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Abstract: We evaluated whether sediment excavation improved water quality in a former (pre-Eu-
ropean settlement) wetland complex that was a farm in the early 1900s and then later in the
1990s/early 2000s was allowed to naturally refill with water and became nutrient-rich ponds
plagued by legacy phosphorus issues. Two ponds were recently restored via dewatering, excavation
of the surface sediment, and hydrologic reconnection to an adjacent creek to re-establish a flow-
through marsh. The removal of ~103,000 m? of phosphorus-laden sediment and reconnection to the
adjacent stream resulted in improved water quality, with a reduction in total phosphorus concen-
tration from ~1000 pg/L to ~20 pg/L and a 40% reduction in specific conductivity in both former
ponds. Soluble reactive phosphorus concentrations declined substantially in one pond, from ~720
ug/L to 3 ug/L, but not in another pond, which was partially dredged by the landowner prior to
restoration. Additionally, phosphorus concentration in the downstream receiving water body also
declined but to a much more modest degree. Sediment excavation was an effective restoration tool
in this former agricultural system, but given the expense and potential impact on pre-existing biota,
a full-system diagnosis, including cost, sediment characterization, and control of external nutrient
loading, is recommended before its implementation elsewhere.

Keywords: wetland restoration; sediment removal; hydrologic reconnection; phosphorus; Great
Lakes Area of Concern

1. Introduction

The Great Lakes, like many large-scale ecosystems, are facing no shortage of stressors [1].
Among that list, two of the more common ones are eutrophication and habitat loss. These
two stressors are commonly found as beneficial use impairments in designated Great
Lakes Areas of Concern (AOC). Muskegon Lake, MI, USA, was designated as an AOC
because of the legacies associated with its history of lumber, industry, and direct dis-
charge of effluent, which resulted in the hardening of the shoreline, sediment contamina-
tion, and the development of nuisance algae, among other impairments [2]. Habitat loss
was significant and resulted from the filling of open water and coastal wetlands in the
form of historic sawmill debris, foundry sand, and slag. Collectively, these activities re-
sulted in ~65% of the shoreline becoming hardened with wood pilings, sheet metal, and
concrete [2]. The direct discharge of effluent to the lake prior to the passage of the Clean
Water Act resulted in excessive nutrient concentrations and algal blooms [2,3], the loss
and degradation of the benthic community [4,5], and the associated degradation of water
quality and fish and wildlife populations [2,6,7].

The loss of wetlands is of particular concern given the numerous ecosystem services
they provide, including nutrient retention, fish and wildlife habitats, and flood control
[8,9]. Over 50% of wetland area has been lost in the United States since European settle-
ment [10-12]. These losses have been amplified in the coastal regions of the Great Lakes,
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where land is highly valued, and wetland habitat must compete against development
pressures. Where wetlands are attached to flowing water, adjacent floodplains can be im-
portant sites for nutrient retention and cycling, especially in restored agricultural areas
[13,14] via sorption to sediments and biotic uptake by periphyton, macrophytes, and mi-
crobial communities [15], and provide critical habitat for fish and wildlife [16-18].

The rich, mucky soils of Great Lakes coastal wetlands led to many of them being
converted to agricultural production in the 20th century. Economic pressures later that
century forced many producers to abandon these fields, which has led current land man-
agers to consider restoration to transform former agricultural fields back into functional
wetlands. However, these past land uses could lead to future ecological consequences, as
these converted post-restoration wetlands could become short- to mid-term sources of P
to hydrologically reconnected water bodies [14,19-21]. Legacy P in sediments also can
lead to long-term water quality impairments [22-24]; this is particularly acute in agricul-
tural land uses, as the mobilization of these P-rich soils can occur via overland flow or tile
drain effluent.

