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Abstract

With respect to the pedosphere, human activities in the last 100 years have been the major driver of soil change. Despite
human activities being one of the main soil forming factors recognized by soil scientists (in addition to climate, organisms,
parent material, relief, groundwater, and time), the Canadian System of Soil Classification (CSSC) emphasizes soil as a natural
body. We argue human agricultural activities are direct and indirect drivers of significant changes to the carbon balance and
cycling in A horizons of Gray Luvisolic soils in western Canada, resulting in changes to A horizon carbon stocks, structure,
and micromorphology. Evidence from scientific literature, in-field soil profile observations, and the National Pedon Database
are presented in support of our argument. We propose a polygenetic, two-stage model of Gray Luvisol soil formation. The first
stage is dominated by the climate forcing of the Holocene, resulting in a relatively stable boreal forest ecosystem including
perturbations from natural and human-induced wildfire and other disturbances. The second stage is dominated by direct,
human-driven disturbances such as cultivation, release of exotic fauna (earthworms), and indirect human-driven disturbances
associated with anthropogenic climate change. Further, we propose modest amendments to the CSSC to reflect a polygenetic
model of soil genesis in Gray Luvisolic soils that preserve the balance between observation and interpretation inherent in the

system.

Key words: soil genesis, soil classification, Luvisol, cultivation, bioturbation, Anthropocene

Introduction

There is scientific consensus that human activities have
been the main driver of global, environmental change since
the industrial revolution, termed the Anthropocene Epoch
(Rockstrom et al. 2009). With respect to the pedosphere, hu-
man activities in the last 100 years are also the major driver
of soil change (Richter 2020; Richter and Yaalon 2012; Richter
2007). Early pedological investigations and theory develop-
ment focussed on natural processes leading to the formation
of virgin soils (sic; Richter 2007). Perhaps the most well-known
model of soil formation is that of Jenny (1941) based on the
soil forming factors of climate, relief, organisms, parent geo-
logical material, and time. While Jenny recognized the influ-
ence of human activities on the soil forming factors (Jenny
1941; Amundson and Jenny 1991), Ellis (1938) is perhaps the
earliest example to explicitly include human activity (and
groundwater) as a soil forming factor based on his observa-
tions of soil profiles in native and agricultural ecosystems in
Manitoba. On page 1 of the Canadian System of Soil Classifi-
cation, third edition (CSSC), acknowledgement of human ac-
tivity as a soil forming factor is conspicuously missing: “From
the time of the first surveys Canadian pedologists were influ-
enced by the concept of the soil as a natural body integrat-
ing the accumulative effects of climate and vegetation act-
ing on surficial materials” (Soil Classification Working Group
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1998; emphasis added). The modal concept of many soil or-
ders in the CSSC was apparently intended to reflect the natu-
ral ecosystems under which the majority of pedogenesis had
occurred.

Since the Neolithic, human agricultural activities, espe-
cially tillage, have altered soils from their natural state. A
major theme in the soil science literature over the last 50-
70 years has been the effects of management on soil prop-
erties and processes (e.g., Bronick and Lal 2005; Van Oost et
al. 2006; Richter 2007). In western Canada, the relatively re-
cent introduction of agriculture at the beginning of the 20th
century has provided an opportunity to document human
agricultural-induced changes to soil properties. In the Dark
Gray and Gray soil zones of Alberta, forested land continues
to be converted to agricultural land use with the area of culti-
vated land increasing from ~7.5 to ~10.5 M acres (3.0-4.3 M
ha) between 1971 and 1991—150 000 acres per year (Bentley
et al. 1971; Hamley 1992). More recent estimates of the rates
of land conversion are not available.

While the last glaciation completely extirpated native
earthworms, European species are now invading the north-
ern United States and Canada, an invasion facilitated by hu-
man activities (Cameron et al. 2007). Reported in Alberta for
the first time in the 1980s, exotic earthworms are responsible
for many changes in forest soil properties (Lejoly et al. 2021).
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In agricultural soils, because of the similarities between bio-
turbation and tillage, it is however more difficult to sepa-
rate the impacts of earthworm activity from those of man-
agement, although they both are a consequence of human
activities in this case.

In 1929, the University of Alberta Breton Plots near Bre-
ton, AB, were established on Gray and Dark Gray Luvisolic
soils with the initiation of the Classical Plots experiment by
Ben Flesher (landowner) and Dr. Frank Wyatt (Department of
Soil Science, University of Alberta). This experiment is still in
operation today and compares two rotations—wheat—fallow
(WF); 5 year cereal-forage (WOBHH; wheat-oats-barley-hay-
hay)—and eight fertility treatments. Another long-term ex-
periment, the Hendrigan Plots, established later in 1980 by
Dr. Bill McGill and his colleagues (Ross et al. 2008), com-
pares a continuous grain, continuous forage, and 8 year
cereal-forage-pulse rotation. The results of these experi-
ments have reported significant agricultural management-
driven changes to soil properties and processes, especially
in the A horizon. Moreover, the extraction of environmen-
tal DNA from archival soil samples confirmed the pres-
ence of invasive earthworms in the Hendrigan Plots in 1985
(Jackson et al. 2017), suggesting further, indirect human ef-
fects. The results from the long-term experiments at Bre-
ton illustrate the action of human activity as a soil forming
factor.

In this paper, we argue that human agricultural activi-
ties are direct and indirect drivers of significant changes to
the A horizons of Gray Luvisolic soils in western Canada,
supporting a polygenetic model of Gray Luvisol soil for-
mation. We use three lines of evidence in developing our
argument.

e A summary of the relevant literature from the Breton Plots

and western Canada showing the impacts of direct and in-

direct human activity on Gray Luvisol biogeochemistry and

micromorphology.

Cultivated and uncultivated soil profile descriptions from

the Breton Plots.

e A query of the National Pedon Database (NPDB) to show
that changes driven by agricultural management are
widespread.

We further propose modest amendments to the CSSC (Soil
Classification Working Group 1998) consistent with a polyge-
netic model of Gray Luvisol formation.

Methods

Literature review

Google Scholar, the Breton Plots bibliography, and digital
publication archive (available upon request) were queried for
literature summarizing properties of and processes in cul-
tivated and uncultivated Gray Luvisols in western Canada.
From the search results, we selected publications document-
ing Gray Luvisol pedogenesis and those containing relevant
information to address our main objectives.

