ca, Mg, and HCO3 (Table 1) sug-
gest that discharge from the confined aquifer may extend
to S48 (Fig. 6).

Mixed flows in a flow-through system, as observed in
prairie-pothole wetlands (Winter 1989; Euliss et al. 2014),
then likely extend downslope from S48 until meeting the
groundwater divide associated with R26. However, S40,
S34, and S29 seem to be local recharge wetlands dominated
by precipitation (SPC ≤ 51 μS/cm), bypassing the mixed
flows, as also observed in prairie-pothole wetland studies with
different underlying geology (van der Kamp and Hayashi
2009). Intermediate landward discharge from R26 is greater
than lakeward discharge, as evidenced by greater groundwater
SPC and ionic constituents (Table 1) at S26 (229 μS/cm) than
at S24 (123 μS/cm).

Swales S23, S22, and S19 (SPC ≤ 55 μS/cm) also seem to
be local recharge wetlands elevated above the intermediate
flow system. Greater SPC (235 μS/cm), Ca, Mg, and HCO3

at S18 (Table 1) suggest that the flow system with similar
values that discharges at S58 to S60 is also moving upward
at that location, perhaps from another discontinuity in the clay
confining layer (Fig. 6). Lakeward from S18, flow-through
conditions in S14 to S9 with mixed water chemistry persist
until meeting another discharge at S5 (247 μS/cm) that has
intermediate chemistry similar to S18 and S58 to S60 and also
influences surface water at S4. Although we lack confirming
physical data, the regional, deep/mature flow system evi-
denced by the deep water-supply well at the fish hatchery
may then discharge upward to Lake Michigan and influence
S2 to S0, as well as the beach samples, where SPC, Ca, Mg,
and HCO3 are greater (Table 1). A Piper plot suggests that the
aquifer supplying upslope Big Spring Kitch-iti-kipi does not
affect flows on the strandplain.
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Groundwater Flow to an Evolving Coast

The hydrology of embayments and shorelines around the
Great Lakes is in a constant state of flux, in part due to chang-
ing hydrologic boundary conditions. One such boundary con-
dition is the land surface itself. Baedke and Thompson (2000),
the Coordinating Committee (2001), and Mainville and
Craymer (2005) (among other researchers) have attempted to
quantify the rates of glacial isostatic adjustment for locations
along Lake Michigan. These studies suggest that the
Manistique area should have a positive rebound rate of 9.4
to 14 cm/century relative to the Port Huron outlet of Lake
Michigan/Huron. This rebound would have the effect of
lifting the most landward parts of the embayment for longer
periods of time than the most lakeward part of the embayment,
thus raising the hydrologic boundary condition for Indian

Lake relative to Lake Michigan. As a result, rebound should
cause a redistribution of the source of groundwater
discharging into these wetlands through time by changing
the head differential between and within local, intermediate,
and regional, flow systems (Fig. 7).

Baedke and Thompson (2000) determined that the
Manistique/Thompson embayment filled with beach ridges
and intervening swales (wetlands) over the last 4700 years.
The constant repositioning of the shoreline due to the addition
of sediment in the embayment continuously moved the hydro-
logic boundary condition of LakeMichigan farther away from
Indian Lake through time. This has the potential to cause a
redistribution of dominant water chemistry that flows into the
wetlands. Notably, the movement of the Lake Michigan
boundary condition causes the position of deep/mature zone
that coincides with the modern shoreline to move. In addition,
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as the embayment filled with beach ridges, the shape of the
shoreline changed from highly arcuate to more straightened.
Cherkauer andMcKereghan (1991) suggested that the amount
of water being delivered to the embayment groundwater can
thus decrease by as much as 500%. This drastic decrease in
groundwater delivered to the embayment would no doubt
have an impact on the source and origin of water, and it could
potentially dry the wetlands completely.