The degradation of fish and wildlife habitats was one of the original beneficial use
impairments (BUISs) identified for the Muskegon Lake AOC. The restoration of a former
celery farm, upstream of Bear Lake, that had been disconnected from adjacent Bear Creek
since the 1930s was identified as a strategy that would move the AOC closer to meeting
the habitat restoration target goal (Figure 1). Farming activity historically involved the
pumping of water off the fields, but after the cessation of farming, the pumps were turned
off, and the fields refilled naturally via groundwater, forming two ponds. The current
restoration project involved removing an earthen berm to hydrologically reconnect both
ponds to the Creek. However, the pre-restoration sampling of the ponds” water quality
and sediments indicated extremely high P concentrations [25]. Given that the immediate
downstream receiving water body, Bear Lake, is subject to a total maximum daily load
(TMDL) for P [26,27], there was concern that reconnection without consideration of water
quality would result in further water quality deterioration of Bear Lake. As a consequence,
restoration involved first dewatering the flooded former celery fields, sending P-rich
pond water to the Muskegon County Wastewater Management Facility, and excavating
~103,000 m? of P-laden sediment to an average depth of 0.5-1 m (the entire west pond was
excavated as well as a portion of the east pond, which had been partially dredged by the
landowner before restoration; see below). Thereafter, the berm was removed, which al-
lowed Bear Creek to refill the excavated ponds.
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Figure 1. Map of study area: (A) magnified view of restoration site, including the reconnected ponds
and Bear Creek following berm removal (former berm locations indicated by black dashed lines and
water quality monitoring locations indicated by round symbols); see Figure 2 for view of berm; (B)
location of restoration area (outlined in thick black lines) within the Muskegon Lake Area of Con-
cern; and (C) location of Muskegon (star) in map of Michigan.
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Figure 2. Aerial view of the de-watered west pond. Note Bear Lake in the background. Witham
Road, which separates the west and east ponds, is located just out of the frame at the bottom of the
photo. Bear Creek is located to the right, which can be traced by starting at Bear Lake and following
it upstream and out of the frame halfway up the right side of the photo. Immediately to the left of
Bear Creek is the grassy berm, which was removed for hydrologic connection Photo courtesy of
Brian Majka, GEI Consultants.

Sediment dredging as a restoration tool has a long history (cf. [28-31]), with variable
results. Van der Does et al. [32] noted that both the hydrologic and sediment characteris-
tics of a system need to be considered before dredging, especially if the sediment consists
of a mobile, fluid mud layer that easily migrates. Liirling and Faassen [33] found that the
combination of dredging and Phoslock® application was more effective than either single
application in controlling cyanobacteria. In contrast, Yin et al. [34] found that Phoslock®
was more effective than dredging in the long-term control of internal P loading. However,
Kleeberg and Kohl [35], based on their simulated dredging of the P-rich surface sediment
in lab-based sediment cores, found that the P release from the deeper layers offsets the
benefits of surface sediment removal. Lab experiments simulating dredging prior to res-
toration at these flooded celery sites, as well as those immediately following dredging,
provided strong evidence to move forward with excavation and that sediment removal
would have a positive impact on water quality [36,37].

Studies conducted on this site prior to restoration indicated that the sediment was a
significant source of P to the overlying water column in the ponds [25,36] and that simu-
lated dredging would result in a substantial reduction in P release [37]. Although the pri-
mary goal of this restoration project was to restore fish and wildlife habitats, these studies
revealed the potential for water quality impairment from the flooded ponds to the down-
stream lake and that dredging was a reasonable approach for restoration. These results
helped inform a construction design that minimized water quality impacts on the down-
stream-receiving water body. In this paper, we examine the changes in water quality over
a time period that incorporates pre-restoration, the construction period, the refill period,
and post-construction. We expected some short-term water quality impacts during con-
struction but also that following the completion of the project, water quality in the former
ponds would be improved.

2. Materials and Methods
2.1. Study Area

The location of the restoration project is within the boundaries of the Bear Lake wa-
tershed (area = ~77 km?), which is part of the Muskegon Lake Area of Concern in West
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Michigan. This study area is immediately upstream of Bear Lake, which drains into Mus-
kegon Lake and eventually into Lake Michigan (Figure 1). Based on the aggregated infor-
mation from the 2016 National Land Cover Database, the land use in the Bear Lake wa-
tershed is 47% forest; 24% developed; 15% agriculture; 9% wetland; and 5% other.

