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ARTICLE INFO ABSTRACT

Keywords: Relic charcoal hearths (RCHs) have produced distinct legacy effects in forest soils around the world. Recently,
Landscape history LiDAR imagery has revealed thousands of 18th—early 20th century RCHs in Litchfield County, Connecticut, USA;
Charcoal however, the effects of RCHs on a landscape-scale are not well-documented, particularly fine-scale heterogeneity
Forest 5°i.15 within RCHs and surrounding soils. This study examines the long-term impacts of charcoal production by
Geochemistry

measuring RCH soil chemical and physical properties from three perspectives: (1) compared to adjacent re-
ference sites (RS,q;), (2) laterally at systematic distances away from the RCH center, and (3) vertically within the
RCH soil profile. Mean charcoal abundance was greater in RCH sites than RS,q; (p < 0.01). Soil organic carbon
(SOC), total C, and extractable Ca®>*, Mg?*, Na* were greater in RCH sites as compared to RS,q; (p < 0.01),
and available phosphorus (p < 0.01), K*, and trace elements (Mo, Ag, Hg, and Se) were lower (p < 0.05). In
vertical profiles, many RCHs had 2 charcoal-rich layers within the anthropic epipedon, demonstrating multiple
episodes of charcoal production. Peaks in SOC, C:N, Ca®*, Mg?* corresponded with charcoal-rich layers.
Systematic transect sampling across the RCH boundary identified charcoal fragments in soils at distances up to
25 m beyond the RCH boundary, increasing the surface-level (0-15 cm) area of impact for an individual RCH by
more than 30 X, from a 5-m radius (RCH area = 78.5 m?) to a 30-m radius (total area of impact = 2826 m?).
These findings capture fine-scale variations within and among RCH and reference sites and contribute to esti-
mating the total area of forest soils impacted by historical charcoal production.

Pyrogenic carbon

between uses is debated (Gordon and Raber, 2000). After initial forest
clearing, subsequent usage likely occurred after the landscape refor-

1. Introduction

From the mid-1700s until the early 1900s, colliers clear-cut the
forested landscape of northwestern Connecticut, USA, to produce fuel
for smelting iron and manufacturing lime. After transporting the har-
vested timber to charcoal hearth sites, colliers slowly burned the wood
to make charcoal, some of which persists in relic charcoal hearth (RCH)
soils today (e.g., Hirsch et al., 2017, 2018; Mastrolonardo et al., 2018;
Bonhage et al., 2020). Based on results from LiDAR analysis in Litch-
field County, Connecticut, there are at least 20,500 RCHs in the
1170 km? region (Johnson et al., 2015). During production, these
RCHs, which had an approximate volume of 25.4 m® (8-11 m in dia-
meter) (Raab et al., 2017), held up to 180 m® of wood that was covered
in soil and fired at temperatures reaching 450 °C (Emrich 1985).
Through slow thermochemical decomposition, the wood pyrolyzed to
charcoal. Soil profiles and RCH stratigraphy suggests colliers used some
sites multiple times (Raab et al., 2017), although the amount of time
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ested (30-60 years), although rapid usage was also possible; for ex-
ample, if colliers harvested large stocks of wood to burn in a single
hearth over 1-2 years (Kemper, 1941; Pawloski, 2006; Straka 2014;
Raab et al., 2017).

Charcoal fragments at RCH sites have produced long-term effects on
forest regeneration (Carrari et al., 2018), plant performance (Mikan and
Abrams, 1995, 1996; Mastrolonardo et al., 2019; Buras et al., 2020),
and soil properties (Hardy et al., 2016a, 2016b; Hirsch et al., 2017,
2018; Schneider et al., 2018, 2019, 2020a). However, the extent of
these effects is not well understood. Digital high-resolution elevation
models (DEMs) have increased landscape-scale calculations for RCH
density in Europe and northeastern USA. Rutkiewicz et al. (2019), for
example, identified 184 RCHs per km? in southern Poland—yet model
estimates for RCH density vary based on numerous factors, such as
differences in environmental and cultural predictors (Schneider et al.,
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Fig. 1. 1 m LiDAR DEM map showing RCH study areas. Site 1: Housatonic State
Forest, Sharon, CT; Site 2: Housatonic State Forest, Cornwall, CT; Site 3:
Mohawk State Forest, Cornwall, CT. Inset map shows Connecticut, highlighting
Litchfield County (red box) in the Northwest Highland region of the state. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

2020b; Tolksdorf et al.,, 2020) and DEM model accuracy (Bonhage
et al., 2020). Furthermore, little is known about fine-scale hetero-
geneity, such as the distribution of charcoal within individual RCHs and
surrounding soils. In addition to aggregating soil properties in RCH and
non-RCH sites, transects up to 30 m away from the RCH center reveal
how charcoal distribution, driven by human and natural geomorphic
processes, varies across the RCH landscape and affects the degree of
geochemical change at fine spatial scales. By combining bulk sampling
of RCH and reference sites with systematic 30-m transects and vertical
soil pits, this study further defines the spatial extent of RCH soil
properties by identifying gradients of geochemical change within in-
dividual RCH sites and beyond the RCH boundary.