Profile descriptions

In August 2021, soil color, texture, and structure of surface
horizons from selected plots in the Breton Classical Plots (es-
tablished 1930) and Hendrigan Plots (established 1980) (Dyck
et al. 2012), and the adjacent Bentley Forest Preserve were
described according to Watson (2007) and Watson and Pen-
nock (2016). Small monoliths were excavated from the plots
for photographs and the pit face was photographed in the
forested site. Photographs were cropped and the “mist” fil-
ter was applied (to improve the contrast between horizons)
in Microsoft Paint 3D.

National Pedon Database

Soil data from the NPDB (Agriculture and Agri-Food Canada
2016) were filtered to include only the Gray Luvisol and
the Dark Gray Chernozem great groups. All available sub-
groups for Gray Luvisols and Dark Gray Chernozems were
included in the analysis. Cultivated versus uncultivated Lu-
visols were then separated based on the land use category.
Sites with land use values of cropland, improved pasture,
built up, or mines and quarries were included in the culti-
vated category. All other land uses were included in the un-
cultivated category. Natural grazing was excluded from both
categories. All examples of Dark Gray Chernozems were cul-
tivated. The databases were then subset to only include A
horizon data, and A horizon structures were reclassified as
either platy or nonplaty due to a lack of statistical power to as-
sess the large number of the many nonplaty structural classes
separately.

Statistical analysis

In this section, the term Gray Luvisols includes all sub-
groups of the Gray Luvisolic great group except Dark Gray
Luvisols and Gleyed Dark Gray Luvisols, which are referred to
as Dark Gray Luvisols. To examine the influence of cultivation
on Luvisolic A horizon structure, x? tests were performed us-
ing R (R Core Team 2018) based on the frequency of platy
versus nonplaty A horizon structures. Horizons with depths
less than 5 cm were removed for this analysis. The proportion
of platy versus nonplaty structures were compared with pair-
wise comparisons between the following: (i) cultivated and
uncultivated Gray Luvisols, (ii) cultivated Dark Gray Luvisols
and cultivated Gray Luvisols, (iii) uncultivated Dark Gray Lu-
visols and uncultivated Gray Luvisols, (iv) cultivated and un-
cultivated Dark Gray Luvisols, and (v) cultivated and unculti-
vated Gray Luvisols (excluding the Dark Gray subgroup), and
Dark Gray Chernozems.

Summary statistics—minimum, 25th percentile, median,
75th percentile, and maximum values—for average A hori-
zon soil organic carbon (SOC; %), total nitrogen (%), carbon
to nitrogen ratio, cation exchange capacity (meq 100 g71),
sand content (%), clay content (%), and pH were calculated.
For these properties, A horizons of all depths were used. To
start, weighted average values of each property were calcu-
lated using A horizon depths as weights. Topsoil depth was
also calculated as the sum of all A horizon thicknesses for
each pedon. Of note, was that the cultivated Gray Luvisols had
significantly more sand than their uncultivated counterparts,
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and a significant negative correlation existed between SOC
and sand content in the data set. Therefore, for the purposes
of calculating and comparing summary statistics for each soil
parameter by soil type, the other soil types were subsampled
to ensure all Luvisolic and Chernozemic subgroups had simi-
lar sand contents. To subsample, data bins were created based
on the percentiles (20th, 40th, 60th, and 80th percentiles) of
sand content. The soil types other than cultivated Luvisols
were then subsampled such that they had the same propor-
tion of sand content bins.

Results

Literature review

Two related themes in the literature regarding differences
in Gray Luvisolic A horizons in cultivated and forested ecosys-
tems, demonstrating the pedologically significant changes re-
sulting from agriculture and bioturbation, are (i) carbon bal-
ance of the A horizon and (ii) changes to A horizon structure
and micromorphology (i.e., microstructure).

A summary of SOC stocks from the Breton Plots is pre-
sented in Table 1. The land where the Breton Plots are now
located was deforested and converted to agriculture around
1920. Although SOC stocks were not quantified when the land
was cleared or when the agricultural plots were established
(1930), archived samples from 1936 and 1938 were reana-
lyzed by Izaurralde et al. (2001) and are assumed to be close
to the SOC levels in the Ap horizon (0-15 cm) when long-term
experiments at the Breton Plots were established: 24-27 Mg
ha~! (Table 1). Soil carbon stocks of the Ahe/Ae horizons un-
der forest were not documented until 1979 and 1981 when
samples were collected in the forest preserve north of the
agricultural plots (Howitt and Pawluk 1985; Izaurralde et al.
2001). Izaurralde et al. (2001) assumed SOC stocks in the for-
est preserve measured in 1979 were representative of stocks
in 1920 and estimated that conversion of the land to agricul-
tural management resulted in 57% loss of carbon from the
LFH, Ahe, and Ae horizons through mineralization, burning,
or LFH removal.

The SOC stocks in the Ap horizon in 1936 and 1938 were
apparently about 10 Mg ha~! greater than the Ahe/Ae hori-
zons under forest - more than can be accounted for by the
15% increase in bulk density following cultivation (Table 1),
suggesting that some organic carbon from the LFH was mixed
into the Ap horizon during land clearing and (or) changes to
the carbon balance of the A horizon following cultivation.
Based on the results reported in Table 1, consistent increases
in Ap SOC stocks from 1936/1938 through 2008 are apparent
in Check, NPKS, and manure treatments of the 5 year, cereal-
forage rotation, and the manure treatment of the WF rotation
of the Classical Plots experiment. These increases in SOC be-
tween 1938 and 1990 are likely attributable to increased car-
bon inputs in the form of manure and below-ground root in-
puts. Above-ground crop residues were removed with harvest
between 1929 and 2000 (Grant et al. 2001; 2020). The added
effect of reincorporating above-ground crop residues to the
plots is reflected in the 2008 and 2013 estimates (Grant et al.
2020).
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Initially, average SOC stocks in the top 15 cm of the Hen-
drigan Plots (1979; Table 1)—29 Mg ha~!—were comparable
to the 1979 levels in the Check treatment in the 5 year rota-
tion and manure treatment of the WF rotation of the Classical
Plots. From 1940 to 1964, the Hendrigan Plots area—before its
establishment in 1979—was in a cereal-forage rotation like
the Classical Plots. From 1964 to 1980, annual cereal crops
were grown with minimal fertilizer (Wani et al. 1994). There-
fore, like the Classical Plots, the change in soil carbon balance
following cultivation and the response of the carbon balance
to crop rotation, fertilizer and manure inputs is apparent in
the Hendrigan Plots.