The 14.6 ha restoration footprint includes two former celery fields and an earthen
berm separating Bear Creek from the celery fields (Figures 1 and 2). Celery farming began
in this area in the 1930s, when water was pumped from natural wetland areas to create
muck fields. Farming stopped in 1995 and 2002 in the east and west fields, respectively,
although the landowner continued pumping water off the fields until 2004. The land-
owner dredged topsoil in the east field from ~1995 to 2002, varying 1-5 m in depth down
to sand; however, the west field was left undredged [25]. After pumping stopped in 2004,
groundwater naturally refilled the fields and formed two ponds with surface areas of 4.9
ha (east) and 8.9 ha (west) that remained hydrologically isolated from each other by a road
and from adjacent Bear Creek by the earthen berm (Figures 1 and 2). The pre-restoration
soil classification was Kerston Muck, which is a very poorly drained organic soil that is
interbedded by layers of sandy or loamy mineral soil from 0.4 to 0.8 m below the surface.

Prior studies from 2014 to 2017 indicated that the water quality in the ponds was
problematic [25,36,37]. Rather than remove the berm and allow the P-enriched water to
enter Bear Lake, the overlying water in each pond was pumped to the Muskegon County
Wastewater Management facility to be treated, and approximately ~103,000 m? of sedi-
ment was excavated by mechanical means (using the terminology of Liirling et al. 2020
[38], excavation refers to the removal of material after dewatering, whereas dredging in-
volves material removal while overlying water is present) and trucked to a landfill outside
the watershed. Following the dewatering, ~15,500 m? of the clean sand fill and ~50 m? of
the temporary fill were added to the dewatered bottom of the ponds to create shallow
water wetland regions. At that point, the earthen berm separating the dewatered ponds
and Bear Creek was removed to hydrologically reconnect each pond to the Creek, alt-
hough the two former ponds remained isolated from each other by the road. The ponds
were then refilled with both groundwater and surface flow from Bear Creek.

2.2. Field and Laboratory Work

The current field and lab methods were designed to be consistent with pre-restora-
tion research in this wetland complex [25]. Sampling occurred monthly in Bear Creek (up-
stream and downstream reference sites) and at two sites in each of the two restored ponds.
The Bear Lake sampling occurred 3x seasonally in July and October 2020, and in April
2021. The sites were sampled via kayak in the following order: Bear Lake, downstream
creek, west pond sites, east pond sites, and upstream creek (Figure 1). Surface water was
collected at all the sites via 250 mL and 1 L grab samples. At Bear Lake, a bottom sample
was collected after the initial surface sample using a Van Dorn water sampler. During
those months with sufficient ice cover, an ice auger was used to create a hole and sample
through the ice. Sampling did not occur when the ice was too thin to navigate on foot or
impenetrable by kayak.

The physicochemical parameters of water quality, including the temperature, dis-
solved oxygen (DO), pH, specific conductivity (SpCond), total dissolved solids (TDS), and
turbidity, were measured using a YSI 6600 sonde (Yellow Springs Instruments, Yellow
Springs, OH, USA). At least 250 mL of site water was collected for total phosphorus (TP)
analysis, from which a 20 mL subsample was collected and syringe-filtered through acid-
washed 0.45 um nylon membrane filters into scintillation vials for soluble reactive phos-
phorus (SRP) analysis. A separate 1 L water sample was collected in an amber bottle for
chlorophyll a (chl-a) analysis via spectrophotometry [39].

All the samples were stored on ice during transport to the laboratory. TP and SRP
samples were refrigerated until measured on a SEAL AQ?2 discrete auto-analyzer (SEAL
Analytical Inc., Mequon, WI, USA) [40]. P concentrations below the 5 pg/L detection limit
(DL) were calculated as 1/2 the detection limit, and negative turbidity values were
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changed to 0 for data analysis. Chl-a samples were vacuum-filtered on a GF/F membrane
and frozen until extracted and analyzed on a Shimadzu UV-1601 spectrophotometer (Shi-
madzu Scientific Instruments, Columbia, MD, USA) [41]. The particulate P (partP) fraction
was calculated as the difference between TP and SRP.