2. Methods
2.1. Study site

We conducted our study in the Housatonic and Mohawk State
Forests in Litchfield County, Connecticut (Fig. 1). Litchfield County is
located in the Northwest Highlands region of the state and has a tem-
perate climate. The mean temperature ranges from 5 °C in winter to
16 °C in the summer, with a mean annual precipitation of 1036 mm and
relative humidity of approximately 50% (NOAA, 2019). Much of the
area is steeply sloped, and the elevation ranges from 100 to 720 m
above sea level (Gonick et al., 1970).

The Northwest Highlands was shaped by the most recent advance of
the Laurentide Ice Sheet and is comprised of a widespread till mantle,
glaciofluvial deposits, till plains and drumlins overlying early Paleozoic
and Proterozoic metamorphosed sedimentary and igneous rocks
(Gonick et al., 1970). According to the World Reference Base for Soil
Resources (IUSS Working Group World Reference Base [WRB], 2014),
the region’s soils formed in glacial till and glaciofluvial deposits and are
classified as coarse-loamy Cambisols. The RCH soils examined in this
study are Spolic Technosols with multiple charcoal layers and an
average anthropogenic epipedon greater than 50 cm (Hirsch et al.,
2017). U.S. Soil Taxonomy classifies the RCH sites as Canton and
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Charlton fine sandy loams (Typic Dystrudepts) and the historical agri-
culture site as a Shelburne fine sandy loam (Oxyaquic Dystrudepts)
(Soil Survey Staff, 2019).

Colliers constructed the RCHs in this region across steep slopes. In
contrast to charcoal pits (which have negative relief features) and
hearths formed on flat land, RCHs on slopes are elliptical platforms
built by pulling soil downslope (e.g., RCH type 3b, Hirsch et al., 2020).
These features commonly have boulders lining the lower edge to sta-
bilize the hearth structure (Warren et al., 2012) and a small semi-
circular ditch between the hearth and the platform to prevent rainwater
from extinguishing the hearth (Hirsch et al., 2020). RCHs on slopes are
in some places multilayered (Hirsch et al., 2017), suggesting repeated
rounds of charcoal production (Raab et al., 2017; Stolz & Grunert,
2010).

In the early 1700s, colonists cleared the rocky slopes of the
Northwest Highlands for charcoal production and agriculture.
Throughout the 18th-early 20th centuries, the region exported wool,
cheese, timber, charcoal, and iron along the Hudson and Housatonic
Rivers (Gordon and Raber, 2000). With the expansion of transnational
railways in the 1850s, these industries declined, as increased produc-
tion from the West eroded the Connecticut dairy industry (Russel,
1982). Charcoal production continued until the fuel economy switched
to coal in the late 1800s, after which the abandoned agriculture and
charcoal lots redeveloped into the forested landscape present today
(Sieferle, 1982; Gordon and Raber, 2000; Pawloski, 2006).

2.2. Soil sampling

We located 35 RCHs in Litchfield County, Connecticut, using 1 m
LiDAR DEM data. At all sites, we augered the RCH center to assess
charcoal abundance at depth (up to 127 cm). We also collected surface
samples (0-15 cm) along transects at 4 RCH sites to analyze fine-scale
heterogeneity and dug soil pits at RCH and historical agriculture sites to
contextualize charcoal production within the broader anthropogenic
disturbance history of northwestern Connecticut. Three pits were in a
single RCH site (at the center, front edge, and back edge), and 1 pit was
in a region of historical agriculture with no evidence of RCHs. The
historical agriculture pit lies within a field bounded by 18-19th century
stone walls and is cleared in 1934 aerial imagery—indicating that the
forest here is a maximum of 70-80 years old.

To examine the spatial variability of soil properties in RCH and
adjacent reference sites, we sampled 4 RCHs along a transect line that
ran through the center of each RCH and extended for 30 m on opposite
sites. At each site, we sampled at 0, 2, 5, 10, 20, and 30 m from the RCH
center, collecting 11 soil cores per transect (Fig. 2). We used a 7 cm
diameter, 13 cm long steel cylindrical garden tool to collect ~ 500 cm®
of soil from the upper profile. For comparison between RCH and ad-
jacent reference sites, we marked the RCH boundary using an approx-
imate radius of 5 m. We defined RCH samples as soils collected up to
5 m from the RCH center (e.g., 0, 2, 5 m) and adjacent reference (RS,q;)
samples as soils collected beyond 5 m (e.g., 10, 20, 30 m). There are
fewer RCH observations than RS,4; because we sampled the RCH center
(0 m) only once.

