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Freshwater wetlands are groundwater-dependent ecosystems that require

groundwater for saturation, for wetland plants and creatures, for

maintenance of wetland soils, and thermal buffering. With worldwide

wetland area in decline for decades if not centuries, finding and restoring

wetlands provides enormous ecosystem and public benefits, yet so often

these projects fail to yield self-sustaining wetland ecosystems. One reason is

that restored wetlands are often built in places that are neither wet enough nor

possess the underlying geology to sustain them, and they dry out or require

continual (expensive!) water inputs. Massachusetts is making the best of a

challenging situation for the declining cranberry farming industry: while

competition from less expensive land and more productive varietals shifts

cranberry production to other locations, everything under historic cranberry

farms is ripe for resilient wetland restoration projects. These low-lying water-

rich areas are underlain by glacial geology (peats and clays) that are ideal for

holding water, they possess historic seed banks of wetland plants and large

accumulations of organic and hydric soils, and are currently sought-after by a

statewide restoration program, for which these results provide critical

information for restoration design, enabling practitioners to maximize the

capture and residence time of groundwater inputs to sustain the future

wetland. In this paper, we investigate the human legacy of cranberry farming

on the surface of a wetland as it has created a unique hydrogeologic unit: the

anthropogenic aquifer. Water moves through an anthropogenically

constructed aquifer in specific and predictable ways that were engineered to

favor a monoculture of cranberry plants on the surface of what once was a

peatland. In order to restore this landscape to a functioning freshwater wetland,

every property of the anthropogenic aquifer must be reversed. We detail

observational, thermal, hydrologic, geologic and isotopic evidence for the

location of groundwater inflows to Foothills Preserve in southeastern

Massachusetts. The specific properties of the Anthropogenic aquifer, and the

location and magnitude of groundwater discharge at this location provide

crucial information for practitioners when designing plans for a self-

sustaining, resilient restored freshwater wetland on this and future sites.
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1 Introduction

Evidence of human activities has been present on Earth’s

surface as long as humans have inhabited it, but human land use

practices over the last 200–300 years have yielded such an

unprecedented, observable footprint, that scientists have given

this time period themoniker The Anthropocene and included it in

the geologic time scale (e.g., Zalasiewicz et al., 2012; Lewis et al.,

2015). Among common human-influenced markers present in

the sedimentological record are chemical remnants of industrial

activities, such as lead, mercury, and pesticides (Cook et al.,

2015). Human infrastructure interacting with natural river or

other depositional processes results in depositional changes that

are also unique to the Anthropocene in the sedimentological

record (e.g., Walter and Merritts, 2008; Woodruff et al., 2013;

Waters et al., 2016; Johnson et al., 2019). Other human land uses

such as timber harvesting can result in increased erosion and

sedimentation (e.g., Newnham et al., 1995; or Cook et al., 2020).

While marked and significant, none of the previously cited

studies examines the properties of “human deposition”, or, the

deliberate application of geologic material by humans on the

surface of the landscape. This study aims to quantify the nature

and hydrogeologic properties of a 0.35–0.5 m thick human-

geologic unit “deposited” (applied) at semi-regular intervals

over a significant period of time (>150 years) on the surface

of a wetland. The ultimate goal of characterizing the

anthropogenic aquifer is to “un-deposit” or remove if not the

entire unit itself, at least reverse the significant properties that

define it. In other words, in order to restore the wetland beneath

this anthropogenic aquifer, we must undo the anthropogenic

effects of this unit. A rich literature documents wetland

restoration and practice (e.g., Mitsch and Wilson, 1996; Baron

et al., 2002; Erwin, 2009; Mitsch et al., 2012), and yet, wetland

restorations are often unsuccessful. When compensatory

wetlands are constructed to replace naturally occurring

wetlands, they may not meet performance criteria in the short

term (e.g., Brown and Veneman, 2001; Matthews and Endress

2008), or they made degrade over time (e.g., Van den Bosch and

Matthews, 2017); but without very long-term monitoring these

outcomes are often unknown (McKown et al., 2021). Success is

more likely where the underlying wetland drivers remain intact.

This paper explores the unique recovery potential of a site that

retains the hydrologic, geologic and ecologic features in-situ, but

requires the reconnection of groundwater to once again form a

fully self-sustaining resilient wetland.

2 Study area

2.1 Site description

Foothills Preserve represents roughly 0.24 km2 (60 acres), or

about a 10th, of the 2.72 km2 (1.05 mi2) Manomet Brook surface

basin drained by Manomet Brook in southeastern Massachusetts

(southeast of Plymouth, Figure 1). Flowing north to south across

the site, Manomet Brook then turns toward the east and leaves

the site, joining Beaver Dam Brook. Beaver Dam Brook flows

~1.5 km north to Bartlett Pond, and out to the Atlantic Ocean

~2.9 km after leaving the site. The Manomet Brook surface

watershed spans from the Pine Hills, a north-south medial

moraine deposit, toward its confluence with Beaver Dam

Brook, ~0.5 km to the east. Nearest the Pine Hills, the basin is

underlain by abundant peat-filled depressions (e.g., Payne and

Theve, 2015, forming most of the study area) which taper out

over glaciofluvial lacustrine clays toward the east. The second

largest in Massachusetts, the Plymouth-Carver-Kingston-

Duxbury (PCKD) groundwater aquifer sits beneath the region

(Masterson et al., 2009). Recharge to this 750 km2 (290 mi2)

aquifer comes from 5 to 10 km (3-6 miles) distance, beginning

near the Myles Standish State Forest, and spanning from

Marshfield in the north, Middleborough and Plympton in the

west, Buzzard’s Bay and the Atlantic Ocean to the south, and

across Cape Cod to Cape Cod Bay to the east. Annual

precipitation totals on average 51 inches (130 cm) per year

(records back to 1930 indicate drought years yielding as little

as 28 inches (71 cm), and very wet years up to 75 inches

(191 cm)), distributed relatively evenly across the year,

ranging from 3 to 5 inches (7.6–12.7 cm) per month.

2.2 The legacy of cranberry farming on the
landscape

Foothills Preserve occupies a low “pit” in the landscape called

a kettle hole. As the last glaciation was concluding 16,000 years

ago, glaciers retreated to the north. During glacial melt and

retreat, meltwater carried large quantities of sediment, and

occasionally large chunks of ice downstream. These large,

abandoned ice chunks sunk into and were surrounded by

sediment. When they eventually melted, they left behind pits

in the landscape: kettle lakes, many of which (including Foothills

Preserve) eventually filled in with peat. These peatlands

supported a variety of wetland plants, including the native

cranberry plant (Vaccinium macrocarpon). Cranberries, as

they grew naturally, were enjoyed as sasumuneash for

12,000 years by the Wampanoag people. Commercial

monoculture cultivation of cranberries began in the mid-

1800s, and the peatlands, wetlands, and low-elevation wet

regions of southeastern Massachusetts were increasingly

engineered to favor cranberry production. Over the first

~100 years of commercial cultivation, Massachusetts lost 28%

of its wetlands due to anthropogenic activity including cranberry

farming (Living Observatory, 2020). Farming practices were

refined, pesticides were applied to control insects and plant

diseases, and business was booming. But cranberry market

growth could not continue forever, and several factors
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FIGURE 1
Shaded relief LiDAR terrain DEM showing the locations of samples, monitoring, and piezometers at Foothills Preserve (Town of Plymouth) and
Tidmarsh Wildlife Sanctuary (Mass Audubon) on a shaded relief LiDAR (available at https://docs.digital.mass.gov/dataset/massgis-data-lidar-terrain-
data). Stream flow direction arrows. (inset) Location of the two focus cranberry farms/restoration sites: Foothills Preserve and Tidmarsh on a digital
elevation model (DEM) from MassGIS (Bureau of Geographic Information) Data: LiDAR Terrain Data Mapped by the Massachusetts Geological
Survey (https://mgs.geo.umass.edu), Stephen B. Mabee, personal communication.
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contributed to the slowdown: 1) growing awareness of the

consequences of chemical toxins in the environment and

drinking water spurred changing farming practices, 2)

legislation surrounding pesticide application and waste

disposal, as well as protections for wetlands were passed, 3)

new high-yield varietals of cranberries were developed, 4) the

market for cranberries became saturated. Massachusetts was

early to wetlands protection in 1960, partly due to a pesticide

scare in 1959 (DeMoranville, 2021). Not long afterward, the

insecticide dichlorodiphenyltrichloroethane (DDT) was banned,

the Clean Water Act passed, and federal wetlands protections

were enacted (Vileisis, 1997). Even with more land and water

protections in place, the price of cranberries continued to rise,

peaking at the all-time high of $66 per barrel in 1996. Cranberry

farms occupied a curious middle ground where they were

classified as wetlands, and protected, yet also enjoyed

numerous chemical application exemptions afforded to

farmlands, revokable 5 years after ceasing production (Averill

FIGURE 2
(A) The anthropogenic aquifer at Foothills Preserve is bounded by the cranberry mat at the surface and the peat at the base. (B) A visual
description of a sediment core through the anthropogenic aquifer yields a kit-kat bar of alternating sand-and soil layers. (C) The XRF Os-soil proxy
yielded an average sand application interval of 3.5 years, helping create the age-depth model for plotting historical events on (B) and (C).
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et al., 2008). The new cranberry varietals thrived on drier uplands,

making difficult and costly cultivation on wetlands less crucial for

farmers, and over time, farmers shifted away from the native

wetland varietal toward the new hybrids (Hoekstra et al., 2019).