2.3. Data Analysis

Data were analyzed to characterize water quality differences between (1) upstream
and downstream creek sites; and (2) pre-restoration and post-restoration ponds using ei-
ther 2-tailed paired t-tests (normally distributed data) or Wilcoxon signed-rank tests (non-
normally distributed data), using Hedge’s g-statistic to provide a corrected effect size. We
present the data separately for the two sites in each pond because of the differences in
their sediment chemistry and vegetation type prior to restoration [25]. Nonlinear regres-
sion analysis and either 1-way analysis of variance (ANOVA; normal) or Kruskal-Wallis
1-way ANOVA on ranks (non-normal) were applied to four restoration monitoring peri-
ods (2014: pre-restoration; 2017: construction; 2018-2019: pond refill; 2020-2021: post-res-
toration). The differences detected by ANOVA were further analyzed using post hoc mul-
tiple comparison Tukey tests. Hedge’s g-values are somewhat arbitrary; we interpreted
the values of 0-0.2 to have a negligible effect; 0.2-0.5 to have a small effect; 0.5-0.8 to have
a medium effect; and >0.8 to have a large effect, with positive g-values indicating an in-
crease from control to experimental groups, while negative g-values indicating a corre-
sponding decrease between the groups.

For all 4 monitoring periods (see above), multiyear statistical testing for Bear Creek
and the ponds used the same 7 months (April-October) that were sampled in all our mon-
itoring years to avoid any bias associated with seasonal differences. Statistical analyses
(ANOVA) were conducted in SigmaPlot v.14.0 (Systat Software, Inc., San Jose, CA, USA)
and Microsoft Excel 2019 (Hedge’s g-statistic; Microsoft Corporation, Redmond, WA,
USA).

3. Results
3.1. West Pond Water Quality

Pre-restoration TP concentrations in the west pond frequently exceeded 1000 ug/L,
with little difference between the two sampling sites in the pond (Figure 3). Following
excavation and pond refilling, TP concentrations plummeted below the 30 ug/L TMDL
goal for Bear Lake [26], ranging between 13 and 29 ug/L (Figure 3A). West pond’s mean
SRP concentrations made up a significant fraction of TP prior to restoration (~77%), indi-
cating very high absolute and relative amounts of bioavailable P in this pond. Following
restoration, SRP concentrations were frequently below detection (5 pg/L) and nominally
accounted for only ~<17% of TP (Figure 3B). The regressions of west pond TP and SRP
concentrations across the sampling time revealed substantial declines (p < 0.001) with R?
values ranging from 0.75 to 0.93 (Table 1, Figure 4A-D).
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Table 1. West pond sites (1 and 5) pre- vs. post-restoration mean (+SD) general water quality statistical analysis results using paired t-tests (f) or Wilcoxon signed
rank test (r), and Hedge’s g-value. For each comparison, n =7 months (May-October 2020, April 2021). Positive g-values correspond to an increase in the water
quality parameter when comparing pre-restoration to post-restoration; negative g-values correspond with decreases in the same manner. TP = total phosphorus;
SRP = soluble reactive phosphorus; PartP = particulate P; Chl-a = lab-extracted chlorophyll a; DO = dissolved oxygen; SpCond = specific conductivity; ORP =
oxidation-reduction potential; TDS = total dissolved solids.

West 1 West 5
Variable
2014 Pre 2021 Post p Test g 2014 Pre 2021 Post P Test 4

TP (ug/L) 955 (316) 18 (3) <0.001 t -2.98 902 (254) 19 (3) <0.001 t -3.50
SRP (ug/L) 740 (314) 3(0) <0.001 t -2.36 701 (273) 3(0) <0.001 t -2.57
PartP (ug/L) 215 (58) 15 (3) <0.001 t -3.47 202 (79) 16 (3) <0.001 t -2.37
Chl-a (ug/L) 19.5 (15.5) 8.2(1.9) 0.090 t -0.73 10.8 (13.1) 6.8 (1.8) 0.933 r -0.30
Temp (°C) 17.7 (5.3) 18.0 (4.9) 0.792 t 0.04 17.3 (5.4) 18.0 (4.9) 0.392 t 0.10
DO (mg/L) 8.6 (2.7) 9.5(1.2) 0.247 t 0.31 7.5 (3.6) 9.6 (1.3) 0.089 t 0.55
DO % sat 90 (27) 100 (11) 0.255 t 0.35 77 (34) 101 (12) 0.067 t 0.67
pH 8.3(0.8) 7.8 (0.5) 0.085 t -0.53 8.1(0.8) 7.9 (0.3) 0.322 t -0.24
SpCond (uS/cm) 679 (81) 359 (75) <0.001 t -2.92 684 (78) 359 (75) <0.001 t -3.02
ORP (mV) 385 (27) 345 (46) <0.001 t -0.75 387 (25) 344 (44) 0.003 t -0.86
TDS (g/L) 0.442 (0.053) 0.233 (0.049) <0.001 t -2.91 0.445 (0.051) 0.234 (0.049) <0.001 t -3.00
Turbidity (NTU) 3(3) 2(1) 0.360 t -0.32 4(3) 2(1) 0.293 t -0.64
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Figure 3. West pond TP (A) and SRP (B) site concentrations over 2014-2021 monitoring period, di-
vided into restoration phases. Reference line at 30 pg/L represents TP target goal set by the Bear
Lake TMDL [26]. Note the log scale y-axis.
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Figure 4. West pond phosphorus regressions of TP (A,B), SRP (C,D), and particulate P (E F) at
sites West 1 (A,C,E) and West 5 (B,D,F). Legend below E applies to all panels.