We measured the depth of disturbance in all RCH sites (n = 35)
using a soil auger (127 cm long and 6.35 cm in diameter) at the RCH
center. To analyze site variation with depth, we sampled 1 RCH soil pit
for chemical analysis— using a stainless-steel hand shovel, we collected
7 samples from the horizon center, starting beneath the O horizon and
reaching an approximate depth of 70 cm. We described 2 additional
RCH soil pits at the front and back edges for horizon characteristics
according to U.S. Soil Taxonomy guidelines (Soil Survey Staff, 2014)
but did not sample. At the historical agriculture pit, we described
horizon characteristics and collected 7 samples for chemical analysis.
All samples were dried for 12 h at 80 °C.
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Fig. 2. Example RCH location and transect. (A) LiDAR DEM hillshade image showing RCHs on a hillslope. A light grey indented circle identifies the RCH. (B) Inset
shows the selected RCH site and an example 30-m transect. Red letters indicate specific sample locations along the transect. (C) Volumetric soil samples a—e were
taken using a cylindrical garden tool at 0, 2, 5, 10, and 20 m from the RCH center. The final transect sample, collected 30 m from the RCH center, was not
photographed. From left to right, samples display a decrease in charcoal thickness with increasing distance from the RCH center. (D) Field photo of an RCH site today.
Dotted lines outline the RCH structure: yellow shows the flattened RCH platform, and blue marks the downslope edge. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

2.3. Soil properties

We sampled and analyzed a subset of the total 35 RCH study sites
for soil chemical and physical properties. We analyzed all 4 transects
for charcoal abundance and soil organic carbon (SOC) (11 samples/
transect, n = 44). Based on an approximate 5-m RCH radius, we col-
lected 20 RCH and 24 reference samples in total. We selected 4 sites for
further chemical analysis—1 complete transect (n = 11) and 3 partial
transects (e.g., 0, 10, and 20 m)—and analyzed for major cations, pH,
total carbon and nitrogen, and selected trace elements. In total, we
analyzed 9 RCHs (5 samples/transect + 4 partial transect samples) and
11 reference sites (6 samples/transect + 5 partial transect samples) for
soil chemistry. We also analyzed 7 soil pit samples for SOC, of which we
analyzed 5 samples for the same chemical parameters as the RCH sites
described previously.

We estimated charcoal content for all samples (auger: n = 35;
transect: n = 44; pit: n = 7), by soil color using a Munsell color chart
(dark black (10 YR 2/1) and by the abundance of visible charcoal
fragments (e.g., Hirsch et al., 2017; Bonhage et al., 2020). For transect
and soil pit samples, we also measured charcoal content in the lab by
loss on ignition. A 10-gram aliquot of soil was sampled and burned at
550 °C for 3 h (Dean, 1974). Using the sample standard volume, we
determined bulk density as the quotient of sample weight and volume.
Due to error during sample collection, charcoal thickness measurements
had 3 missing samples, and bulk density calculations had 1 missing
RCH and 1 extra RS,q; sample.

We sieved a subset of samples (transect: n = 20; pit: n = 7) for grain
size categorization (> 2 mm, 2 mm-150 um, < 150 pum) and soil che-
mical analysis. At the University of Minnesota Soil Testing Laboratory,
soil pH was measured in double-deionized water using a Mettler Toledo
Seven-Multi pH meter with an InLab Pro combination electrode.
Exchangeable Ca®*, K*, Mg®*, and Na* concentrations were analyzed
with an ICP-AES. Three grams of air-dried < 2 mm soil was combined

with 30 mL of 1 M NH4OAc (pH 7) for 30 min. The extracts were then
centrifuged, and the supernatant was decanted and analyzed (Fassel,
1974; Dahlquist and Knoll, 1978). Exchangeable phosphorus was de-
termined by colorimetry. One gram of air-dried, < 2 mm soil was
combined with 10 mL of 0.025 M HCI and 0.03 M NH,F (the Bray-1
extractant) and shaken for 5 min. The sample was then treated with a
molybdate-ascorbic acid reagent and analyzed using a Brinkman PC
900 probe colorimeter at 880 nm.

We analyzed transect samples (n = 20) for carbon and nitrogen at
the Williams College Environmental Analysis Laboratory. The percent
mass of nitrogen and carbon was measured using a FLASH 1112
Elemental Analyzer coupled with a MAS 200 autosampler and Eager
300 software. Samples were analyzed against a standard curve of 2,5-
Bis (5-tert-butyl-benzoxazole-2-yl) thiophene (BBOT) varying in weight
from 0.200 to 2.00 mg. All samples were run at 950 °C. Five splits of
each sample were run to capture sample heterogeneity.

Transect samples (n = 20) were analyzed for major and trace ele-
ments at the Bureau Veritas Mineral Laboratories. For major oxides,
samples were mixed with LiBO,/LiB4O; flux and fused in a furnace. The
cooled bead was dissolved in ACS grade nitric acid and analyzed by ICP-
MS (Bureau Veritas Minerals, 2015). For Mo, Cu, Pb, and Zn, samples
were digested with a modified Aqua Regia solution of equal parts
concentrated HCl, HNO3; and DI H,O for 1 h in a heating block and
analyzed by ICP-MS (Bureau Veritas Minerals, 2015). Total C and S
were determined using a LECO Carbon and Sulphur Analyzer. Induction
flux was added to the sample and ignited in an induction furnace. The
released carbon was measured by adsorption in an infrared spectro-
metric cell (Bureau Veritas Minerals, 2015).