When cranberries hit the lowest price ever, of $15-$18 per barrel

only a few short years later in 1999, many Massachusetts farmers

could no longer afford to grow cranberries on the strangely-shaped,

kettle hole wetlands. Massachusetts recognized the value of wetlands

to the commonwealth, and began researching the most effective

ways to return these farms towetlands through restoration, as well as

supporting landowners who wanted a “green exit” with technical

expertise and grant-writing support; which was formalized in 2020

(Commonwealth of Massachusetts, 2020). This history of cranberry

cultivation is written on the landscape of southeastern

Massachusetts and recorded under the ground as a

sedimentological record. At the surface of the cranberry farm,

there are layers of material that combine organic plant material

from agricultural practice, including latent chemicals stored therein,

and sand applied during farming: this is the anthropogenic aquifer.

2.3 The anthropogenic aquifer

In this paper, we identify and describe a unique

hydrogeological unit: the anthropogenic aquifer; and

research its unique characteristics and properties. A

function of coupled human activity and natural organic

processes, the anthropogenic aquifer is bounded on the

surface by the living cranberry plants, underlain by leaf

matter and a dense, intertwined mat of vines, and at the

base by the post-glacial-era peat surface (Figure 2). The

function of this aquifer is strongly controlled by human

engineering water movement across the site, as well as by

its geologic properties. A thorough understanding of this

coupled human and natural system will ultimately provide

critical information to practitioners seeking to disrupt its

function, and return this former peatland to a wetland

state. While we highlight a specific location, land use type,

and morphology herein, the conceptual implications of this

study can be applied more broadly to other landscapes and

farmlands where human land surface manipulations have

significantly altered how water moves and interacts with

the land and sub-surface.

3 Materials and methods

3.1 Hydrologic implications of land history

3.1.1 Hydrogeology
The natural hydrology of the peatland prior to intensive

cranberry cultivation would have been similar to a wet sponge,

with lofty mounds of sphagnum moss pillowed just above the

water surface most of the time, and a messy, multiple, or braided

channel winding through and across it. The elevation of the water

table within a foot of the ground surface throughout the year

favors wetland plants. Sparse cranberry vines would have been an

accent, climbing the sphagnum pillows and producing few fruits.

Cranberries (Vaccinium macrocarpon) are wetland plants, but to

cultivate them as a thick, intensely productive mat requires

engineering.

3.1.2 Human historical land use
The kettle basins were too wet for the cranberries on the

surface, so a layer of sand was applied to flatten the ground

and dry the out surface to the correct moisture. Ditches were

dug to drain water down to straightened, central channels

and deep perimeter ditches that acted like a moat, keeping

pests out. Periodically, temperatures would drop below

freezing and threaten the plants. As wetland plants,

cranberries can be submerged for a few days without

drowning to protect them from the cold. Tall berms

around segments of the farmlands were constructed to

contain the “flood” (applied water), which, in order to be

effective, had to get on quickly, and get off quickly–thus

ditches were dug throughout the bog and a deep central

channel was constructed to convey the water away. Sand

was applied every 3–5 years to hold down the vines, for pest

control, and to maintain a dry surface (Averill et al., 2008).

Channel straightening, berms, ditches and dams all present

barriers to wetland function that are addressed during

restoration. This investigation explores the cumulative

impact of sanding and farming practice over 150–200 years.

3.2 Soil physical parameters

We collected several 1-m long, 1–1/2-inch diameter soil cores

at Foothills Preserve and conducted a geologic analysis of them.

This analysis, conducted initially by Casey et al. (2019), was

refined by Chase (2021), and included visual description, grain

size analysis with a Horiba Camsizer P4, carbon-14 dating, and

x-ray fluorescence (XRF) (Figure 2). Where data were collected as

time series or large data sets, the mean, standard deviation, and

range was calculated for manual measurements and logger

measurements.

3.2.1 Hyprop data collection
Soil samples measuring 100 cm3 were collected using a push

corer at Tidmarsh Wildlife Sanctuary and Foothills Preserve.

These cores were collected as pairs, with one sample in peat below

the anthropogenic layers, and one sample spanning the layers.

Some were collected horizontal to layers and others oriented

vertically, to analyze hydraulic properties in both orientations. A

Dynamax TH2O soil moisture probe was used to measure a 10-

cm integrated moisture measurement where each core was
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collected and along transects at both sites (Figure 1). A couple of

additional 160 cm3 cores were collected to allow a simultaneous

continuous EC5 soil moisture probe and HYPROP experiment to

be run.

3.2.2 Hyprop data analysis
To run the HYPROP measurement, the field-moisture

sample is weighed. Then it is saturated for up to 2 weeks (for

peat samples) or 2 days (for sand samples) to bring it to 100%

saturation. The sample is then weighed again and the experiment

begins: while the sample dries evaporatively from above,

potentiometers measure matric potential at two depths within

the sample. When both probes experience cavitation, the

experiment is complete. The weight-potential curves are

processed using the METER Group Hyprop-FIT software.

Sand samples took approximately 2 weeks to run, and peat

samples took as long as 2 months.

3.3 The isotopes of water

We collected water samples for isotopic analysis from a

range of sources during the initial site assessment. A heated

tipping bucket rain gage (Young Instruments) connected to a

weather station (Campbell Scientific Inc.) was outfitted with a

sample collection at the outflow to capture precipitation

samples. Surface water samples were pulled directly from

the stream. Suspected groundwater springs were sampled

by manually determining the coldest area of the spring

(during the Summer; or the warmest spot during the

Winter) and collecting the sample as close to that source as

possible. Water samples were collected from piezometers

using a vacuum hand pump. Samples were filtered with a

0.25-μm filter and processed in the UMass Stable Isotope

Laboratory using Finnigan Delta XL+ ratio mass

spectrometer. An automated Carbonate Prep System (Kiel

III), Gas Bench II and Costech Elemental Analyzer were used

to measure the Oxygen-18 (δ18O) and Hydrogen-2, or

Deuterium, (D, or δ2H) isotopes of water in per million of

the Vienna Standard Mean Ocean Water (VSMOW) (see Cole

and Boutt, 2021). Precipitation isotope analyses were screened

and samples that had a deuterium excess < -10‰ were

determined to have been compromised by evaporation. No

samples in this set were removed from analysis.

3.4 Hydrological measurements and
calculations

3.4.1 Streamflow
Streamflow was measured using the velocity-area method

(Rantz, 1982; Sauer and Meyer, 1992) with an OTT-Hydromet

acoustic velocity flowmeter mounted on a calibrated wading rod.

Flow was measured upstream and downstream and differenced

to determine net gain or loss. A minimum of 20 velocities were

collected for each discharge measurement, and channel

geometries were very good, resulting in a minimal 5% error

for each total discharge measurement.

3.4.2 Water levels and temperature in bog-
surface and stream piezometers

Eighteen piezometers were installed at Foothills Preserve

(17) and Tidmarsh Wildlife Sanctuary (1) in 2017

(Supplementary Table S1). Piezometers are constructed

from 1–1/4 inch polyvinyl chloride (PVC) pipe with a solid

PVC point. Screened intervals are approximately 7-cm long,

consisting of 1-cm diameter holes are drilled at the bottom of

the pipe, and backed with a 18x18 gauge (1.18 mm-opening)

brass mesh screen. All piezometers were installed using direct

push or hammer in the very soft substrate. Water levels were

measured manually, and used to calibrate pressure transducer

measurements (Onset Computer Corporation U20 water level

and temperature loggers, accuracy ±0.44°C and ±0.3 cm).