When comparing the 2020-2021 west pond water quality to the 2014 pre-restoration
conditions at the two sites, 16 of the 24 analytes showed declines (p < 0.10), while 15 of the
24 analytes had moderate or large effect sizes (g >-0.5), again reflecting declines over time
(Table 1). The three forms of the measured P all showed the most dramatic declines fol-
lowing restoration, sometimes up to two orders of magnitude (Table 1; Figure 4). Indeed,
the mean TP concentrations declined 98% in both ponds as a function of restoration. Chl-
a concentrations also showed mean decreases from 20 to 8 ug/L and 11 to 7 ug/L at the
two west pond sites, although there was high variance around those means (p > 0.05; Table
1). Other indications of improved water quality following restoration in the west pond
included a marginal increase in DO and declines in specific conductivity and TDS (by 50—
60%; Table 1).
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3.2. East Pond Water Quality

The pre-restoration TP and SRP concentrations were much lower in the east pond
than in the west pond, presumably because the dredging conducted by the farmer in this
pond (but not the west pond) removed some of the P-laden sediment that would other-
wise be a source of P to the water column (Figure 5). As a consequence, P reductions were
less dramatic in the east pond than in the west pond, although TP and partP declines still
notably declined by a degree of magnitude (Figure 5; Table 2). SRP concentrations were <
5 ug/L even before the current restoration project and remained low afterward (Table 2).
The regressions of east pond TP and partP across our sampling timeline had similar p-
values across the restoration periods as those observed in the west pond, although the
east pond R? values were lower and ranged from 0.59 to 0.62 (Figure 6, Table 2). SRP re-
gressions showed increases at both east pond sites during the 2017-2019 post-restoration
sampling, although the absolute concentrations were still relatively low (Figure 6). In
2021, concentrations had decreased to levels that were similar to, or lower than, those ob-
served in 2014.
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Table 2. East pond sites’ (6 and 8) means (+SD) and pre- vs. post-restoration general water quality statistical analysis. For each comparison, n =7 months (May-
October 2020, April 2021). Positive g-values correspond to an increase in the water quality parameter when comparing pre-restoration to post-restoration; negative
g-values correspond with decreases in the same manner. TP = total phosphorus; SRP = soluble reactive phosphorus; PartP = particulate P; Chl-a = lab-extracted
chlorophyll a; DO = dissolved oxygen; SpCond = specific conductivity; ORP = oxidation-reduction potential; TDS = total dissolved solids.