2.4. Statistical analyses

We compared mean soil properties using an independent samples t-
test for RCH and reference samples, which were aggregated based on
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distance from the RCH center. Using a one-way MANOVA, we examined
differences in the multivariate means between transect distances (0, 2,
5, 10, 20, 30 m). We analyzed Pearson’s correlation coefficients be-
tween all dependent variables to test the assumption of moderate cor-
relation and address multicollinearity. We removed Mg®* and SOC
from the MANOVA due to high correlations (/* > 0.8) with Ca®* and
charcoal content, respectively. A Box’s M statistic of 40.4 was not sig-
nificant (p > 0.05), satisfying the assumption of equal covariance
matrices. Due to unequal group sizes, we performed post-hoc analyses
using the Scheffé criterion for significance to examine differences in soil
chemistry between individual transect distances. We tested the homo-
geneity of variance for all 6 distances based on a series of Levene’s F
tests. With few observations, we compared mean values for major and
trace elements using a Mann-Whitney U Test and a Multi-Response
Permutation Procedure (MRPP). We compared the observed and ex-
pected MRPP delta values to assess differences in the multivariate
means for major and trace elements between RCH and RS,q;. We con-
ducted all analyses in R 3.6.3 (R Core Team, 2019). To compare soil
parameters between RCH and RS,q;, we calculated the relative change
of soil properties using (Eq. (1)).

PC — PA)

RC (%) = ( X100

@
RC is the relative change, PC is the soil property measured on RCH
sites, and PA is the soil property measured on reference sites.

3. Results and discussion
3.1. Relic charcoal hearth and adjacent site comparisons

RCHs have significantly different soil chemical and physical prop-
erties than that of RS,q; (Fig. 3). In RCH soils, mean charcoal abun-
dance, measured as the thickness of charcoal layers in the uppermost
15 cm, is greater than RS,qj Rpcu = 9.92 cm (0 = 2.17 cm);
Xrsaqj = 2.68 cm (0 = 3.06 cm); t(39) = 8.61; p < 0.001). Conse-
quently, higher amounts of charcoal—with porous surfaces, recalcitrant
aromatic structure, and negatively-charged carboxylic group-
s—contribute to the nutrient availability and structure of RCH soils
(e.g., Glaser et al., 2000; Liang et al., 2006).

Mean soil organic carbon (SOC) is 30% higher in RCH than RS,q;
sites (Rpcu = 22.76% (0 = 6.91%); Xsaqy = 15.46% (0 = 5.28%); t
(42) = 3.97;p < 0.001). Total weight percent carbon is also greater in
RCH soils than in RS,qj Rrcu = 9.86% (0 = 4.89%); Xgsagj = 4.17%
(o0 = 3.12%); t(17) = 2.88; p < 0.05). Similarly, Hirsch et al. (2017)
and Mastrolonardo et al. (2018) found greater carbon content in RCHs
than surrounding soils, attributing 30% to 43%, respectively, of total
RCH carbon to charcoal. Elevated soil carbon in Connecticut RCHs can
also be attributed to charcoal fragments: charcoal C:N values are on
average 180X greater than that of the surrounding soil. However, es-
timates of RCH soil carbon vary depending on the methods used for
quantifying charcoal. Bonhage et al. (2020) found that excluding the
charcoal fraction larger than 2 mm decreases RCH soil organic matter
estimates by an average of 25%. RS,q; soils have greater nitrogen
content, as high temperatures likely volatilized RCH soil nitrogen
during pyrolysis. These values, however, vary due to differences in site
characteristics, such as vegetation cover (Hardy et al., 2016a; Hirsch
et al., 2017; Carrari et al., 2018).

Soil bulk density in the upper 15 cm is lower for RCH sites than
RS.qj Rren = 0.78 g/em® (0 = 0.13 g/cm®); Xpsagg = 0.86 g/cm®
(o0 =0.12 g/cms); t(40) = —2.08;p < 0.05). Schneider et al. (2020a)
found charcoal fragments decrease RCH soil bulk density by increasing
the volume of macro- and micropores. In contrast to mineral soil, which
has a particle density of approximately 2.65 g/cm?, charcoal fragments
are highly porous and have a particle density < 2 g/cm® (Ayodele et al.,
2009; Zhao et al., 2016; Liu et al., 2018; Schneider et al., 2019). Me-
chanical compaction (e.g., traffic from harvesting timber, relocating
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mineral soil for platform construction, and transporting charcoal) may
have also increased bulk density in adjacent soils.

Decreased bulk density impacts a range of soil physical properties,
such as water infiltration (Schneider et al., 2018), annual temperature
amplitudes (Schneider et al., 2019), and soil moisture and air contents
(Borchard et al., 2014; Schneider et al., 2020a). These changes alter
microclimatic conditions and can impact RCH plant performance
(Zhang et al., 2018; Buras et al., 2020) and mycorrhizae (Garcia-
Barreda et al., 2017).