Piezometers (4) were installed up to a meter deep in the

bed of the main stream channel and paired with a stilling

well to measure time series of hydraulic gradients along the

stream. Piezometers installed in the peat aquifer on the bog

surface were also installed to approximately 1-m depth to

midpoint of screen. Finally, “sand aquifer” piezometers were

installed with the screened interval at the bottom of the

anthropogenic aquifer, and are each paired with a bog

surface (peat) piezometer. Where data were collected as

time series or large data sets, the mean, standard deviation,

and range was calculated for manual measurements and

logger measurements.

4 Results

Our goal for understanding the hydrology of the

anthropogenic aquifer is to quantify how hydrologic

function was altered during the period of cranberry

farming land use, such that these changes can ultimately be

reversed to restore wetland hydrologic function to the site.

Anthropogenic changes include physical restructuring of the

land surface as well as changes to soil composition,

permeability, soil chemistry, soil moisture and soil organic

content. Groundwater input to the site remains unchanged

over time, but how and where that groundwater interacts with

surface sediment and surface waters is vastly different during

the farming operation, and while the site is a wetland (e.g.,

Jackson, 1995; Mitsch and Gosslink, 2015). As sustainer of the

future wetland and a thermal buffer for many organisms

facing climate change, it is essential to reconnect the

groundwater to the surface; which is only possible by first

identifying locations of groundwater expression.
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4.1 Soil properties

One of three essential components that define wetlands in

most regulatory frameworks is the presence of hydric soils, soils

that are formed under very wet conditions and accumulate

evidence of having been submerged for more time than they

have been dry. Hydric soils contain a significant percentage of

organic material, hold water longer than other soils, and drain

poorly. None of these conditions are present in the root zone of

the anthropogenic aquifer. The top 35 cm site-wide are

dominated by sand, applied during farming and accumulated

over the years of this land use. This zone of applied sand (from

adjacent glacial outwash sand deposits) layers intercalated with

agricultural soils accumulated over intervening years between

applications is termed the “anthropogenic layer”. While

mimicking the horizontal layered appearance of geologic

strata, the provenance of the anthropogenic layers owes

exclusively to human activities and uses of the land surface. In

the root zone (roughly the top 10–15 cm, contained within the

anthropogenic layer), in the farmed condition, organic content of

soils is between 1% and 7%, and decreases with depth until the

interface with peat is reached (Table 1). At Tidmarsh, four

samples taken from various depths within the anthropogenic

sand averaged 1% organic material. At Foothills, samples were

collected from 71 sites at four depths, all within the

anthropogenic layer. Organic content remains very low within

the root zone and the entire anthropogenic layer, decreasing

slightly with depth. Across the site, Foothills soil organic matter

averages 7 ± 4% from 0 to 5 cm depth, 3 ± 2% from 5 to 10 cm

depth, 2 ± 1% from 10 to 20 cm depth, and 2 ± 2% from 20 to

30 cm depth. The organic materials in the anthropogenic aquifer

are also the smallest particles, but the fraction of these particles is

so small, it does not register in the grainsize analysis data.

Grainsize analysis from Foothills samples exhibit d10 averages

0.14 ± 0.02mm to 0.16 ± 0.04 mm from all depths (Table 1). Since

d10 (representing the smallest 10% of grains by weight) is less

than the highest organic content (7% from 0 to 5 cm depth), the

presence and fraction of organic matter is not represented in

these results. Furthermore, these particles would be better

quantified using wet-preparation methods not used in this

study. Mineral grains in Foothills samples exhibit an overall

decrease in grainsize with depth within the anthropogenic layer,

with d50 and d90 values getting smaller with depth. Across the

site, Foothills d50 averages 0.48 ± 0.12 mm from 0 to 5 cm depth,

0.47 ± 0.10 mm from 5 to 10 cm depth, 0.38 ± 0.06 mm from

10 to 20 cm depth, and 0.37 ± 0.05 mm from 20 to 30 cm depth,

while Foothills d90 averages 1.57 ± 1.19 mm from 0 to 5 cm

depth, 1.35 ± 0.61 mm from 5 to 10 cm depth, 1.14 ± 0.44 mm

from 10 to 20 cm depth, and 1.12 ± 0.54 mm from 20 to 30 cm

depth. In a natural system coarsening toward the surface can be a

function of freeze-thaw processes preferentially pushing larger

grains upward, but it is unclear whether enough time has elapsed

in the anthropogenic aquifer for freeze-thaw processes to

produce this distribution. Below 35 cm at Foothills and

45–50 cm at Tidmarsh, there is an abrupt transition to peat.

This peat was accumulated following the retreat of the last

TABLE 1 Summary of pre-restoration soil organic content, soil moisture and grain size.

Foothills preserve

Depth Organic contentb Range Soil moisturec Range d10
d (mm) d50 (mm) d90 (mm)

0–5 cm 7 ± 4% 1–26% 33 ± 19% 4–100% 0.16 0.48 1.57

5–10 cm 3 ± 2% 0–11% 28 ± 13% 4–77% 0.16 0.47 1.35

10–20 cm 2 ± 1% 0–8% 27 ± 11% 5–76% 0.14 0.38 1.14

20–30 cm 2 ± 2% 0–9% 25 ± 15% 6–100% 0.14 0.37 1.12

Tidmarsh wildlife sanctuary

Material Organic content Range Soil moisture Range

Sand 1 ± 1% 0–1% 10 ± 6% 5–15%

Peat 87 ± 7% 73–93% 33 ± 2% 76–82%

Mixed 29% 26%

Notes.
aSoil samples at both sites were collected after a 2-week rain-free period.
bPercent organic content was determined through loss on ignition.
cGravimetric soil moisture (percent) was determined as percent saturation by volume.
dGrainsize was determined with a CAMSIZER, on 50 g split samples. Standard deviations for d10 ranged from 0.02–0.04 mm, d50 from 0.05–0.12 mm, and d90 from 0.44–1.19 mm.

Replicates sized before and after LOI analysis yielded values within 1–3% of each other.
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glaciation 12,000 years ago. Carbon dated cores from Foothills

Preserve have identified basal peat layers as old as

9,140 ±110 years, with the surface of the peat approximately

200 years old, when farming (and sanding) began. A peat sample

from near the top of the accumulated peat at Foothills was 86%

organic material, and the five Tidmarsh peat samples were 87 ±

7% organic material. Organic material retains more moisture for

a longer period of time. At Foothills and Tidmarsh, peat was

95–100% saturated when collected. Field moisture of Tidmarsh

sand samples averaged 32%, and dropped to 10% during

transport to the lab, while peat samples averaged 85% and

dropped to 79% over the same period. At Foothills,

gravimetric soil moisture followed a similar trend: the samples

with the highest organic content (at the ground surface) also have

the highest soil moisture, and both organic content and soil

moisture decrease with depth. The samples with the highest

organic content also retain more moisture during transport.

Across the site, Foothills gravimetric soil moisture averages

33 ± 28% from 0 to 5 cm depth, 28 ± 13% from 5 to 10 cm

depth, 27 ± 11% from 10 to 20 cm depth, and 25 ± 15% from

20 to 30 cm depth.

During her analysis of the XRF data, Chase (2021) found that

there was a correlation between high Osmium (Os) detection

counts and thin agricultural soil layers that accumulated between

sand applications, and non-detect for Os in the sand layers. This

proved a promising proxy for counting the layers, and years,

since farming began. We calculated an age-depth model by

assuming that each “Os-detect” layer thicker than 1 mm (scan

resolution = 0.2 mm) counted as one layer, and using a starting

date of 2015 (the last harvest), subtracted 3.5 years per detected

layer. These parameters yielded 46 agricultural layers in the core

sample and yielded a start date of 1854, the documented start of

farming at Foothills Preserve (Figure 2C). Based on these ages,

Chase (2021) observed lead and arsenic beginning to appear first

together at 30 cm depth, when lead-arsenate was used as a

pesticide. The maximum lead concentrations appear between

20 and 30 cm depth and taper off sharply when its use is curtailed

by the Clean Water Act and removed from gasoline.