East 6 East 8
Variable
2014 Pre 2021 Post 4 Test 4 2014 Pre 2021 Post 4 Test 4

TP (ug/L) 137 (74) 22 (4) 0.006 t -1.56 131 (72) 18 (4) 0.005 t -1.58
SRP (ug/L) 4(3) 3(0) 0.250 t -0.34 3(0) 4(2) 0.500 r 0.50
PartP (ug/L) 132 (72) 19 (4) 0.006 t -1.58 128 (72) 15 (4) 0.005 t -1.58
Chl-a (ug/L) 67.5 (60.6) 6.7 (3.3) 0.038 t -1.01 47.4 (28.4) 3.9 (1.9) 0.006 t -1.54
Temp (°C) 17.7 (5.5) 16.7 (4.4) 0.813 r -0.14 18.4 (5.2) 16.7 (4.4) 0.048 t -0.25
DO (mg/L) 11.1 (1.5) 9.8 (1.2) 0.050 t -0.68 11.4 (1.4) 9.2 (1.0 0.001 t -1.29
DO % sat 116 (13) 102 (17) 0.008 t -0.66 121 (14) 94 (11) <0.001 t -1.53
pH 8.7 (0.4) 7.8 (0.5) 0.004 t -1.41 8.8 (0.3) 7.6 (0.3) <0.001 t -2.85
SpCond (uS/cm) 561 (40) 365 (71) <0.001 t -2.42 560 (41) 366 (71) 0.016 r -2.38
ORP (mV) 357 (31) 358 (56) 0.976 t 0.02 343 (48) 363 (49) 0.123 t 0.29
TDS (g/L) 0.365 (0.026) 0.237 (0.047) 0.016 r -2.40 0.364 (0.027) 0.238 (0.046) <0.001 t -2.38
Turbidity (NTU) 27 (27) 2(1) 0.055 t -0.93 25 (20) 3(1) 0.026 t -1.11
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Figure 5. East pond TP (A) and SRP (B) site concentrations over 2014-2021 monitoring period, di-
vided into restoration phases. Reference line at 30 ug/L represents TP target goal set by the Bear
Lake TMDL [26]. Note the log scale y-axis.
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Figure 6. East pond phosphorus regressions of TP (A,B), SRP (C,D), and particulate P (E,F) at sites
East 6 (A,C,E) and East 8 (B,D,F). Legend below E applies to all panels.

Of the 24 reported analytes, 19 declined in the east pond (p < 0.10; g >-0.5) across the
restoration period (Table 2). In addition to the significant declines in the mean TP and
particulate P, chl-a concentrations declined to an even greater degree than those measured
in the west pond (Table 2). The physical and chemical parameters in the east pond gener-
ally showed improvement in water quality, as its mean specific conductivity, TDS, and
turbidity all decreased; although DO significantly decreased in both east pond sites, the
absolute concentrations remained relatively high during 2020-2021 (9.8-9.2 mg/L; Table 2).
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3.3. Assessment of Bear Creek Water Quality

Across all the years of restoration monitoring, the mean upstream TP concentrations
changed relatively little, while the downstream concentrations showed a marginal
change; the concentration range varied from ~10 to 50 ug/L (Figures 7 and 8). The mean
SRP concentrations, on the other hand, significantly increased at the upstream site and
significantly decreased at the downstream site (Figures 7 and 8). The absolute differences
were small (Figure 7), and R? values were low (Figure 8). Interestingly, the downstream
TP concentration doubled from ~30 ug/L to ~60 pg/L during the refill period (Figure 7),
likely due to the resuspension of materials. The particulate P concentrations followed sim-
ilar upstream and downstream trends as those exhibited for TP (Figure 8).
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Figure 7. Bear Creek TP (A) and SRP (B) site concentrations over 2014-2021 monitoring period, di-
vided into restoration phases. Reference line at 30 pg/L represents TP target goal set by the Bear
Lake TMDL [26]. Note the log scale y-axis.
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Figure 8. Bear Creek phosphorus regressions of TP (A,B), SRP (C,D), and particulate P (E,F) at up-
stream (A,C,E) and downstream (B,D,F) sites. Legend below E applies to all panels.

A comparison of upstream vs. downstream conditions in the most recent post-resto-
ration period allowed us to assess if the flow-through marsh is currently impacting water
quality (Table 3). The mean concentrations of all three P species were lower at the down-
stream than at the upstream sampling site, with SRP changes being the most distinct (p <
0.05; Table 3). A small effect size was indicated for partP, a medium effect for TP, and a
large effect size for SRP (Table 3). Both chl-a and temperature were greater at the down-
stream than at the upstream site (Table 3), which is consistent with longer residence time
in the marshes allowing the water to warm (Tables 1 and 2) and phytoplankton to grow,
before being released back into Bear Creek and Bear Lake.
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Table 3. Post-restoration (n = 7 months; May-October 2020, April 2021) upstream vs. downstream
mean (+SD) water quality values. Statistical analyses used paired t-tests and Hedge’s g-value. Posi-
tive g-values correspond to an increase in the water quality parameter when moving from upstream
to downstream. TP = total phosphorus; SRP = soluble reactive phosphorus; PartP = particulate P;
Chl-a = lab-extracted chlorophyll a; DO = dissolved oxygen; SpCond = specific conductivity; ORP =
oxidation-reduction potential; TDS = total dissolved solids.