RCH exchangeable K™ concentrations are 18% lower than that of
RS,q; soils (Xpcu = 74.68 mg/kg (0 = 23.15 mg/kg);
Xrsadj = 94.81 mg/kg (0 = 31.64 mg/kg); t(18) = —1.59;p = 0.13)
(Fig. 3). Depletion at RCH sites may result from a higher proportion of
K™ -rich mineral material in reference soils or preferential leaching, i.e.,
K* has a weak affinity for charcoal carboxylic functional groups and
preferentially leached from RCH sites over time (Hardy et al., 2016a).
Lower above-ground productivity at RCH sites (Mikan and Abrams,
1995, 1996) may also decrease K™ litter inputs. Changes in litter inputs
are likely driven by decreased litter biomass, as elevated RCH soil nu-
trients exert little impact on foliar elemental concentrations relative to
woody tissues (Mastrolonardo et al., 2019; Buras et al., 2020).

Soil K* content can also vary by site based on differences in feed-
stock chemistry and pyrolysis temperature (Gezahegn et al., 2019). In a
study on temperate wood feedstocks, Gezahegn et al. (2019) found
biochar that produced from angiosperms had approximately twice the
K* content compared to conifer feedstock. Temperature also modifies
the chemical composition of wood charcoal: while higher pyrolysis
temperatures increased cation concentrations, it impacted K* content
less than other alkaline elements, such as Ca** and Mg?* (Kloss et al.,
2012).

Extractable Ca**, Mg®*, and Na* concentrations are higher in RCH
than RS,q; soils (Table 1). Fine pores within charcoal particles retain
exchangeable bases (Glaser et al., 2000, 2001), and carboxylic groups,
which form along the core of the charcoal molecule through oxidation,
increase the negative surface charge of charcoal and facilitate further
exchangeable base retention (Liang et al., 2006). Soil pH may also
impact base cation concentration: RCH sites showed a significant, al-
though relatively slight, decrease in pH as compared to adjacent sites
Xrcu = 4.6 (0 = 0.2); Xgsaqj = 4.8 (0 = 0.3); t(18) = —3.4;
p < 0.05).

Available phosphorus (AVP) is more than 200% lower in RCH soils
than RS,y Rrecw = 63.00 mg/kg (0 = 4543 mg/kg);
Xrsadj = 225.36 mg/kg (o0 = 134.95 mg/kg); t(18) = -—3.44;
p < 0.01). Depletion occurred in the root zone near the soil surface
and remained unchanged in the subsoil. Previous studies report a range
of AVP values for RCH soils: in Nigeria, RCH AVP values were higher
than adjacent soils (Ogundele et al., 2011); in Pennsylvania, AVP values
were lower than adjacent soils (Young et al., 1996); and in Belgium,
RCH AVP values varied (Hardy et al., 2016a, 2016b). While the phos-
phorus content of wood ash varies by feedstock type (Novak et al.,
2014), charcoal fragments have been found to enrich hearth soils with
soluble orthophosphate (Certini, 2005). However, the input of phos-
phorus from charcoal is relatively small compared to baseline con-
centrations of inorganic phosphorus present in mineral soil (Hardy
et al., 2016b).

The accumulation of charcoal-enriched soil layers and displaced
topsoil at RCH sites can decrease phosphorus-rich mineral soil in the
upper 15 cm. Colliers left behind large amounts of charcoal and
transported topsoil to construct the RCH platform (Raab et al., 2017).
These activities increased RCH topsoil thickness and decreased the
amount of mineral soil in the top 15 cm. Intra-site variability for RS,g;
AVP values (Ogsaqj = 134.95 mg/kg) is greater than RCH sites
(Orcu = 45.43 mg/kg), suggesting differences in mineral soil depth and
charcoal abundance produced microsite spikes in RS,q; AVP.

RCH vegetation and soil biota may also influence phosphorus cy-
cling and bioavailability. Aromatic charcoal fragments are slow to
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Fig. 3. Chemistry for RCH and adjacent soils, aggregated based on a 5-m RCH boundary. Volumetric samples were collected from the uppermost soil profile
(0-15 cm) of RCH (dark blue) and reference (light blue) sites. (A-B) Values for organic content and charcoal thickness were determined for all RCH (n = 20) and
reference (n = 24) sites. (C-H) Values for bulk chemistry were determined from select RCH (n = 9) and reference (n = 11) sites. Extreme values (3X interquartile

range) are marked with an open circle. Independent samples t-test compared soil properties. Values with p < 0.01 are marked wit]

**; values with p < 0.05 are

marked with *; non-significant values are denoted “n.s”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Table 1
Soil properties for RCH and RS,q; soils.
Unit Position N M SD t df Sig (2-
tailed)