4.2 Hydrogeology

Peatlands may develop where relatively flat, low-lying areas

with poor drainage accumulate and hold water over time. On the

post-glacial pitted plain, these areas can be formed where kettle

lakes pockmarked the glaciofluvial clays deposited during glacial

retreat; some remained lakes and others, like Foothills Preserve

eventually filled with peat. Much of the water is derived from

precipitation into the surface basin. We estimate that on an

average year, the 2.72 km2 (1.05 mi2) Manomet Brook surface

basin would receive 130 cm (51 inches) of precipitation. Regional

evapotranspiration is estimated at approximately 109 cm

[43 inches, Masterson (2009)]. To a first order, we estimate

the total surface runoff to be the volume that would be created by

surface precipitation if applied evenly across the basin area, that

this volume is approximately equal to evapotranspiration, and

that the average discharge therefore represents baseflow, or the

contribution from groundwater. By comparing the average

baseflow (Q) to the surface area runoff (P), we estimate

rainfall-runoff ratio (Q/P), or the contribution of

groundwater. If Foothills discharge averages Q=56.6 L/s

(2 cfs), that equates to ~66 cm per year over the surface basin,

and rainfall-runoff, Q/P indicates that 55% of discharge comes

from groundwater. We measured streamflow in Manomet Brook

prior to restoration at the upstream and downstream ends of the

site between 2018 and 2020 (Table 2; Figure 3). Manual velocity-

area discharge measurements show gains of between 19.6 and

47.1 L/s (0.69–1.66 cfs) over the 550-m reach, which is between

77% and 93% of the downstream discharge. We collected time

series of stream stage upstream, TW-SW-07, and downstream,

TW-SW-10. Fitting manual streamflow measurements to stage-

discharge relationships, we generated a rating curve, which we

applied to time series of water levels. Differencing time series of

calculated stages from upstream and downstream consistently

yields average groundwater contributions throughout the year

of 84%.

Water levels in streambed piezometers paired with stream

stage allow for calculation of hydraulic gradient. Piezometers

distributed along the 550-m reach allow identification of the

general location of streambed-driven groundwater gains

(Figure 1B). Four streambed-stream pairs were monitored at

the site, from upstream to downstream: TW-PZ-07, -04, -03, and

-02; and TW-SW-07, -04, -03, and -02, and the surface-water-

only at the outlet, TW-SW-10. All five surface water loggers show

flashy responsiveness to storms, and very little seasonal change in

water height (Figure 4; Table 3). All stream records show a large

seasonal temperature signal, as well as strong diurnal

temperature fluctuations. Temperatures in streambed

piezometers show very little diurnal variation, span a much

smaller range than the surface temperatures (Figure 5;

Table 3), and show much less responsiveness to precipitation

events. Large negative excursions in water level height in

piezometers TW-PZ-03 and -04 occur after most of the water

in the piezometer was pumped out for sampling (approximately

500 ml). Recovery times for piezometers screened in peat range

from 7 to 70 days after sampling (Tables 3 and 4). Box plots of

these data (Figure 6) show (B) stream depth increasing

downstream, except where the stream becomes wider and

shallower at the outlet TW-SW-10. The water level above the

streambed in the piezometers shows (A) piezometer head

increasing downstream also, but at a faster rate than the

increases in stream level. This results in an increasingly

positive gradient from upstream to downstream (Figures 7, 8),

with a particularly large jump at TW-PZ-02. Average gradient

(Δh/Δz) = 0.02 ± 0.02, 0.02 ± 0.03, 0.03 ± 0.04 and 0.14 ±

0.06 frommanual measurements in TW-PZ-07, -04, -03, and -02,
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respectively; and Average logger-calculated

Δh/Δz = 0.03 ± 0.02, 0.01 ± 0.04, 0.04 ± 0.06, and 0.16 ±

0.01 in TW-PZ-07, -04, -03, and -02, respectively.

Depth to water below the farmed surface is compared across

the site in peat piezometers in the streambed (Figure 6A; Table 3),

peat piezometers, and sand piezometers on the bog surface

(Figure 6C; Table 4). The deepest depths to water occur in the

sand (anthropogenic) aquifer near the center of the bog. These

average water levels are consistently lower than their paired peat

piezometer, indicating upward pressure from groundwater into

the anthropogenic aquifer. By comparison, water level at

Tidmarsh piezometer TE-PZ-AWC, which was restored in

2015, hovers very near the ground surface throughout the

year, has very little response to storms and very low

variability. Two piezometer pairs show a strong correlation

between sand and peat aquifer levels, and low variability: TW-

PZ-01 and -08. In addition, the water table in the anthropogenic

aquifer at TW-PZ-01-SAND is near or above the ground surface.

4.3 Anthropogenic aquifer properties

Understanding conditions are present in the root zone of

the anthropogenic aquifer requires analyzing the material

properties of the aquifer. The sand-dominated

anthropogenic aquifer mimics the horizontal layered

appearance of geologic strata, which rather than having

been laid down by geologic phenomena, were applied

regularly (on average every 3–5 years) as part of the

farming practice (Averill et al., 2008; DeMoranville, 2021).

Sand layers and agricultural soils accumulated in the spans

between them over the 161 years since the initiation of

farming on the site in 1854 and its conclusion in

2015 comprise the top 35 cm of material at Foothills, and

nearly 50 cm at Tidmarsh (Kennedy et al., 2018a use GPR

studies to estimate that 50 cm is average for the anthropogenic

aquifer thickness across southeastern Massachusetts). In

order to determine the hydraulic properties of the

anthropogenic aquifer we used two approaches: parametric

calculations of bulk properties based on site measurements

and geometry, and laboratory tests using a HYPROP.

We collected a limited number of samples for HYPROP

analysis, as these are expected to be broadly representative,

given the uniformity of the substrate at our site (Payne and

Theve, 2015) and across similar sites in the region (Kennedy

et al., 2018). Average material properties (hydraulic

conductivity, K) determined through best fit to the

experimental data are summarized in Table 5. A sample

collected in the anthropogenic sand in the horizontal

direction produced properties that were 54 times more

conductive (Kh = 20.6 cm day−1) than a sand sample

oriented in the vertical direction, where water has to pass

through the organic layers between sand layers (Kv =

0.381 cm day−1). In the peat, samples oriented in the

horizontal direction produced properties that were an order

of magnitude more conductive in the horizontal direction

(Kh = 3 cm day−1) than in the vertical direction (Kv =

0.353 cm day−1). These low conductivity values are

consistent with other, more extensive peat studies (e.g.,

Beckwith et al., 2003; Dettmann et al., 2014; Rezanezhad,

2016). Some natural permeability in peat is structural–owing

to relict intact plant stems, or fractures in the peat matrix.

TABLE 2 Summary of pre-restoration streamflow.

Average discharge
Qup (L/s)b

Range
(L/s)

Standard deviation
(L/s)

Net gain
(L/s)

Range
(L/s)

Net gain
(%)e

Upstream

Measureda 6.33 2.58–13.95 3.98

Calculatedb 7.04 0–31.61 2.29

Downstream

Measuredc 37.0 25.1–61.0 13.1 30.7 ± 9.9 19.6–47.1 83

Calculatedd 36.2 0.1–298 18.4 29.4 ± 17.6 3.1–267 79

Notes.
aDischargemeasured at upstream location TW-PZ-07 at Foothills Preserve from 2018–2020, prior to site restoration. Rating curve for upstream discharge isQup = 0.493 hup—0.3834, where

Qup is discharge in [L/s] and hup is stage in [cm].
bUpstream rating curve applied to corrected time series of stage from 2018 to 2020 in TW-SW-07.
cDischarge measured at downstream location TW-SW-10 at Foothills Preserve from 2018–2020, prior to site restoration. Rating curve for upstream discharge is Qdn = 4.396 hdn—50.12,

where Qdn is discharge in [L/s] and hdn is stage in [cm].
dDownstream rating curve applied to corrected time series of stage from 2018 to 2020 in TW-SW-10.
eGain calculated over 550-m reach. Rainfall-runoff estimation of groundwater contribution is 55% for an average Q of 56.6 L/s (2 cfs).
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During eventual restoration actions, some peat will be broken

up and mixed in with sand layers. In an effort to

experimentally capture the impact of these actions on the

peat properties alone, we broke up a dried peat sample,

rehydrated it, and repeated the HYPROP experiment. The

data and subsequent curve fit from this test were poor, but

the rough fit indicated that conductivity would be

approximately an order of magnitude higher than for

undisturbed peat.

For the parametric calculations of bulk properties, we

examined literature values from similar systems in the region

(Neill and Deegan, 2020; personal communication; Neill

et al., 2017; Kennedy et al., 2018; Kennedy et al., 2020;

Living Observatory, 2020) in addition to values used in

regional modeling studies (e.g., Masterson et al., 1997;

Masterson et al., 2009), and set up a model representing

Foothills Preserve using COMSOL Multi-Physics (Ito, 2021).