Table 2 summarizes Luvisol SOC stocks from other sites in
Western Canada reported in the literature. Ellert and Bettany
(1995) compared the LFH and Ae SOC stocks in forested Or-
thic Gray Luvisols to the Ap SOC stocks in nearby cultivated
fields. Their observations indicated a change in the distribu-
tion of SOC within the profile, but no significant change in
total surface SOC stocks following conversion to agriculture,
even when quantifying SOC stocks in equivalent soil masses.
The SOC stocks in the LFH and Ae horizons in two forested
sites were essentially equivalent to the Ap horizon carbon
stocks in recently cultivated sites, suggesting most of the car-
bon from the LFH was incorporated into the Ap horizon dur-
ing forest clearing operations.

These results suggest that Luvisolic A horizons under bo-
real forest stands (Ahe, Ae) and under agricultural manage-
ment (Ap) have significantly different carbon inputs and soil
carbon balances. There is also evidence to suggest that in-
creased earthworm activity in forested Luvisolic soils has al-
tered the soil carbon balance of the mineral A horizons in the
last 3040 years. Lejoly et al. (2021) sampled pedons in the for-
est preserve at the Breton Plots showing significant evidence
of earthworm activity (Ahu horizons) and these pedons have
a markedly different soil carbon distributions compared to
the forested pedons sampled by Izaurralde et al. (2001) and
Howitt and Pawluk (1985). Lejoly reported SOC stocks of 3.3
Mg ha! in the LFH (4 cm thick) and 35.3 Mg ha™! in the top
10 cm of mineral soil, compared to the 1979 and 1981 esti-
mates of 43 and 40 Mg ha~! in the LFH (10 and 8 cm thick) and
17 and 14 Mg ha~! in the top 18 and 17 cm of mineral soil, re-
spectively. Under forest, earthworms are mixing carbon from
the LFH horizon into underlying A horizons. Earthworms
have also been observed to be active in the agricultural plots
at Breton (Pawluk 1980). Despite these well-documented ex-
amples, the effect of agricultural management and bioturba-
tion on the carbon balance of Gray Luvisols is not represented
in the CSSC. While Lavkulich and Arocena (2011) covered po-
tential changes in nutrient availability and compaction from
cultivation of Luvisolic soils, they do not mention cultivation-
induced changes to the carbon balance or changes because of
bioturbation.

Micromorphology

Micromorphometric investigations on forested and culti-
vated Luvisolic soils carried out by Pawluk (1980) at the Bre-
ton Plots and Martin et al. (1987) at sites near Winfield, AB
are summarized in this section. An explanation of micromor-
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Table 1. Summary of SOC stocks and C:N ratios in surface horizons/layers of forested and cultivated soils with consistent
long-term management at the University of Alberta Breton Plots.

Year of measurement

1936/1938* 1979* 1981t 1990* 2003% 2008 2013% 2019/20208

Location/ SOC Mg/ha (depth, cm),

treatment (depth, cm) CN

Forested LFH — 43 (10-0), 40 (8-0), — — — - 3.3 (4-0)
28:1 23:1

Forested Ahe/Ae — 17 (0-18), 13 (0-17), — — — — 35.3 (0-10)
17:1 15:1

WEF-Check (0-15)! 27, 23, — 18, 18, 18, 19, —

11:1 10:1 10:1 5:1 6:1 5:1

WE-NPKS (0-15)! — 25, — 22, 22, 25, 23, —
10:1 10:1 71 8:1 8:1

WE-Manure (0-15)! — 30, — 32, 34, 38, 38, —
10:1 10:1 11:1 13:1 14:1

5 year (WOBHH)-Check 24, 30, — 30, 32, 35, 32, 35%,

(0-15)! 11:1 11:1 11:1 9:1 10:1 9:1 9:1

5 year (WOBHH)-NPKS — 33, — 34, 37, 38, 38, —

(0-15)! 11:1 11:1 10:1 10:1 10:1

5 year (WOBHH)-Manure — 41, — 44, 45, 49, 47, —

(0-15)! 11:1 111 13:1 13:1 15:1

Continuous Grain (0-15)! — 29, — — — 39, — 44*,
11:1 12:1 9:1

8 year (0-15)! — 32, — — — 55, — 65,
12:1 11:1 10:1

Continuous Forage (0-15)! — 29, — — — 68, — 69*,
11:1 12:1 10:1

Note: SOC, soil organic carbon; WF, wheat—fallow; WOBHH, wheat—oats-barley-hay-hay.
*Reported in Izaurralde et al. (2001).
TCalculated with SOC concentrations reported in Howitt and Pawluk (1985) and bulk densities for equivalent horizons reported in Izaurralde et al. (2001).

fUnpublished data from the Breton Plots Database; 2013 measurements also reported in Dyck and Puurveen (2020).

SForested measurements: Lejoly et al. (2021); cultivated measurements: Sorenson et al. (2020).
IWF and 5 year (WOBHH) are the two rotations of the Classical Plots, established in 1930; Continuous Grain, 8 year and Continuous Forage are the rotations of the
Hendrigan Plots; detailed information on long-term management can be found in Dyck et al. (2012).

Table 2. Comparison of published surface SOC stocks in forested and cultivated Gray Luvisols
in Western Canada.

Horizon
LFH Ae LFH + Ae Ap
SOC Mg/ha (depth, cm),
Source, site C:N
Ellert and Bettany 35, 11, 46 (0-18) —
1995, Forest 1 18:1 12:1
Ellert and Bettany 43, 15, 58 (0-32) —
1995, Forest 2 21:1 12:1
Ellert and Bettany — — — 56 (0-15),
1995, Recently 18:1
cleared
Ellert and Bettany — — — 53 (0-18),
1995, Pasture 12:1
Ellert and Bettany — — — 43 (0-15),
1995, WF 1 12:1
Ellert and Bettany — — — 46 (0-16),
1995, WF 2 13:1
Landi et al. 2003 45 (5-0) 11 (0-32) 56 (0-37) —
Tarnocai. 1997 — — 49 (0-30) —
Shaw et al. 2008 28 — — —
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Note: SOC, soil organic carbon.
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phometric fabrics is included in Table S1. The detailed de-
scriptions in the following paragraphs describe differences
in surface horizon fabrics in Gray Luvisols under forest and
under agricultural management. Specifically, the accommo-
dated fragmic and fragmoidic fabrics in forested Ahe and Ae
horizons were not present or only occasionally present in Ap
horizons dominated by unaccommodated (matri)granic and
(matri)granoidic fabrics.