Ac cm RCH 19 9.92 2.17 8.61 39 < 0.01
RSadj 22 2.68 3.06

SOC % RCH 20 2276 691 3.97 42 < 0.01
RSadj 24 15.46 5.28

Bulk density g/cm3 RCH 19 0.78 0.13 —2.08 40 0.04
RSadj 25 0.86 0.12

AVP mg/kg RCH 9 63.00 45.43 —3.44 18 < 0.01
RSadj 11 225.36 134.95

pH RCH 9 457 0.22 —245 18 0.03
RSadj 11 4.85 0.26

K" mg/kg RCH 9 74.68 23.15 -1.59 18 0.13
RSadj 11 94.81 31.64

Ca®* mg/kg RCH 9 217.49 163.93 3.25 18 < 0.01
RSadj 11 54.14 30.83

Mg>* mg/kg RCH 9 6269 3472 314 18  <0.01
RSadj 11 26.34 15.04

Na™ mg/kg RCH 9 6.96 3.56 3.20 18 < 0.01
RSadj 11 3.08 1.73

N % RCH 11 0.35 0.16 0.23 17 0.82
RSadj 8 033 0.21

C % RCH 11 9.86 4.89 288 17 0.01
RSadj 8 417 3.12

biodegrade and can inhibit microbial growth and enzyme activity
(Zhang et al., 2018), which are important drivers of phosphorus mo-
bilization (Richardson and Simpson, 2011). Symbiotic mycorrhizal as-
sociations are also important for plant phosphorus acquisition (Becquer
et al., 2014), and changes to mycorrhizae abundance and composition
may impact phosphorus uptake at RCH sites. Garcia-Barreda et al.
(2017) conducted bioassays to examine the root colonization and re-
lative abundance of RCH soils inoculated with the ectomycorrhizal
fungus (EM), T. melanosporum. They found root colonization and
abundance for T. melanosporum was lower in RCHs than adjacent sites;
however, identifying the drivers for EM development in RHCs requires
further research. Decreased T. melanosporum development may result
from increased infectivity of native EM communities or altered soil
properties. Research is also needed to examine the impacts of RCH plant
performance-such as decreased productivity (Buras et al., 2020) and
altered root allocation (Carrari et al., 2018)—on phosphorus inputs
from litter and phosphatase activity and exudation rates in the rhizo-
sphere.

The multivariate mean for major and trace elements is not sig-
nificantly different between RCH and RS,q; (MRPP within-group
agreement A = 0.02; p = 0.2). However, RCHs had lower Mo, Se, Hg,
and Ag as compared to RS,q; (Umo = 15.0 mg/kg, p < 0.05;
Use = 3.5 mg/kg, p < 0.01; Uyy = 9.5 mg/kg, p < 0.05;
Uag = 17.5 mg/kg, p < 0.05). RCH soil trace element concentrations
vary based on differences feedstock and pyrolysis temperature, which,
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Table 2
Major and trace elements for RCH and RS,g; soils.

Mann-Whitney U Wilcoxon W z Sig. (2-tailed)
Si 27.50 82.50 -1.10 0.27
Ba 22.50 77.50 —-1.22 0.22
Be 33.00 61.00 —-0.22 0.82
Co 33.00 61.00 —-0.20 0.84
Cs 20.50 48.50 -1.42 0.15
Ga 26.00 54.00 —-0.88 0.38
Hf 22.00 77.00 -1.27 0.20
Nb 27.00 82.00 —-0.78 0.43
Rb 30.00 85.00 —-0.49 0.63
Sn 23.00 51.00 -1.32 0.19
Sr 24.00 52.00 -1.07 0.28
Ta 29.00 84.00 —-0.59 0.55
Th 24.00 79.00 -1.07 0.28
U 24.50 79.50 -1.03 0.30
v 28.00 56.00 —0.68 0.49
w 23.50 78.50 -1.13 0.26
Zr 22.00 77.00 -1.27 0.20
Y 29.00 84.00 -0.59 0.56
La 31.00 59.00 -0.39 0.70
Ce 27.50 82.50 -0.73 0.46
Pr 29.00 84.00 -0.59 0.56
Nd 29.00 84.00 —-0.59 0.56
Sm 26.00 81.00 —-0.88 0.38
Eu 28.00 83.00 —0.68 0.49
Gd 27.00 82.00 —-0.78 0.43
Tb 32.00 87.00 -0.29 0.77
Dy 30.00 85.00 —-0.49 0.63
Ho 29.00 84.00 -0.59 0.56
Er 28.00 83.00 —0.68 0.49
Tm 29.00 84.00 —-0.59 0.56
Yb 30.00 85.00 -0.49 0.63
Lu 26.00 81.00 —-0.88 0.38
Mo 15.00 43.00 -1.97 0.05
Cu 33.50 88.50 -0.15 0.88
Pb 16.50 44.50 -1.81 0.07
Zn 34.50 89.50 —-0.05 0.96
Ni 29.50 84.50 —-0.54 0.59
As 17.00 45.00 -1.76 0.08
cd 28.00 83.00 -0.73 0.47
Sb 17.00 45.00 —-1.85 0.06
Bi 23.00 51.00 -1.32 0.19
Ag 17.50 45.50 -213 0.03
Au 14.50 42.50 -2.17 0.03
Hg 9.50 37.50 —251 0.01
Ti 21.50 49.50 —-1.65 0.10
Se 3.50 31.50 —-3.26 0.00

to varying degrees, volatized select elements from RCH sites (Tryon,
1948).