Model inputs were derived from the hydrologic data

discussed above, and material properties had to produce

outputs that could be validated by field measurements as

well. It would have been numerically inefficient and

computationally expensive to simulate every individual

sand and organic layer within the anthropogenic aquifer.

Instead, bulk properties were assigned to the entire

anthropogenic aquifer, with an anisotropy value equivalent

to that produced by sediment layering as described above

from HYPROP measurements, and consistent with harmonic

mean calculations of flow in layered systems. This approach

produced material properties (hydraulic conductivity, K)
that were an order of magnitude more conductive in the

FIGURE 3
Stream flow gains at Foothills Preserve. (A) Manual measurements (symbols) and time series of discharge (Q [L/s], blue) and temperature (°C,
orange) upstream, (B) downstream, and (C) net gain along the 550-m reach (ΔQ [L/s], dark blue) or as a % of downstream flow (light blue).
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horizontal direction (Kh) than in the vertical direction (Kv)
in the anthropogenic sand, which was 20 times more

conductive than the underlying peat (Table 5). These

parameters are consistent with observations from nearby

Tidmarsh Wildlife Sanctuary (Hare, 2015; Hare et al.,

2017; Hoekstra et al., 2019). In addition, if we use the

XRF-Os-agricultural soil proxy (Figure 2C), the soil-to-

sand distribution yields Kh/Kv = 15, and using Chase’s

visual description (2021) (Figure 2B), the soil-to-sand

distribution yields Kh/Kv = 25.

FIGURE 4
Foothills Preserve stream surface water levels (depth to water below ground surface, DTW bgs, [m] above streambed is positive, blue; symbols =
measured) and temperatures (°C, orange) from upstream to downstream at Foothills Preserve: (A) TW-SW-07, (B) TW-SW-04, (C) TW-SW-03, and
(D) TW-SW-02.
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4.4 Identification of groundwater inflows
using water isotopes

From 2017 to 2019, a large-scale campaign to classify the

isotopic characterization of the waters of Massachusetts was

conducted, and culminated in the classification of the means,

variability, trends and local water lines for precipitation, surface

waters and groundwaters (Cole and Boutt, 2021). According to

the “Iso-scape” study, our research area lies within Zone III, the

eastern portion of the state, characterized by glacial outwash

groundwater aquifers, and copius groundwater discharge.

Comparing the water isotope values from our samples to

statewide data reported by Cole et al. (2021) helps confirm

the source of these waters as deriving from groundwater in

the region. Supplementary Figure S1 shows four trendlines:

the Global Mean Water Line (GMWL), the Massachusetts

MWL (MA MWL), the Massachusetts Surface Water Line

(MA SWL), and the Massachusetts Groundwater Line (MA

GWL). Also shown are all of the Foothills Preserve

precipitation Oxygen-18 (δ18O) and Deuterium, (D, or δ2H),

in o/oo VSMOW. According to Cole et al. (2021), the isotope

slope line for surface water has a significantly different slope

than the precipitation curve, due to evaporative enrichment.

The groundwater slope lies between the two. Foothills

Preserve precipitation appears more enriched than

statewide precipitation, groundwater, or surface water.

We identified a number of springs at Foothills Preserve while

it was actively farmed for cranberries, that took the form of holes,

sinks and wet areas on the ground surface. Guided by the nearby

observations of Hare, (2015, and Hare et al., 2017), that identify

TABLE 3 Summary of pre-restoration water levels and temperatures in stream piezometers.

Site Water depth
WL (m)a

Range
(m)

Average temperature
T (°C)b

Recovery time (days)c

and T Range (°C)
Gradient
(Δh/Δz)

Aquifer
(Δh/Δz range)

TW-SW-07

Manuala 0.16 ± 0.05 0.08 to 0.27 stream

Loggerb 0.15 ± 0.05 −0.03 to 0.65 10.78 ± 3.93 1.44–20.81

TW-PZ-07 stream

Manuala 0.18 ± 0.05 0.10 to 0.26 none observed 0.02 ± 0.02 -0.06 to 0.05

Loggerb 0.18 ± 0.03 0.04 to 0.69 10.24 ± 1.19 7.38–12.30 0.03 ± 0.02 -0.06 to 0.07

TW-SW-04

Manuala 0.29 ± 0.04 0.23 to 0.36 stream

Loggerb 0.30 ± 0.06 0.12 to 0.80 11.17 ± 3.79 3.68–22.14

TW-PZ-04 stream

Manuala 0.31 ± 0.04 0.26 to 0.39 24–70 days 0.02 ± 0.03 -0.06 to 0.07

Loggerb 0.28 ± 0.11 -0.65 to 0.44 10.29 ± 1.17 8.38–12.21 0.01 ± 0.04 -0.20 to 0.11

TW-SW-03 stream

Manuala 0.27 ± 0.06 0.17 to 0.35 11.81 ± 5.40 1.22–26.49 TW-SW-03

Loggerb 0.30 ± 0.06 0.12 to 0.80 11.17 ± 3.79 3.68–22.14 TW-SW-04

TW-PZ-03 stream

Manuala 0.32 ± 0.07 0.19 to 0.43 7–30 days 0.03 ± 0.04 -0.01 to 0.11

Loggerb 0.33 ± 0.07 -0.42 to 0.66 10.41 ± 1.93 6.47–13.56 0.04 ± 0.06 -0.28 to 0.34

TW-SW-02

Manuala 0.26 ± 0.07 0.16 to 0.39 stream

Loggerb 0.26 ± 0.05 0.07 to 0.80 10.52 ± 1.64 6.17–20.33

TW-PZ-02 stream

Manuala 0.43 ± 0.07 0.28 to 0.56 none observed 0.14 ± 0.06 0.02 to 0.30

Loggerb 0.46 ± 0.06 0.21 to 0.91 10.00 ± 1.19 6.78–15.09 0.16 ± 0.01 0.06 to 0.34

TW-SW-10

Manuala 0.19 ± 0.01 0.17 to 0.21 stream

Loggerb 0.20 ± 0.04 0.11 to 0.79 11.06 ± 4.97 1.00–26.00

Notes.
aWater depth measured below ground surface, in meters (negative is below ground, positive is above).
bCorrected water levels from pressure data and temperature at depth from pressure transducer.
cAmount of time required for water levels to return to baseline after a 500-ml sample was removed.
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two mechanisms for groundwater discharge into peatlands, we

separated these geographically into those occurring at the

margins of the bog and those occurring toward the interior.

Oxygen-18 (δ18O) and Deuterium, (D, or δ2H), [o/oo VSMOW]

for Foothills Preserve are plotted for all surface samples from

ditches, seeps, springs and ponds (Figure 9) and from all

piezometers and wells (Figure 10 and Supplementary Figure

S1) also show precipitation averages and groundwater end

members to aid with interpretation. Most of the surface water

samples from ditches around the entire site (triangles, Figure 9)

FIGURE 5
Foothills Preserve stream piezometer water levels (depth to water below ground surface, DTW bgs, [m] above streambed is positive, blue; symbols =
measured) and temperatures (°C, orange) fromupstream to downstreamat Foothills Preserve: (A)TW-PZ-07, (B) TW-PZ-04, (C)TW-PZ-03, and (D) TW-PZ-
02. Note the large negative WL excursions from water sample collection in TW-PZ-04 and -03. Recovery times are shown in Tables 3 and 4.
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are significantly depleted, reflecting the seasonal surface water

signal on the day they were collected. Two exceptions are

significantly more enriched, and these samples were

collected just upstream of TW-PZ-07. Most of the

marginal spring samples (orange diamonds) cluster tightly

within the range of the groundwater well on site, clearly

confirming their groundwater source. Of the two pond

samples, the more enriched comes from an area of the

pond rumored to have a spring inflow, and the more

depleted was located nearer the pond’s outflow into the

main ditch. This is consistent with a groundwater source,

and water mixing with surface water as it flows toward the

pond exit. The interior seeps as a group show a trend that is

flattened by significant evaporation, showing even more

flattening than is typically observed in surface waters in

Massachusetts (Cole and Boutt, 2021).