Fabrics of LFH (4-0 cm), Ahe (0-2 cm), Ae (4-18 cm), and
AB (18-22 cm) horizons of an Orthic Dark Gray Luvisol in the
forest preserve at the Breton Plots were described by Pawluk
(1980). The LFH exhibited a mor humus form and undecom-
posed litter was observed in the L horizon. Phyto-humigranic
and granoidic humigranic fabrics were observed in the F and
Hhorizons, respectively. Evidence of bioturbation in the form
of fecal materials was observed in the Ahe horizon which
exhibited a mull humus form with a primarily mullgranic
fabric. There was no evidence of bioturbation in the Ae hori-
zon which exhibited a banded matrifragmoidic fabric and a
silasepic plasma. The fabric of the AB horizon was matrifrag-
moidic intergrading to vughy porphyric units separated by
horizontal joint planes with zones of silasepic and skelsepic
plasma.

Fabrics of LFH (10-0 cm), Ahe (04 c¢m), and Ae (4-18 cm)
horizons of an undisturbed Orthic Gray Luvisol under for-
est vegetation near Winfield, AB were comparable to the
example from the Breton Plots. LFH fabrics were humi-
phytogranic, humi-granoidic, and mull-phyto-humigranic,
respectively. The Ahe horizon was observed to have sig-
nificant components of granic/granoidic and banded frag-
moidic porphoric to vughy porphoric fabrics. In the Ae
horizon, the fabric was observed to be isobanded vughy
porphyric.

Luvisolic Ap horizons, 18 cm thick on average, from the fer-
tilized, unfertilized, and manured treatments from WF and
cereal-forage rotations of the Breton Classical Plots shared
similar fabrics (Pawluk 1980). Modal Ap horizon fabrics were
observed to be matrigranic, matrigranoidic porphyric, and
vughy porphyric sequences with some finer granic and gra-
noidic fabrics associated with bioturbation. Humigranic fab-
rics were associated with pedotubules in localized zones
of decaying organic matter. Some differences in fabrics ob-
served were attributable to management. Finer, smaller scale
fabric units, attributable to less stable aggregation and lower
organic matter, were more prevalent in samples from the
WEF rotation than the cereal-forage rotation (Pawluk 1980).
For both rotations, in treatments with higher levels of or-
ganic matter that had received chemical fertilizer or manure,
some weakly developed mull-matrigranic fabric units were
observed.

In two cultivated Luvisol pedons in forage stands near Win-
field, AB, primary fabrics of the Ap horizons were much like
those observed at the Breton Plots with additional features
and secondary fabrics. In the first Ap horizon (0-20 cm),
under a 3-year-old forage stand, humi-matrigranic to gra-
noidic, and fragmic-fragmoidic to vughy porphyric fabrics
were observed. In the second Ap horizon (0-11 cm), from
a field with a 50-year-old forage stand, humi-mull-phyto-
matricgranic/matrigranoidic porphyric and weakly banded
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vughy porphyric/vughy porphyric fabric sequences were ob-
served.

All soils observed at Breton and Winfield had evidence of
faunal activity in the form of bioturbation features in pe-
dotubules and fecal pellets. At Breton (Pawluk 1980) these
features were associated with Collembola (springtails), Acari
(mites), Diplopoda (millipedes), Enchytraeidae (pot worms),
and Lumbricidae (earthworms). At Winfield (Martin et al.
1987), these features were associated with Oribatida (mites),
Collembola (spring tails), and Enchytraeidae (pot worms), but
there was no evidence of organo-mineral complexes associ-
ated with earthworm activity.

The Bt horizons of the forested and cultivated soils exhib-
ited matrifragmic and fragmoidic fabrics, respectively.

Profile descriptions

A summary of shallow profile descriptions from the Bent-
ley Forest Preserve and long-term rotations at the Breton
Plots are presented in Table 3. Photographs of selected pro-
files are presented in Fig. 1.

A summary of the profile descriptions for undisturbed and
cultivated profiles observed by Pawluk (1980), Howitt and
Pawluk (1985), and Martin et al. (1987) is presented in Table
4. In the forested profiles at Breton and Winfield observed by
Pawluk and Martin, Ahe horizon structure was reported to
be weak platy to granular (Table 4). The Ahe horizon thick-
ness was 2 and 4 cm at Breton and Winfield, respectively.
More recently, Lejoly et al. (2021) reported the presence of an
8 cm thick Ahu horizon with granular structure underlying
the LFH horizon at Breton (Table 3). A third pedon in the for-
est preserve at the Breton plots was observed to have a 13 cm
thick Ahu horizon underlying the LFH horizon.

The Ae horizons described by Pawluk (1980) and Martin et
al. (1987) had weak or moderate platy structures and were
12 and 14 cm thick. Lejoly et al. (2021) reported Ahe horizons
that were 2-3 cm thick with platy structures. The third pedon
in the forest preserve had a 25 cm thick Ahe horizon with
platy structure (Table 3).

The cultivated Ap horizons described by Martin et al. (1987)
had fine, granular to weak platy structure (Table 4). At Breton,
the thickness of Ap horizons in cultivated plots observed in
2021, varied between 9 and 12 cm with coarse or medium, pri-
mary granular structure and fine, secondary granular struc-
ture (Table 3). Ap horizons were underlain by either Ahe hori-
zons with coarse, platy primary structure in the WF and con-
tinuous forage rotations, or AB horizons with coarse suban-
gular blocky primary structure in the 5 year and 8 year rota-
tions (Table 3).

National Pedon Database

In this section, the term Gray Luvisols includes all sub-
groups of the Gray Luvisolic great group except Dark Gray
Luvisols and Gleyed Dark Gray Luvisols, which are referred
to as Dark Gray Luvisols. Based on the x?2 test, there were sig-
nificant differences in the proportions of platy versus non-
platy A-horizon structures by soil type (Table 5). Cultivated
Gray Luvisols had a weakly associated relative increase in the
proportion of nonplaty structures compared to their unculti-
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Table 3. Recent Breton Plots soil profile descriptions (2020 and 2021).