Variable Upstream Downstream p g

TP (ng/L) 29 (14) 18 (6) 0.109 -0.73
SRP (ug/L) 9(3) 3(0) 0.003 -2.01
PartP (ug/L) 21 (13) 16 (6) 0.392 -0.35
Chl-a (ug/L) 2.5(1.6) 7.2(2.6) 0.007 1.55
Temp (°C) 13.7 3.1) 18.1(5.2) 0.003 0.73
DO (mg/L) 8.6 (1.5) 8.5(1.2) 0.711 -0.05
DO % sat 83 (11) 89 (12) 0.252 0.37
pH 7.5(0.2) 7.7 (0.5) 0.227 0.37
SpCond (uS/cm) 370 (52) 363 (74) 0.462 -0.08
ORP (mV) 362 (49) 351 (50) 0.167 -0.16
TDS (g/L) 0.241 (0.034) 0.236 (0.048) 0.472 -0.09
Turbidity (NTU) 6 (4) 2(2) 0.081 -0.90

3.4. Assessment of Bear Lake Water Quality

In March 2016, prior to the celery field restoration effort, the surface TP concentration
in Bear Lake was 67.4 pug/L, more than double the TMDL threshold; in April 2020, follow-
ing restoration, the TP concentration had declined to 23.7 ug/L (Table 4). The SRP concen-
tration also declined from 9.6 ug/L to 2.5 pg/L, as did turbidity (Table 4). However, chl-a
and specific conductance increased following restoration (Table 4). The annual differences
in climatic and environmental factors, such as temperature, wind velocity and direction,
and water levels may also account for these changes in water quality, so data over longer
time periods are needed before lake water quality improvements can be attributed with
confidence to this restoration project (cf. [42]).

Table 4. Pre- vs. post-restoration surface water quality values for Bear Lake. Data are from spring
sampling events (March 2016 vs. April 2020). TP = total phosphorus; SRP = soluble reactive phos-
phorus; Chl-a = lab-extracted chlorophyll a; DO = dissolved oxygen; SpCond = specific conductivity.

Variable Pre-Restoration Post-Restoration
TP (ug/L) 67.4 23.7
SRP (ug/L) 9.6 25
Chl-a (ug/L) 4.3 10.1
Temp (°C) 9.1 12.0
DO (mg/L) 8.9 10.9
SpCond (uS/cm) 310 409
Turbidity (NTU) 16.1 12.8

4. Discussion

The primary objective of this restoration effort was to create additional high-quality
habitat and move the Muskegon Lake Area of Concern closer to the delisting status. To
restore this habitat, flooded ponds that formerly were celery fields were hydrologically
reconnected to an adjacent creek to re-establish the floodplain and create a flow-through
marsh. Floodplain habitat provides an excellent habitat for fish and wildlife and can help
retain nutrients, serving as a natural filter on the landscape [16,43]. We did not measure
the actual water exchange rates between Bear Creek and the restored marsh areas, as that
was beyond the scope of the project. However, it is apparent that substantial exchange is
occurring, as evidenced by the water quality changes observed between the upstream and
downstream sampling sites on Bear Creek; reductions in P concentration and a 4 °C
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increase in the Bear Creek mean temperature from upstream to downstream (Table 3) in-
dicate that the Bear Creek water is entering the marshes, which have longer hydrologic
residence times than the Creek, resulting in an opportunity for the water to warm and P
to be taken up or adsorbed, before it returns to Bear Creek.