Oxygen-containing ligands in charcoal may also bind with metal
ions and reduce trace metal availability in the soil (Hardy et al., 2016b).
In acidic biochar-enriched soils, trace metals can react with free oxide-
hydroxide compounds and form insoluble complexes that are largely
unavailable to plants (e.g., Atkinson et al., 2010; DeLuca et al., 2009).
Conversely, Rondon et al. (2007) argue charcoal particles increase trace
element availability, such as Mo. In biochar-enriched soils in Colombia,
Mo concentration decreased in the soil and increased in plant tissue.
However, differences in production methods may obscure direct com-
parisons between biochar and charcoal, as feedstock and pyrolysis
temperature may shape the impacts of charcoal and biochar differently
over time. Future studies are needed to examine RCH soil trace ele-
ments and biomass elemental composition at depths beyond the root
zone. For the other major and trace elements analyzed (Table 2), there
is no significant difference (p > 0.05) between RCH and RS,q;. Many
analyses were below the detection limit, and further study is required to
determine the effects of RCH charcoal on trace element concentrations.

Changes to RCH soil properties provide insight into the impacts of
historical charcoal production on forest growth and development
(Mikan and Abrams, 1995, 1996; Carrari et al., 2018; Mastrolonardo
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et al., 2019). Buras et al. (2020) found higher relative wood cation and
trace metal concentrations in RCH trees than in control sites. However,
the extent to which high soil nutrients increase or decrease vegetation
growth depends on interactive biotic factors, such as plant-specific
thresholds for toxicity (Gobat et al., 2004) and differences in mycor-
rhizal communities (Garcia-Barreda et al., 2017). Given the effect of
water availability on tree mortality in RHC-affected forests (Buras et al.,
2018) and changes to RCH soil moisture and infiltration (Schneider
et al., 2018, 2020a), it is likely plant water availability exerts a greater
effect on tree growth patterns than soil nutrients (e.g., Buras et al.,
2020). Soil properties vary within and among individual RCHs, and the
effects of RCHs on vegetation likely vary by site. Compared to adjacent
sites, the high spatial variability for RCHs (e.g., charcoal thickness,
AVP, Ca®>*, Na*, and Mg?") suggests sample location and site dis-
turbances caused by collier activity impact bulk soil comparisons
(Table 1).

3.2. Lateral gradients in relic charcoal hearth soils

Systematic lateral transects reveal fine-scale variations within and
among RCH and reference sites. Geomorphic processes, such as surface
erosion, soil creep, and charcoal dispersal from collier activity, impact
the proportion of charcoal to mineral material within a given sample
and, consequently, the magnitude of relative change within RCH and
adjacent sites. For example, charcoal thickness in the upper 15 cm is
greater at the downslope edge of the hearth than center and upslope
positions (Xom, = 10.3 * 1.0 cm, X, = 85 * 1.0 cm,
Xsm = 5.6 * 1.0 cm). Hearth construction (e.g., colliers leveled
hearths by raking sediments downslope (Raab et al., 2017)) unevenly
mixed upper soil horizons and charcoal. As a result, RCH soil properties
are in many ways more variable than adjacent reference soils (Fig. 4).

Differences in charcoal thickness between RCH and RS,q; increase
with distance in all directions. The mean difference in charcoal thick-
ness between 0 and 5 m (Xgir = 4.7 cm, p < 0.05) is greater than 0 and
2m Xgg = 1.0 cm, p > 0.1). There is no significant difference be-
tween samples collected beyond the hearth boundary (10 m-30 m,
p > 0.1), although charcoal fragments are present at distances up to
30 m. Charcoal harvesting (e.g., transporting charcoal in wagons),
bioturbation, and subsequent forestry activities scattered RCH charcoal
fragments across the landscape. These findings have important im-
plications for calculating the total surface area impacted by historical
charcoal production based on LiDAR surveys of RCH density (Hesse,
2010; Risbgl et al., 2013; Rutkiewicz et al., 2019; Bonhage et al., 2020;
Schneider et al., 2020b; Tolksdorf et al., 2020). Charcoal dispersal in-
creases the RCH footprint up to 25 m beyond the hearth edge, in-
creasing the surface-level (0-15 cm) area of impact for an individual
RCH more than 30 x, from 78.5 m? to 2826 m?.

The dispersal of charcoal fragments beyond the hearth boundary
impacts soil properties in surrounding soils. A one-way MANOVA
identified distance significantly differentiates the multivariate means of
soil chemistry (F(5, 80) = 2.34,p < 0.01; Pillai’s trace = 2.11), which
is likely driven by decreasing charcoal content (Fig. 4). Charcoal
thickness and total C, for example, decreases with distance from the
RCH center: the mean charcoal thickness is 10.3 ¢cm (0 = 2.1 cm) at O m
and 1 cm (o0 = 1.7 cm) at 30 cm, and total Cis 13.4% (0 = 4.0%) at 0 m
and 7.9% (0 = 5.4%) at 30 m. This trend is less apparent for organic
carbon: RCH SOC decreases only slightly from 25.0% (o = 5.5%) at 0 m
to 14.5% (0 = 5.1%) at 10 m (p > 0.1), and there are no significant
differences between samples collected at distances greater than 10 m
(p > 0.1). Conversely, RCH samples increase, albeit slightly (p > 0.1),
in K* and AVP from 0 to 10 m (Table 1).