Profile/
Site Classification Horizon Depth (cm) Color* Texture Primary structure Secondary structure
Breton Plots Bentley Forest Preserve
1. Dark Gray LFH 7-0 — — — —
Luvisol Ahu 0-6 10 YR 4/2 Clay Loam Coarse granular —
Ahe 6-8 10 YR 5/2 Silty Clay Loam Medium platy —
Bt 8+ 10 YR 6/2 Clay Loam Medium angular —
blocky
2. Dark Gray LFH 5-0 — — — —
Luvisol Ahu 0-8 10 YR 4/2 Clay Loam Coarse granular —
Ahe 8-11 10 YR 5/2 Silty Clay Loam Medium platy —
Bt 11+ 10 YR 6/2 Clay Loam Medium angular —
blocky
3. Dark Gray LFH 3-0 — — — —
Luvisol Ahu 0-13 25Y 32 Clay Loam Fine subangular —
blocky
Ahe 13-38 2.5Y5/3 Silty Clay Loam Medium platy —
Bt 38-85+ 2.5Y4/3 Silty Clay Medium/fine angular —
blocky
Breton Classical Plots Cultivated, 5 year WOBHH rotation
Check (plot D5) Ap 0-11 10YR 3/2 Loam Coarse granular Fine granular
Orthic Dark Gray AB 11-15 10YR 3/2 Loam Coarse subangular Medium platy
Chernozem? blocky
Btgj 15+ 10YR 4/2 Sandy Clay Coarse subangular Fine subangular blocky
blocky
NPKS (plot D3) Ap 0-10 10YR 3/2 Loam Coarse granular Fine granular
Orthic Dark Gray AB 10-15 10YR 3/2 Loam Coarse subangular Medium platy
Chernozem? blocky
Bt 15+ 10YR 4/2 Sandy Clay Coarse subangular Fine subangular blocky
Loam blocky
Cultivated, WF rotation
Check (plot E5) Ap 0-9 10YR 4/3 Loam Medium granular Fine granular
Dark Gray Luvisolf Ahe 9-19 10YR 4/2 Loam Coarse platy Medium subangular
blocky
Bt 19 + 10YR 4/4 Sandy Clay Medium subangular Fine subangular blocky
Loam blocky
NPKS (plot E3) Ap 0-12 10YR 4/3 Loam Medium granular Fine granular
Dark Gray Luvisolf Ahe 12-22 10YR 3/2 Loam Coarse platy Medium subangular
blocky
Bt 22+ 10YR 4/3 Sandy Clay Medium subangular Fine subangular blocky
blocky
Breton Hendrigan Plots Continuous Forage
Plot C14 Turf 3-0 — — — —
Orthic Dark Gray Ap 0-10 10YR 3/2 Loam Coarse granular Fine granular
Chernozem? Ahe 10-18 10YR 3/2 Loam Coarse platy Medium subangular
blocky
Bt 18+ 10YR 4/3 Sandy Clay Coarse subangular Fine subangular blocky
Loam blocky
8 year agroecological cereal-forage-pulse
Plot C16 Ap 0-10 10YR 3/2 Loam Coarse granular Fine granular
Orthic Dark Gray AB 10-18 10YR 3/2 Loam Coarse subangular Medium platy
Chernozem? blocky
Bt 18+ 10YR 4/2 Sandy Clay Coarse subangular Fine subangular blocky
Loam blocky
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Profile
Site Classiffcation Horizon Depth (cm) Color* Texture Primary structure Secondary structure
Continuous grain (cereal)
Plot C17 Ap 0-9 10YR 4/3 Loam Medium granular —
Dark Gray Luvisol AB 9-18 10YR 3/2 Loam Coarse subangular Medium platy
blocky
Bt 18+ 10YR 4/3 Sandy Clay Medium subangular  Fine subangular blocky

blocky

*Munsell color on moist soil, except for profiles 1 and 2 from Bentley Forest Preserve which were on dry soil.
fChernozemic A horizons are Ah, Ahe, or Ap by definition (p. 61; Soil Classification Working Group 1988).
#Chernozemic A horizons must be one color value darker than the C horizon (p. 62; Soil Classification Working Group 1988); although not directly observed, moist C

horizon color was assumed to be 10YR 4/3 (moist) as observed by Martin et al. (1987).

Fig. 1. Photographs of selected profiles from Table 3. (A) Forest Preserve, profile 1; (B) Continuous Forage, plot C14; (C) WF

NPKS, plot E3; and (D) 8 year Agroecological, plot C16.

o o

vated counterparts (x? = 2.58, p = 0.10). Cultivated Gray Lu-
visols were similar to cultivated Dark Gray Luvisols (x? = 0,
p = 1), with very similar proportions of platy versus nonplaty
structures. Cultivated and uncultivated Dark Gray Luvisols
were similar as well (x2 = 0, p = 1). As expected, the unculti-
vated Gray Luvisols were significantly different from the un-
cultivated Dark Gray Luvisols in terms of the proportion of
A-horizon structures (x2 = 24.46, p < 0.001). The cultivated
Dark Gray Luvisols had relatively more nonplaty structures
compared to uncultivated Gray Luvisol subgroups. Both cul-
tivated (x% = 19.86, p < 0.001) and uncultivated (x? = 16.31,
p < 0.001) Gray Luvisols were different in terms of platy
structure frequency compared to Dark Gray Chernozems, but
these differences were not apparent between Dark Gray Luvi-
sols and Dark Gray Chernozems (Table 5).

With respect to the summary statistics, after adjusting the
data to account for the differences in sand content, unculti-
vated Gray Luvisols had the thinnest median topsoil depths

compared to the other soil types (Table 6). Uncultivated Gray
Luvisols had the lowest median SOC and total nitrogen val-
ues with Dark Gray Chernozems having the highest (Table 6).
Cultivation of Gray Luvisols was also associated with lower
median carbon to nitrogen ratios on average. The Gray Lu-
visols had lower median cation exchange capacity compared
to the Dark Gray Luvisols and Chernozems. While the culti-
vated Gray Luvisols had lower cation exchange capacity than
uncultivated Gray Luvisols, this is likely due to their lower
on average clay contents in the data set (Table 6). Cultivated
Gray Luvisols were also associated with a higher median soil
pH compared to uncultivated Gray Luvisols.