Figure 10 shows how Foothills Piezometer waters’ isotopic

composition relates to local and regional water sources. The

groundwater immediately underneath the site, as measured in

the Barn well, is depleted slightly with respect to groundwater

elsewhere in the Plymouth area. This contrasts with our local

precipitation average which appears enriched. However, the

Foothills precipitation data have not been volume weighted,

so this average may be skewed. The piezometers screened

deepest into the peat are the streambed piezometers. These

stream-peat isotope values (red squares) generally cluster

tightly around the GW Barn well values, confirming their

groundwater provenance. The single depleted outlier was

from TW-PZ-02, and is inconsistent with the remaining

samples from that location. Peat piezometers from the bog

surface (yellow diamonds) overlap the stream piezometer

values, and also extend in the enriched direction toward

the regional groundwater average and local precipitation

average, along a mixing line that appears enriched with

respect to the MA MWL, potentially indicative of increased

humidity. A single enriched value from TW-PZ-05 is

inconsistent with the remaining samples from that location,

as is the single depleted outlier from TW-PZ-01. These

endmembers establish the sources for possible water

sources for the Anthropogenic aquifer. Are these waters

primarily derived from surface water sources, flowing in

laterally from upgradient? Or, do waters push up into the

Anthropogenic aquifer from the peat below, generating a

groundwater source signature? Evidence from Figure 10

points to both. The sand aquifer samples, typically only

occupying 10–20 cm of water in the piezometer at any

TABLE 4 Summary of pre-restoration water levels in bog piezometers.

Site Measure Water depth
WL (m)a

Range
(m)

Aquifer;
average temperature
T (°C)b

Recovery time (days)c

and T Range (°C)

TE-PZ-AWC Manuala −0.03 ± 0.01 −0.03 to −0.04 restored bog none observed

Loggerb −0.03 ± 0.03 −0.22 to 0.12 12.28 ± 5.81 3.05–21.57

TW-PZ-01 Manuala −0.13 ± 0.05 −0.21 to −0.04 peat 2 days

Loggerb −0.08 ± 0.05 −1.04 to 0.12 peat 2 days

TW-PZ-01 Manuala −0.12 ± 0.07 −0.21 to −0.01 sand none observed

-SAND Loggerb −0.02 ± 0.06 −0.22 to 0.12 sand none observed

TW-PZ-05 Manuala −0.18 ± 0.07 −0.30 to −0.08 peat 27 days

Loggerb −0.17 ± 0.12 −0.93 to 0.08 peat 27 days

TW-PZ-05 Manuala −0.19 ± 0.11 −0.40 to −0.07 sand none observed

-SAND Loggerb −0.32 ± 0.11 −0.47 to −0.05 sand none observed

TW-PZ-06 Manuala −0.18 ± 0.10 −0.36 to −0.06 peat 2 days

Loggerb −0.16 ± 0.13 −1.18 to 0.08 peat 2 days

TW-PZ-06 Manuala −0.18 ± 0.07 −0.38 to −0.08 sand none observed

-SAND Loggerb −0.19 ± 0.12 −0.61 to 0.07 sand none observed

TW-PZ-08 Manuala −0.16 ± 0.04 −0.21 to −0.11 peat 65 days

Loggerb 0.14 ± 0.11 −0.17 to 0.74 peat 65 days

TW-PZ-08 Manuala −0.17 ± 0.08 −0.31 to −0.02 sand none observed

-SAND Loggerb −0.13 ± 0.05 −0.30 to 0.01 sand none observed

TW-PZ-09 Manuala −0.18 ± 0.03 −0.13 to −0.24 peat 29–35 days

Loggerb −0.28 ± 0.17 −1.26 to 0.09 10.55 ± 3.45 5.76–16.05

Notes.
aWater depth measured below ground surface, in meters (negative is below ground, positive is above).
bCorrected water levels from pressure data and temperature at depth from pressure transducer.
cAmount of time required for water levels to return to baseline after a 500-ml sample was removed. TW-PZ-09 took 204 days to equilibrate following installation.
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time, span isotopic compositions ranging across roughly the

same range as the bog surface peat piezometers. One exception

is TW-PZ-08-SAND, which consistently shows a distinctly

surface water source isotopic composition, depleted relative to

groundwater, and consistently so across time.

5 Discussion

5.1 Guiding wetland restoration with
groundwater data

Finding groundwater on an active cranberry farm involves

careful observation and documentation of multiple lines of

evidence. Often, the most obvious evidence appears in the

vegetation: the presence of duckweed in spring pools,

sphagnum mosses along ditch edges, or cattails in unexpected

places can all serve as indicators. Next, monitoring and mapping

of temperature is a useful determinant of groundwater location:

during hot Summer months, when surface waters warm and

groundwater remains cooler, a thermometer can provide quick

confirmation of a source. In winter, when the ground is frozen

and surface waters are very cold, warm groundwater will rise, and

can be imaged on the surface using thermal cameras (e.g.

Deitchman and Loheide, 2009). We can then collect

groundwater samples from these areas and confirm the

relative intensity of groundwater inflows at these locations. In

peat basins such as these, which fill glacial kettle holes,

groundwater enters either at the location of maximum

curvature of the basin (typically along the edges or margins),

or through fractures, macropores (remnant plant stems), or other

disruptions in the peat structure (e.g., Hare et al., 2017). At

Foothills Preserve, linking the combined evidence provided a

visual sketch as to where groundwater input was most dominant.

One trace of a groundwater-dominated path was highlighted in

the Living Observatory’s Learning from the Restoration of

Wetlands on Cranberry Farmland: Preliminary Benefits

Assessment report (2020); and maps out where a stream

channel might have been prior to cranberry cultivation.

Along this location, groundwater might have established

pathways to the surface, that remained in spite of land

surface alterations, and left evidence behind. Restoration

practitioners may choose to optimize this existing pathway,

and incorporate it into restoration design. The single

marginal spring sample that falls outside the range of the

GW well samples on Figure 9 comes from this former

channel location, at the precise spot where it intersects

an existing ditch, which also derives water from the

interior. An extensive investigation utilizing thermal

imagery collected from unmanned aerial sensors (UAS)

compares the winter thermal signature of Foothills

Preserve before and after restoration to identify the

surface expression of groundwater springs, and quantify

FIGURE 6
Boxplots of Foothills Preservewater levels (meters belowground
surface; positive is above streambed) from upstream to downstream,
manual measurements and logger data; (A) in streambed
piezometers: TW-PZ-07, TW-PZ-04, TW-PZ-03, TW-PZ-02, (B)
from the stream surface TW-SW-07, TW-SW-04, TW-SW-03, TW-
SW-02 and TW-SW-10, (C) and in bog surface peat and sand-aquifer
piezometers: TW-PZ-01 and -SAND, TW-PZ-05, and -SAND, TW-PZ-
06, and -SAND, TW-PZ-08 and -SAND, TW-PZ-09, and TE-PZ-AWC.
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the change in the surface extent after restoration (Watts

et al., 2022, in review).

There is a large concentration of interior seeps that plot

isotopically as sourced from groundwater (Figure 10) to the

south of TW-PZ-08, and downstream of TW-PZ-07. The

cranberry mat is sinking into small holes on places in this area.

Where waters from these groundwater inflows join the main

channel, surface water springs appear in the isotopic range of

FIGURE 7
Foothills Preserve streambed hydraulic gradients, (Δh/Δz, blue; symbols = measured) and stream temperatures (°C, orange). Positive gradients
indicate gaining, or upwelling conditions, and negative values are losing. From upstream to downstream: (A) TW-PZ-07, (B) TW-PZ-04, (C) TW-PZ-
03, and (D) TW-PZ-02.
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groundwater, isotopically (Figure 9). As another significant source of

groundwater, practitioners may target this location for groundwater

capture, to feed and sustain the future wetland (Beechie et al., 2010;

Price et al., 2016). Similarly, other areas that have already collapsed

and significantly transformed into more wetland and less farm

surface naturally, may show significant groundwater inflows. The

northern-most surface water sample in Figure 9 comes from one

such location, plotting isotopically most similar to average

precipitation. For these, practitioners may opt to leave these

sections alone, and allow them to continue the trajectory they are

already on towards increased wetland function.

Streamflow data also yield key information about

groundwater inflows to the wetland. Groundwater inflow

throughout the year is crucial to the resilience of a

functioning wetland, and the consistent ~84% gain of

downstream flow gained over the 550-m of stream is a

significant amount of groundwater inflow, indicating clearly

that this site possesses the hydrology to support a self-

sustaining wetland system (Wohl et al., 2005). This simple

metric, and knowing that it will be constant and predictable

over time, is likely the single most important factor for a

successful wetland restoration.