Sediment excavation had a clear beneficial impact on P concentrations in these
ponds. The degree of benefit differed between the ponds because of their prior manage-
ment histories. Despite their close geographic proximity to each another, the prior dredg-
ing in part of the east pond removed a considerable amount of muck soil and its associated
P [37] (Figure 2). Hence, the effect of sediment excavation on water column P concentra-
tions was less dramatic in the east pond than in the west pond. The water column P re-
ductions are a function, in part, of dilution from the hydrologic connection of the lower-P
Bear Creek water and, based on the results from prior studies [37], the exposure of sedi-
ments with high P binding capacity following the removal of the P-laden overburden.

The effectiveness of sediment dredging to control internal P loading is not absolute.
Studies have shown this management option to be both effective [37,44-46] and ineffective
[47,48] at controlling the internal P loading. Several reasons appear to account for this lack
of a consistent effect. First, sediment characteristics can play a critical role, including (1)
the sediment composition (fluid mud layer vs. sand grains; [32]) and the mobility of the P
fractions with depth [34]; (2) dredging season [49]; (3) dredging method [50]; and (4)
whether the external P loading to the water body is also controlled [30,51-53].

While sediment removal successfully eliminated the legacy P in our restoration wet-
land, we acknowledge there are drawbacks to this management option. First, excavation
removes the benthic community [38]. In our study, the macrophyte, algal, and macroin-
vertebrate communities were first desiccated and then excavated, and although the plant-
ing and seeding of natural vegetation were undertaken, it takes time for these communi-
ties to re-establish. Indeed, while some wetland macroinvertebrate communities re-estab-
lish within a decade [54], other wetlands have not regained their original structural and
functional status even after a century [55]. Second, the lower water column P concentra-
tions entering the restored areas from Bear Creek, especially in the west pond, may help
drive the P release from the sediments into the water column due to concentration gradi-
ents, at least until an equilibrium is established; this likely occurred in our system based
on the results from simulated experiments in the laboratory [36], but based on our water
column analyses, it appears the effect was short-lived. Third, sediment removal is expen-
sive. The costs of dredging sediments in prior projects ranged from ~USD 3000 to ~USD
48,000/ha [56]. For this project, if only the cost of excavation is included in the analysis
(~USD 4,350,000), then the cost/ha is ~USD 297,945/ha; this cost is at least one order of
magnitude greater than other projects, but it also includes disposal at a landfill located
~35 km away from the project site. Additional costs of the project included land acquisi-
tion (USD 204,373), dewatering and treatment (~USD 880,000), and planting/seeding na-
tive vegetation (USD 98,175), resulting in a cost/ha of ~USD 378,950/ha.

Restoration efforts involving excavation must consider prior land use, as legacy nu-
trients and contaminants are important factors in project cost and logistics. In addition,
for excavation to have long-term benefits (i.e., >20 years), it is critical that the new and
prior sources of the stressors be controlled. It makes no sense to treat the symptom and
not the disease when it comes to restoration efforts.

Although excavation successfully reduced the P concentrations, we anticipate that
the full benefits of the flow-through marsh have not yet been realized because record-high
water levels in Lake Michigan, Muskegon Lake, and Bear Lake have prevented the com-
plete re-establishment of vegetation in the created floodplain area. Water levels in Mus-
kegon Lake, which connects directly to Bear Lake, were almost 1 m higher in 2018 than in
2012 [57], forcing the water back into the connecting water bodies. We anticipate that as
water levels continue to decline in the region, not only will this vegetation fully establish,
but any backflow from Bear Lake will also recede, allowing the flow-through marshes to
realize their full potential in nutrient reduction and retention, as has been observed in
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other created wetlands throughout the world (cf. [58]). Even at the current TP concentra-
tions in these ponds (18-22 pg/L), the inflow into Bear Lake will reduce the current con-
centrations of 44 ug/L, thereby narrowing the gap to the TMDL restoration target of 30
ng/L [26].

5. Conclusions

Wetland restoration in agricultural areas presents challenges due to the legacy nutri-
ents that can be a threat to downstream water quality after restoration. The results from
this study show that sediment excavation can be an effective option to reduce the water
column P concentrations. However, given the influence of site-specific characteristics, we
recommend a full diagnostic analysis of the site, including sediment composition, site hy-
drology, and cost, as part of the restoration decision-making process. These results should
assist wetland managers in impaired systems who are addressing legacy P concerns to
maximize restoration benefits for their specific site needs.
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