Discussion

The examples presented in this paper are in line with
Richter and Yaalon’s (2012) observation that soils are
“archival products of pedogenic processes that range widely
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Table 4. Forested and cultivated Gray Luvisol profile descriptions reported in Pawluk (1980), Howitt and Pawluk (1985), and

Martin et al. (1987)

Profile
Reference Clgssiﬁ/cation Horizon Depth (cm) Color Primary structure Secondary structure
Breton Plots Bentley Forest Preserve
Pawluk Forested LFH 4-0 - - -
(1980) Orthic Gray Luvisol Ahe 0-2 10YR 4/2 m Platy/granular —
Ael 2-6 10YR 4/3 m Platy —
Ae2 6-14 10YR 5/3 m Platy —
AB 14-18 10YR 5/4 m Platy-blocky —
Howitt and Forested LFH 8-0 — — —
Pawluk Orthic Gray Luvisol Ahe 0-3 10YR 42 m Medium platy Fine granular
(1985) Ael 3-8 10YR 52 m Medium platy —
Ae2 8-13 10YR 52 m Medium platy —
AB 13-17 10YR 5/4 m Coarse platy Medium blocky
Winfield, AB
Martin et al.  Forested LFH 10-0 — — —
(1987) Orthic Gray Luvisol Ahe 0-4 10YR 42 m Granular Weak platy
Ae 4-18 10YR 7/1 m Moderate, fine platy —
AB 18-25 10YR 4/3 m Moderate subangular Weak platy
blocky
Forage; 3 years since cultivation Ap 0-20 10YR 4/2 d Fine granular —
Dark Gray Luvisol*
Forage; 49 years since cultivation Turf 3-0 — — —
Dark Gray Luvisol* Ap 0-11 10YR 6/2-10YR Weak, coarse platy Fine granular
5/1d

Note: d, dry; m, moist.

*Chernozemic A horizons are one color value darker than the C horizon (p. 62; Soil Classification Working Group 1988); although Ap horizon colors are dry it was
assumed not to be darker than the observed moist C horizon color 10YR 4/3 (moist) as in Martin et al. (1987).

Table 5. A-horizon soil structure frequency for cultivated Luvisols, uncultivated Luvisols, and Dark Gray Chernozems in the

National Pedon Soil Database.

Cultivated Gray Uncultivated Gray Cultivated Dark Gray = Uncultivated Dark Dark Gray
Soil structure Luvisol Luvisol Luvisol Gray Luvisol Chernozem
Not Platy 10 98 102 256 175
Platy 4 162 21 47 26

Note: Cultivated and uncultivated Gray Luvisols includes all subgroups of the Gray Luvisolic great group except Dark Gray Luvisols and Gleyed Dark Gray Luvisols, which
are included in the uncultivated and cultivated Dark Gray Luvisol categories. All Dark Gray Chernozem examples are cultivated.

over time”. We therefore propose a polygenetic model of
Gray Luvisol pedogenesis. The simplest expression of the pro-
posed model is that there are two stages of pedogenesis in
Gray Luvisols, but we recognize there are likely more than
these two. The first stage is dominated by the climate of the
Holocene, resulting in a relatively stable boreal forest ecosys-
tem including relatively minor perturbations from climate
cycles, natural and human-induced wildfire and other distur-
bances. Presumably this first stage is the assumed model in
the current CSSC. The second stage is dominated by direct,
human-driven disturbances such as cultivation, release of ex-
otic fauna (earthworms), and indirect human-driven distur-
bances associated with anthropogenic climate change such
as increased frequency and severity of wildfires. Specifically,
the cultivation of large areas of Gray Luvisolic soils in western
Canada starting in the early 20th century, and the human-
facilitated earthworm invasion represent the start of the sec-
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ond stage of Luvisol pedogenesis, archived in the A horizons
of both cultivated and forested Luvisols.

We recognize that modification of A horizons by agricul-
tural management and earthworm invasion is not exclusive
to the Luvisolic order. With respect to the extent of earth-
worms, the only sampling effort for Gray Luvisols specifically
was done by Lejoly et al. (2021) and all three sites sampled in
Alberta were invaded by earthworms. At a larger scale, there
is no estimate for each soil type, but 9% of the boreal forest
of northeast Alberta was invaded in 2009, and it is expected
to reach 49% by 2059 (Cameron and Bayne 2009). In compar-
ison, in Alaska, 50% of the low human-impact sites sampled
by Saltmarsh et al. (2016) were invaded. Compared to other
soil types, A horizons of Gray Luvisols are potentially more af-
fected by earthworm invasion compared to other orders be-
cause they form de novo organo-mineral complexes (Lejoly
et al. 2021).
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Table 6. Topsoil depth, soil organic carbon, total nitrogen, carbon to nitrogen ratio, cation exchange capacity, sand content,
clay content, and pH as a function of soil type (Cultivated Luvisol, Dark Gray Chernozem, and uncultivated Luvisol).