The hydraulic gradients coupled with stream and

groundwater temperatures also give an indication of the

location and intensity of groundwater inflows. Water levels in

the stream and piezometer at TW-PZ and SW-07 are tightly

coupled, yielding a very constant, near-zero hydraulic gradient

with time. A significant rise in stream level, without a change in

upwelling groundwater from below, may lead to a shift in

gradient to negative, pushing water downward into the

subsurface at this location.

The increasingly positive hydraulic gradients with

increasing distance downstream are evidence of the

increasing contribution of groundwater to the system with

distance downstream. While the net discharge confirms these

total gains along the reach, the mechanism may not be

upwelling through the streambed as it is in many alluvial

systems. Since the main channel has been straightened, and

was constructed to efficiently drain the landscape quickly, the

channel bed is deeper below the nearly flat land surface as it

traverses downstream. Near TW-PZ-07, the channel bed is

~0.5 m below the bog surface. By the time the channel reaches

TW-SW-10, it is nearly ~2 m below the bog surface. It is

therefore possible that since each streambed piezometer

penetrates a deeper elevation of the same peat aquifer,

relative to a datum, that this drives the increase, and

increasingly gaining hydraulic gradients observed in these

piezometers. This observation appears to be confirmed by

Figures 6B and 8A.

FIGURE 8
Box plots of Foothills Preserve (A) streambed hydraulic
gradients, Δh/Δz. Positive gradients indicate gaining, or upwelling
conditions, and negative values are losing. From upstream to
downstream piezometers: TW-PZ-07, TW-PZ-04, TW-PZ-
03, and TW-PZ-02. (B) Temperatures in streambed piezometers
(GW) and stream (SW) from upstream to downstream -07, -04,
-03, and -02.
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Stream temperatures add additional information about

groundwater inflow. The range of diurnal temperature

variability increases with increasing distance downstream,

from TW-SW-07 to SW-04 to SW-03. This reflects the

increased heating in the stream channel as the water is

exposed to warm air–surface water further downstream has

longer to heat up. Temperature at TW-SW-02 is completely

different: the range of surface temperatures is clearly in the

groundwater range, rather that the solar-heated surface range,

and the times of year when diurnal variations are observed

reflect different processes than solar heating. Several springs

were identified in and near the channel upstream of

TW-SW-02 with thermometers, thermal imagery, observations

and isotopes (one, which we named “the gusher”, shows isotopic

composition consistent with groundwater). Descending

streambed or not, this area of the bog clearly has abundant

groundwater inflows. In fact, the magnitude of the groundwater

contribution here is sufficient to yield a lower average

temperature at TW-SW-10 than at -03 and -04, due to the

added influx of relatively colder groundwater. The

combination of thermal data from this study and from Watts

et al. (2022) (in review 2022) together with isotopic data provide

robust quantification of a consistent, significant groundwater

source that will likely sustain this wetland ecosystem even under

the increasing pressures from climate change.

5.2 Potential impacts of soil properties
during restoration actions

Depth to water below the farmed surface is a function of the

upward pressure of groundwater flowing in from the peat below,

and the efficiency of the lateral drainage through the overlying

anthropogenic aquifer to the ditches. The Anthropogenic aquifer

acts as an accelerant for lateral hydrologic flow, producing

variability in the depth to water level across the farmed

surface. Figure 6C illustrates both this variability, and

response, in piezometers close to groundwater sources -01 and

-08. TW-PZ-08 and -08-SAND are located where multiple small

springs are collapsing the bog surface and allowing groundwater

to flow to the surface. Here, the water level is very near the bog

surface, and the level in the sand aquifer is almost identical to the

peat aquifer level. TW-PZ-01 is an even more extreme example,

where the sand piezometer show water levels at or even above the

land surface. This piezometer is located at the very western edge

of the bog, the side where the Pine Hills moraine is located, and

the direction from which regional groundwater flows. A gentle

gully in the hillslope upgradient seems to funnel water in the

direction of TW-PZ-01, and spotted salamander eggs were

observed in the perimeter ditch adjacent to it. All of this

evidence points to strong groundwater inflows here, and

possible upwelling pushing water upward from peat into sand.

TABLE 5 Summary of material hydrogeologic properties.

Property Material

Units Anthropogenic sanda Peat

(Vertical) (Horizontal)

Kh laboratory
b (cm/day) 20.6 3

Kh model
c (cm/day) 50 200 10.64

Kv laboratory (cm/day) 0.381 0.353

Kv model (cm/day) 5 20 1.064

Soil moisture θ Tidmarsh
d % 32% 95%

Soil moisture θ Foothills % 33% 100%

organic content Tidmarsh
e % 1% 1% 87%

organic content Foothills % 7% 86%

θr 0.111 0.224 0

θs 0.419 0.495 0.945

α (cm−1) 0.0185 0.0283 0.00354

n 2.411 2.221 1.429

l −2.099 −0.925 −1.078

Notes.
aAnthropogenic aquifer samples are dominantly sand. Some were taken parallel to layers (horizontal) and some were collected perpendicular to layers for analysis of property anisotropy.
bLaboratory determinations of horizontal (Kh) and vertical (Kv) hydraulic conductivity and other hydraulic parameters were determined with a HYPROP, by fitting Retention and

Conductivity Function Parameters to experimental data using the van Genuchten, 1980 model in the COMSOL-FIT software.
cParameters used to model this system using COMSOL Multi-Physics, based on laboratory data and literature values from similar systems in the region.
dGravimetric soil moisture (percent) was determined as percent saturation by volume.
ePercent organic content was determined through loss on ignition.
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The depth to the water table below the ground surface is a key

indicator of which type of plants, wetland or upland, are likely to

survive and thrive, so documenting this level, and its evolution

with restoration, is key to tracking the impact of restoration at

sites like this one.

As part of the groundwater modeling work (Ito, 2021), we use

several calculations and estimates from other studies in the

region of evaporation to inform the water table height that

results from the modeling work. Those estimates put the total

evaporation at between half or equal to the amount of

groundwater recharge entering the site from below. Such a

large volume of groundwater input compared with a relatively

small volume of evaporation almost always results in water

ponding and export from the site. In order to maintain a high

water table within the root zone throughout the growing season

such that a resilient wetland ecosystem results, in addition to

plugging the ditches and adding sinuosity to the stream channel,

the preferential horizontal flowwithin the Anthropogenic aquifer

must be disrupted. The parametric study conducted by Ito (2021)

confirms that even a modest amount of disruption (e.g.,

including less than 25% peat randomly within the

Anthropogenic aquifer) is sufficient to pond water and create

favorable conditions for wetland development. This evidence

points to favorable trajectories in multiple metrics (Alderson

et al., 2019).

Peat develops in layers, much like glacial ice, where the top

fluffy layer is loose snowflakes, and with each successive

depositional layer, the layers below become more and more

compacted until they become solid rock ice at the deepest

depths. For peat, those top layers of living and recently dead

plants can be extremely permeable (Holden and Burt, 2003).

After 100 years or so, most peat reaches maximum compaction

and very low permeability (e.g., Uhlemann et al., 2016).

Fortunately for the future restoration of Foothills, this peat

has been compacting for the last 161 years, and has been

further compressed by farming activities and a thick, dense

layer of sand and cranberry mat on top of it. HYPROP

analyses revealed the peat to have very low permeability,

which will be very useful for blocking flow and ponding water

in the wetland. Even if the peat is broken up, it will only gain

~1 order of magnitude more permeability, still resulting in a

relatively impermeable substrate which, if mixed with sand, will

help to break up the continuous, high permeability layers of the

Anthropogenic aquifer.

FIGURE 9
Isotopic composition of Foothills Preserve surface waters. Trendlines shown include the Global Mean Water Line (GMWL, thin grey), and
Massachusetts MWL (MAMWL, thick black). Symbology of sample sources include: Average Foothills Preserve precipitation (large blue circle), surface
water ditches (cyan triangle symbols), seeps and springs from the bog interior (yellow diamonds) and bog margins (orange diamonds), the Barn
groundwater well (red squares), and pond (purple diamonds).
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Mixing highly compacted underlying peat with the

anthropogenic aquifer materials is likely to produce several

important changes that will contribute to a successful

restoration. One increasingly popular technique for

breaking up these layers is through the creation of

microtopography, which is showing promising results (e.g.,

Moser et al., 2007; Rossell et al., 2009). Microtopography

creates ground surface elevations that span from below the

water table (generating small ponds where amphibians and

other aquatic creatures can thrive), to well above it, creating a

range of habitats. In addition, by mixing more organic

material into surface soils, water retention in the surface

soils will increase, making the root zone soils more resilient

to the impacts of climate change, and more able to retain

moisture through longer dry periods between storms. The

bulk permeability of these mixed organic-and-mineral soils

will decrease, retaining more water on the land surface. As

shown by Ito (2021), even a small amount of mixing produces

this outcome. Finally, the relic seedbank present within the

organic layers, when brought to the surface, can help seed and

replenish the site with native wetland vegetation.