Lake levels have also changed substantially through time
as a result of climate change (Baedke and Thompson 2000)
(Fig. 2B), thus changing the elevation gradient of downslope
flow from the strandplain to the lake. For swales that are near
Lake Michigan at any point in time, when lake levels are low,
the head differential between the local flow system and the
lake increases, driving increased downslope flow. During high
stands of the lake, that head differential and flows toward the
lake would be reduced. Isostatic rebound and the continued
fall of mid- to late-Holocene lake level would lift older inland
swales well above the lake so lake levels would have reduced
effect there. However, groundwater discharges farther from
the lake, such as near S60, would likely continue, even when
lake levels are high, with resultant downslope flow-through
waters slowed and potentially ponding some lakeward swales.

Potential Effects of Flow Systems
on Groundwater-Dependent Ecosystems

Groundwater-dependent ecosystems are defined as communi-
ties of plants, animals, and microorganisms that rely on
groundwater during at least a portion of the year to maintain
structure and function. They gained recognition in the late
1990s (Hatton and Evans 1998) and have since been described
(Eamus and Froende 2006; Humphreys 2009; Klove et al.
2011); classified (Bertrand et al. 2012; Eamus et al. 2016),
and evaluated in a variety of ecosystems (e.g., Murray et al.

2003; Boulton and Hancock 2006; Harvey et al. 2007;
Loheide et al. 2009).

In a brief, case-study description of the Manistique
strandplain (Burkett et al. 2005, section 4.1), the locations of
various wetland plants in relation to hydrologic conditions
were explored. Hydrology of the strandplain is now better-
defined based on this study. Shallow-marsh, emergent species
occur in S1 and S2 that are continually wet due to shoreline
discharge from the deeper aquifer. Slightly farther landward
where swales receive both local flow-through waters and
deep-aquifer discharge that could have ponded water,
floating-mat species are present (S4 and S8). Most indicative
of groundwater discharge is the presence of northern white
cedar (Thuja occidentalis L.), which prefers discharge of cal-
careous waters (Swink andWilhelm 1979; Wilcox et al. 1986;
Voss and Reznicek 2012). Northern white cedars are promi-
nent lakeward from S60, where more-mineralized groundwa-
ter discharges and continues downslope in flow-through fash-
ion. Cedars are also present in S61 to S64, which may also
receive water from that discharge. Floating mat species appear
in S64 and S71, where lakeward flows from the R73 Nipissing
peak may be slowed as they meet the upward flows and pond
the swales. Floating mat species that indicate ponding also
occur in S73, S77, and S78, likely due to local landward flows
from the R73 peak. Ponding in S73 long ago was evidenced in
a paleoecological study showing submersed plant species that
were followed by floating mat species over 2000 years ago
(Singer 1996).

Our results suggest that shallow groundwater and water
within swales are sourced from physically and chemically
distinct shallow, deep, or mixed groundwater zones largely
dependent upon distance from the modern shoreline, topogra-
phy, and subsurface geology. Modern wetland plant commu-
nities differ from swale to swale depending on relative
amounts of groundwater sourced from different parts of the
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continuum. In addition, paleoecological studies (Singer 1996)
showed that plant community development and changes in
communities over the past 4700 years also differed by swale
in patterns that reflect groundwater source. Future changes in
groundwater-dependent plant communities may be affected
by climate change, but they will likely vary by swale because
relative importance of groundwater sourcing differs by swale.
Management practices, preservation, and planning in these
evolving wetland ecosystems need to consider hydrologic
drivers to make proper decisions.

Conclusions

Across the strandplain, water was dominated by Ca-Mg-
HCO3 chemistry. Specific conductance, Ca, Mg, and HCO3

were greater where groundwater discharges were identified
from a confined aquifer, an amalgamated beach ridge, and a
deeper aquifer. Flow-through conditions were also identified,

as were swales that were likely perched above the groundwa-
ter flow system. Per our objective, the roles of local and deeper
flow systems helped identify groundwater-dependent plant
communities and explain observed differences in wetland
vegetation across the strandplain.
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