25th 75th No. of
Minimum percentile Median percentile Maximum observations
Topsoil depth (cm)
Uncultivated Gray Luvisol 3 10 14 24 46 52
Cultivated Gray Luvisol 8 20 21 27 35 7
Cultivated Dark Gray Luvisol 15 26 38 44 56 10
Uncultivated Dark Gray Luvisol 5 13 20 30 64 24
Dark Gray Chernozem 8 14 18 25 74 78
Soil organic carbon (%)
Uncultivated Gray Luvisol 0.14 0.42 1.01 1.53 9.00 52
Cultivated Gray Luvisol 0.20 0.60 1.34 1.97 9.00 7
Cultivated Dark Gray Luvisol 0.50 1.04 1.24 1.69 2.28 10
Uncultivated Dark Gray Luvisol 0.34 1.30 1.84 2.93 9.00 24
Dark Gray Chernozem 0.47 1.67 2.86 4.32 20.85 78
Total nitrogen (%)
Uncultivated Gray Luvisol 0.02 0.03 0.07 0.10 0.83 52
Cultivated Gray Luvisol 0.03 0.14 0.18 0.40 0.87 7
Cultivated Dark Gray Luvisol 0.04 0.10 0.14 0.20 0.57 10
Uncultivated Dark Gray Luvisol 0.03 0.10 0.18 0.23 0.93 24
Dark Gray Chernozem 0.01 0.14 0.22 0.32 1.38 78
Carbon to nitrogen ratio
Uncultivated Gray Luvisol 0.56 11.00 13.44 17.79 150.00 52
Cultivated Gray Luvisol 0.23 5.69 11.62 13.96 41.28 7
Cultivated Dark Gray Luvisol 2.20 9.11 10.32 11.60 24.00 10
Uncultivated Dark Gray Luvisol 0.37 11.31 12.66 16.20 20.56 24
Dark Gray Chernozem 2.67 11.96 13.25 15.08 132.00 78
Cation exchange capacity (meq 100 g~1)
Uncultivated Gray Luvisol 1.86 5.35 10.69 17.68 52.93 52
Cultivated Gray Luvisol 3.29 4.94 6.9 116.82 29.34 7
Cultivated Dark Gray Luvisol 5.17 10.26 14.26 17.48 29.63 10
Uncultivated Dark Gray Luvisol 3.69 11.70 13.70 21.80 36.80 24
Dark Gray Chernozem 6.8 15.02 23.30 32.21 104.80 78
Sand content (%)
Uncultivated Gray Luvisol 2.45 26.00 60.60 73.88 93.00 52
Cultivated Gray Luvisol 20.38 33.17 71.54 90.46 91.29 7
Cultivated Dark Gray Luvisol 22.67 33.68 58.90 77.47 88.42 10
Uncultivated Dark Gray Luvisol 4.00 27.25 62.50 76.06 92.57 24
Dark Gray Chernozem 8.00 26.25 64.92 78.58 91.00 78
Clay content (%)
Uncultivated Gray Luvisol 0.00 5.95 10.00 19.73 65.55 52
Cultivated Gray Luvisol 3.20 4.21 6.79 30.48 45.13 7
Cultivated Dark Gray Luvisol 4.00 8.57 9.60 22.06 23.46 10
Uncultivated Dark Gray Luvisol 4.18 10.37 13.13 18.05 50.00 24
Dark Gray Chernozem 4.00 9.00 19.50 27.84 60.00 78
pH
Uncultivated Gray Luvisol 3.80 4.59 5.34 6.02 7.50 52
Cultivated Gray Luvisol 4.52 5.33 6.09 6.72 7.12 7
Cultivated Dark Gray Luvisol 6.20 6.32 6.73 7.10 7.50 10
Uncultivated Dark Gray Luvisol 5.46 6.20 6.50 7.00 7.40 24
Dark Gray Chernozem 5.53 6.59 7.20 7.47 7.80 78
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Cultivation (tillage) and increased bioturbation in culti-
vated and forested Luvisols have resulted in the loss of sig-
nificant amounts of soil carbon from the forest floor (LFH)
or transfer from the LFH into the underlying A horizons, re-
sulting in increased topsoil depth and pH (Tables 1, 2, and
6). Granular structure was more common in cultivated Gray
Luvisols and platy structure was more common in forested
Gray Luvisols (Table 5). Conversion of land from forest to agri-
culture has resulted in the complete loss of the LFH through
oxidation and physical mixing into the Ap horizon through
tillage and bioturbation. The shift to annual grains and peren-
nial forages has fundamentally changed the magnitude and
frequency of above- and below-ground carbon inputs into sur-
face horizons (Izarraulde et al. 2001; Grant et al. 2001). The
overall result of these processes has been the transformation
of LFH, Ahe, Ae surface horizons with distinct boundaries,
highly contrasting levels of SOC, and fragmoidic fabrics to
a much more homogeneous Ap horizon with higher levels
of SOC than their forested Ahe/Ae counterparts as expressed
by the presence of granular structures and granoidic fabrics
(Tables 1, 2, and 3; Pawluk 1980; Martin et al. 1987). While not
observed directly, the apparent shift to granular structure is
likley a result of tillage-driven mixing and greater organo—
mineral complexes formed by earthworms reworking greater
below-ground carbon inputs from fibrous root systems of an-
nual grain and perennial forage crops.

In the boreal forest, invasion and propagation of exotic
fauna coupled with climate change, has significantly in-
creased bioturbation-driven incorporation of organic carbon
from the LFH into underlying mineral horizons over and
above activity from native fauna alone. The apparent result
of these processes is the presence of Ahu horizons in the bo-
real forest (Table 3; Lejoly et al. 2021), a horizon traditionally
reserved for the mixed hardwood forests of southern Ontario.
These changes appear to be progressing surprisingly quickly
in the forest preserve at the Breton Plots given the significant
differences between forested profile descriptions of Pawluk
(1980) and Martin et al. (1987) with those of Lejoly et al. (2021).

It is more difficult to make inferences regarding
cultivation- or bioturbation-induced changes in Dark Gray
Luvisols with data from the NPDB. There was no apparent
difference in the relative frequencies of nonplaty and platy
structures between cultivated and uncultivated Dark Gray
Luvisols (Table 5). Median SOC in uncultivated Dark Gray
Luvisols was closer to levels found in cultivated Dark Gray
Chernozems, both higher than all other cultivated Gray
Luvisolic subgroups. Perhaps these results are explained by
the possibility that the classification of a pedon could change
from Orthic Gray Luvisol under forest to a Dark Gray Luvisol
following cultivation (Pettapiece et al. 2010), and that the
cultivated and uncultivated pedons from the NPDB were not
grouped as cultivated-uncultivated pairs near to each other.
Further, given the similarities between uncultivated Dark
Gray Luvisols and cultivated Dark Gray Chernozems (Table 5),
it is not surprising that cultivated Dark Gray Luvisols are
often classified as Orthic Dark Gray Chernozems (Pettapiece
et al. 2010), which is discussed in the following paragraphs.

We further propose the incorporation of a polygenetic
model of Luvisolic soil genesis into the CSSC as a natural evo-

lution of the classification system which has a genetic bias
(see p. 8 in Soil Classification Working Group 1988), but be-
fore the human-driven impacts of tillage and earthworms can
be recognized, we first propose amendments that reduce con-
fusion in classifying Dark Gray Luvisols and Orthic Dark Gray
Chernozems.