5.3 Consideration of groundwater in
restoration design

In order to place the site within its broader groundwater

context, it is worth considering the state of regional groundwater

feeding into the wetlands: is it altered, improved or depleted? Our

study region lies within a significant groundwater discharge

region, and groundwater comprises a significant fraction of

stream surface flows (50–100%). Initial estimates, and

estimates from other studies (e.g., Masterson, 2009), attribute

~55% of the discharge to groundwater. Accounting for

evapotranspiration, our direct measurements indicate that

groundwater, prior to restoration, represents an even greater

fraction of discharge: 79–83%. Groundwater at this location is

thus deemed to be in an “improved” state. However, to

successfully restore the site to wetland function, less of the

groundwater-derived surface flow must exit the site, and more

must be retained in soils and as ponded water. With the

exception of locations very proximal to the coast which may

experience some saltwater intrusion due to groundwater

pumping, groundwater in the region remains in a relatively

FIGURE 10
Isotopic composition of Foothills Preserve waters collected from piezometers and wells. Trendlines shown include the Global MeanWater Line
(GMWL, thin grey), the Massachusetts MWL (MA MWL, thick black) the Massachusetts Surface Water Line (MA SWL, simple dash, cyan), and the
Massachusetts Groundwater Line (MAGWL, dot-dash, red); and average groundwater from the Plymouth area (large red square) fromCole and Boutt
(2021). Symbology of sample sources include: Average Foothills Preserve precipitation (large blue circle), peat piezometer samples installed in
the streambed (red squares), peat piezometer samples installed on the bog surface (yellow diamonds), sand aquifer piezometers (green triangles),
and the Barn groundwater well (black squares).
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unaltered state, with minor depletion from localized pumping of

small scale supply wells (Masterson, 2009). Considering some of the

detail present in streamflow data can help with additional design

considerations. Streamflow changes very little upstream, which

made the generation of a rating curve there difficult. At times,

plants and algae had to be cleared from the channel tomeasure flow,

and differences in stage were within measurement error. Despite the

difficulty, two observations are clear: the upstream rating curve is

very flat, and even if stage changes, it doesn’t affect the flow, which is

essentially a measure of groundwater flowing from the concentrated

spring inputs upstream (largely from one of the collapsing areas we

nicknamed “the chicken foot”). In addition, stream velocity is slow,

averaging 5.5 cm/s (~0.2 ft/s). Precipitation events cause water to

rise, but also to spread out and slow down (as a wetland tends to do,

a very useful benefit from wetlands is flood capture): the highest

discharge we measured upstream was during a Nor’easter storm,

with over twice the average discharge but half the average velocity.

Downstream flows behave very differently than upstream flows. The

behavior of the streamflow downstream is a product of all of the

groundwater gains along the reach, but also of the intense drainage

system set up for farming–it was designed to shunt water off as

quickly and efficiently as possible. In addition, waters entering the

Anthropogenic aquifer from precipitation above or groundwater

below quickly flow laterally along the layers (15–25 times more

efficiently than vertical flow) and out to the drainage ditches.

Together, these factors cause the hydrograph downstream to be

flashy: quick to rise, quick to fall, and strongly dependent on stage

height. The slope of the rating curve downstream is an order of

magnitude higher than it is upstream. Flashy water height is

evidenced along the length of the reach, as shown in the surface

water levels from stilling wells; yet the sensitivity to this parameter

downstream, which reflects the full hydrologic impact of the

cranberry farm alterations, is outsized, relative to this impact

upstream, which experiences far less of it. Ultimately, disrupting

both the extremely effective water-drainage structures, ditches and

channels, as well as the efficient preferentially lateral flow paths of

the Anthropogenic aquifer will increase the residence time of water

on the site, making the downstream rating curve look more like the

upstream rating curve. Additional features that slow flow, such as

increased sinuosity, logs, sticks and habitat features in the channel,

and in-channel aquatic vegetation, will all promote slower, ponded

water. Landscape-scale visualization of the locations of groundwater

inputs, such as is achieved byWatts et al., (in review, 2022) can help

guide restoration and locate specific intervention actions.

5.4 Expected outcomes for reversing the
anthropogenic aquifer

Based on the scenarios tested by Ito (2021), we expect that

disrupting the Anthropogenic aquifer by breaking up the

continuous, high permeability sand layers with chunks of

relatively impermeable peat will successfully hinder the

preferential flow paths that have developed in it and lead to a

substrate more capable of supporting a wetland. The underlying

presence of (dominantly) peat and (on the eastern margin) clay

that can hold significant amounts of water will bolster the ability

to hold water in the root zone on this landscape. By incorporating

the organic, hydric soils into the surface layers will both expose

the wetland seedbank to favorable growing conditions, but will

also accelerate the return of fully functioning wetland soils

(Ballantine et al., 2009). Ample evidence of stable

groundwater inflows to the system provide the life force for

future wetland success. Further, with increased residence time of

water on the site, and increases in ponded water on the site, we

expect that this site can contribute additional groundwater

recharge after restoration. It is worth noting that increasing

the quantity of ponded water on the surface is also likely to

increase the water available for evaporation. Previous analyses of

New England wetland systems concluded that recharge to

aquifers in the region was about 68 cm/yr (27 in/yr), and

recharge under ponds totaled 51 cm/yr (20 in/yr) when

accounting for the additional water lost to evaporation.

Wetlands were estimated to recharge 20 cm/yr (8 in/yr).

Operating cranberry bogs were given an additional 5 cm/yr

(2 in/yr) recharge due to the harvest floods forcing water into

the subsurface (Zarriello and Bent, 2004; Masterson, 2009). In

terms of net water export from the site, we expect that initially we

may see a very marked decrease in water export from the site as

water ponds and a new equilibrium is reached, corresponding to

initial potential increases in recharge. As more organic material

settles into the interstitial spaces of the newly mixed soils, these

changes may become more modest. It is expected that ultimately

the increased water holding capacity of a landscape free of ditches

and drains, and soils with heightened organic content will offset

some of the additional evaporation losses.

6 Conclusion

As the commonwealth of Massachusetts has recognized,

restoring a freshwater wetland from a cranberry farm in a

region with a great deal of groundwater discharge, sitting on

top of fully developed hydric soils and a wetland seedbank has an

extremely high potential for quick success. Making a new wetland

where one never existed might take hundreds of years, but

recovering a buried wetland from beneath a cranberry farm

can be easy–with informed observations behind restoration

design. Early site assessment can map the potential for

groundwater input, and identify hot spots that can be targeted

in designed features (See Supplementary Table S2). A full

characterization of the hydrogeologic system in situ can help

inform specific changes required to undo the legacy of surface

land use and engineering that would otherwise leave the land

surface higher above the water table than needed for a wetland to

thrive, and dried out, rather than saturated. We present here
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observational, hydrological, thermal, and isotopic evidence of

ample groundwater inflows across a broad section of the Foothills

Preserve. To recover this groundwater, we delve into the human

history of the surface of this landscape to understand how the

anthropogenic aquifer got here, how it functions, and how,

ultimately, to mix and disperse it into a restored wetland.

These findings are applicable in southeastern Massachusetts,

but can be applied broadly to any glaciated landscapes across

North America and globally with a similar geomorphology and

latitude which have cranberry cultivation on kettle peatland

wetlands, that could easily be restored to wetlands.

Specifically, sites that possess the hydrologic, geologic and

ecologic features can be more easily reconnected to

groundwater sources to restore self-sustaining wetlands.
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SUPPLEMENTARY FIGURE 1
Isotopic composition of Foothills Preserve precipitation water relative to
Massachusetts statewide values reported in Cole and Boutt (2021). Four
trendlines describe the Global Mean Water Line (GMWL, black), the
Massachusetts MWL (MA MWL, grey), the Massachusetts Surface Water Line
(MA SWL, simple dash, cyan), and the Massachusetts Groundwater Line (MA
GWL, dot-dash, red). Also shownare all of the Foothills Preserveprecipitation
(blue symbols), and mean values for MA precipitation (grey circle), Foothills
precipitation (blue circle), MA groundwater (red square) andMA surfacewater
(cyan triangle).
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