Charcoal fragments also impact soil pH and pH-dependent cations,
such as Ca®*, Mg®", and Na*. Concentrations are the highest at the
RCH center (Xcaz+= 319.5 mg/kg (0 = 149.0 mg/kg); Xmgo+ =
85.5 mg/kg (0 = 29.5 mg/kg) ; Xna+ = 8.6 mg/kg (0 = 3.7 mg/kg) and
decrease with distance, leveling off at 10 m. There is little within-site
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Fig. 4. Soil chemistry for volumetric samples collected in the uppermost soil profile (0-15 cm) along lateral transects measuring 30 m from the RCH center. For each
transect, 3 samples were collected within the hearth (0, 2, 5 m; light blue), and 3 samples were collected beyond the hearth boundary (10, 20, 30 m; dark blue). The
values for charcoal thickness (A) and organic content (C) were determined from all 4 transects for RCH (n = 20) and adjacent (n = 24) soils. The remaining analyses
were determined from select RCH (n = 9) and reference (n = 11) sites. Dotted lines connect median values for each distance. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

variation for pH and major cations (i.e., between adjacent transect
samples). A post-hoc Scheffé Test revealed Ca®* was the only para-
meter with significant differences between adjacent transect distances
Xom = 10.3 cm, X5, = 5.6, SE = 68.6 cm; p < 0.05).

3.3. Gradients in vertical Profiles: Comparing hearth and historical
agriculture

RCH vertical profiles reveal charcoal production impacted soil
properties at depths greater than 15 cm. Based on the auger core
measurements (n = 35), RCHs have a mean anthropic epipedon
thickness of 50 cm (o0 = 10 cm), which in some places contains multiple
charcoal-rich layers that suggest repeated periods of charcoal produc-
tion, e.g., Hirsch et al. (2017). The RCH soil pit also has 2 distinct
charcoal-rich layers at 10 cm and 30 cm. These layers, with relatively
high total C, impact multiple soil parameters at depth: soil Ca®*
reaches a maximum concentration of 1063.7 = 1.0 mg/kg at 30 cm,
and Mg®* roughly corresponds to charcoal-rich layers at 10 cm
(97.7 += 1.0 mg/kg at) and 30 cm (91.5 *+ 1.0 mg/kg) (Fig. 5).

Comparisons between RCH and historical agriculture profiles also
contextualize the effects of charcoal production within the greater
disturbance regime of northwestern Connecticut. Soil Na*, for

example, is consistently higher in RCH sites than RS, at all depths.
There is no difference in K* between the RCH and RS, profiles; these
soils have similar K™ concentrations at both the surface and subsurface
horizons relative to nearby undisturbed forest soils. At depths < 20 cm,
RS,; AVP is greater than RCH. This is likely due to phosphorus inputs
from agricultural fertilizers and livestock or to a dilution effect of
charcoal fragments (i.e., high amounts of charcoal decreased the
amount of mineral soil in the RCH upper profile).

Varying soil conditions between RCH and historical agriculture sites
may obscure direct comparisons of soil chemistry. For example, the
RCH site is a Canton and Charlton fine sandy loam, and the historical
agriculture site is a Shelburne fine sandy loam. Both sites, however,
have similar defining characteristics: they are both on slopes, well-
drained, fine sandy loams with till parent material (Soil Survey Staff,
2019). While local site conditions may contribute to differences in soil
properties, these comparisons lay the groundwork for landscape-scale
interpretation of anthropogenic legacy disturbances and prompt further
study.

4. Conclusions

Charcoal production produced lasting effects in and around RCH
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Fig. 5. Soil chemistry in the top 70 cm for individual RCH (n = 1) and RS, (n = 1) profiles. (A) The vertical profile for an RS, site in the Mohawk State Forest. (B)
An RCH profile, taken from the center soil pit in the Housatonic State Forest. Distinct charcoal-rich layers are visible at 10 and 30 cm. (C-I) Soil chemistry for RCH

(n = 7) and RS,¢ (n = 7) profiles.

soils. In Litchfield County, these effects extend laterally, up to 30 m
beyond the visible RCH boundary, and vertically, up to 50 cm depth in
RCH profiles. The physicochemical properties of charcoal (e.g., porous
surface, recalcitrant aromatic structure, and negatively-charged car-
boxylic groups) contribute to the nutrient availability and structure of
RCH soils. As a result, RCH soils are chemically and physically different
than reference sites. RCH soils have lower bulk density and are depleted
in major and trace elements, extractable K*, and AVP; they have a
distinct charcoal-rich anthropic epipedon, higher total C, and are en-
riched in extractable Ca>*, Mg®*, Na*, and SOC. These impacts extend
down to 50 cm below the surface within the RCH soil profiles. Charcoal
abundance, however, also affects the magnitude of relative change
across RCH and reference sites. Geomorphic processes, such as soil
creep, hearth construction, and collier activity, transport charcoal be-
yond the hearth edge and produce variation within individual hearth
and reference sites. These findings have important implications for
analyzing the effects of historical charcoal production on a landscape
scale: the dispersal of charcoal fragments 25 m beyond the RCH
boundary increases the surface-level area of impact for individual
hearths by more than 30X. Future studies should address within-site
variation and charcoal dispersal when estimating the total forest area
impacted by historical charcoal production.
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