In the current CSSC, the diagnostic horizons for the Luviso-
lic and Chernozemic orders are the Bt and the Chernozemic
A horizon, respectively (p. 61, Soil Classification Working
Group 1988). Chernozemic A horizons are defined as Ap, Ah,
or Ahe horizons that have the following characteristics: (i) at
least 10 c¢m thick; (if) dark in color—color values < 5.5 dry
or < 3.5 moist, chroma < 3.5 moist; (iii) darker than the C
horizon by 1 Munsell color unit; (iv) contain 1%-17% organic
C with C:N < 17; (v) structure that is not massive or single-
grained; (vi) base saturation > 80% with Ca being the domi-
nant exchangeable cation; and (vii) a mean annual soil tem-
perature of 0 °C and a soil moisture regime drier than humid.

In the current CSSC, both Bt and Chernozemic A horizons
may occur in profiles belonging to either order. For exam-
ple, a profile with Ap, Ae, Bt, Ck horizon sequences could be
classified as a Dark Gray Luvisol or Orthic Dark Gray Cher-
nozem. If the Ap is Chernozemic, the thickness of the Ae
horizon is used to distinguish between Dark Gray Luvisols
(Ae > 5 cm or thicker than Ap) and Orthic Dark Gray Cher-
nozems (Ae < 5 cm). However, comparing the cultivated soil
profiles and their forested counterparts at the Breton Plots
and Winfield, AB, even if an Ae horizon > 5 cm thick was
originally present, it has likely been transformed and (or) in-
corporated into an Ap overlying an Ahe or AB with cultiva-
tion. Because of the transition from Ae to an Ap with gran-
ular structure, these soils are often classified as Dark Gray
Chernozems (Table 3; Pettapiece et al. 2010) as long as they
have a moist color value < 3.5 and one Munsell unit darker
than the C horizon, although they likely did not develop un-
der a grassland ecosystem. In summary, there is currently no
mechanism in the (CSSC) to recognize the boreal heritage of
many Orthic Dark Gray Chernozems that were Orthic Gray
and Dark Gray Luvisols prior to cultivation.

For cultivated Gray Luvisols, only modest modification to
the CSSC is required to deconvolute Dark Gray Luvisols and
Orthic Dark Gray Chernozems. First, we propose and have
provided evidence that Ae thickness is not an adequate cri-
terion to distinguish between Dark Gray Luvisols and Orthic
Dark Gray Chernozems. Although observable profile charac-
teristics are the preferred diagnostic criteria in the CSSC,
there is likely no single observable characteristic in a pe-
don with an Ap, Ahe/Ae, Bt, Ck horizon sequence that would
clearly distinguish if the soil were a Dark Gray Chernozem or
a Gray or Dark Gray Luvisol prior to cultivation. Nevertheless,
we propose that the classification system be amended in one
of the following ways: (i) create a new Dark Gray great group
in the Luvisolic order that combines the Dark Gray Cher-
nozemic great group and the Dark Gray Luvisolic subgroup
or (ii) restrict Dark Gray soil profiles with Bt horizons to the
Luvisolic order even if a Chernozemic A horizon is present.

Both potential amendments have the advantage of a spe-
cific profile sequence Ap, Ahe/Ae, Bt, Ck which may currently
be either a Dark Gray Luvisol or Orthic Dark Gray Cher-
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nozem, always resulting in the same classification—i.e., Or-
thic Dark Gray Luvisol. With the Bt horizon as the diagnostic
horizon the ambiguity associated with allowing Chernozemic
A horizons in the Luvisolic order would be eliminated.

Combining Dark Gray Luvisols and Dark Gray Chernozems
into a new Luvisolic great group, is consistent with the dis-
continuous distribution of Dark Gray Chernozems in the
Dark Gray soil zone and the likelihood that Dark Gray Cher-
nozems were forested for a significant period of their devel-
opment anyways. It should be noted here that, in the pro-
ceedings of the sixth meeting of the Soil Classification Work-
ing Group in 1965 (National Soil Survey Committee 1965),
there was a Dark Gray great group in the Luvisolic order,
but it was subsequently changed to a subgroup of the Gray
great group as indicated in the proceedings of the seventh
meeting in 1968 (National Soil Survey Committee 1968). The
disadvantage combining Dark Gray Luvisols and Chernozems
is uncertainty about whether it is appropriate to include all
subgroups in the current Gray Luvisolic and Dark Gray Cher-
nozemic great groups into the proposed new Dark Gray Luvi-
solic great group, but these challenges are not insurmount-
able. With this amendment, all of the cultivated profiles in
Table 3 would be likely be classified as Orthic Dark Gray Lu-
visols.

The second possible proposed amendment would also re-
sult in all profiles with Ap, Ahe/Ae, Bt, Ck horizon sequences
being classified as Dark Gray Luvisols. Orthic Dark Gray Cher-
nozem would be restricted to profiles with Btj or Bm horizons
and Chernozemic A horizons, which is consistent with the
other Chernozemic Great Groups. The Bt horizon would still
be in the Eluviated subgroup of the Brown, Dark Brown, and
Black Chernozemic great groups. This approach is the more
modest of the two proposed amendments and would require
fewer revisions to the CSSC.

With either of these proposed amendments, however,
there is no way to distinguish whether a soil with an Ap,
Ahe/Ae, Bt, Ck horizon sequence was an Orthic Gray or a
Dark Gray Luvisol in its precultivation state. Nonfield cri-
teria could be used to supplement the classification deci-
sion of the pedologist such as laboratory measurements, eco-
zonefecoregion in which the pedon is located (Ecological
Stratification Working Group 1996; Natural Regions Commit-
tee 2006), historical air photos, historical documents, other
profile characteristics (e.g., laboratory-measured properties),
and climate data. There are many examples of nonfield crite-
ria such as climate that are used to distinguish between soil
orders (e.g., mean soil temperature for the Gray Brown Lu-
visols and for the Chernozemic Order). In this case, the C:N
ratio of the Ap horizon may help distinguish between cul-
tivated Luvisols and cultivated Dark Gray Chernozems. The
median Ap C:N in the cultivated Gray and Dark Gray Luvisols
in Tables 1 and 6 is quite low (<11:1) and the C:N in the Ap of
cultivated Dark Gary Chernozems is apparently higher (13:1;
Table 6). Other readily measurable soil properties to help dis-
tinguish the origins of cultivated soils may also emerge with
time. We also observed a trend in the NPDB data that culti-
vated Orthic Gray Luvisols had lower pH than cultivated Dark
Gray Luvisols, but more observations are required to deter-
mine if an unambiguous pH threshold exists.
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Further, we propose the introduction of an Anthric sub-
group to the Luvisolic order (which could also be included
in any order in the CSSC) to fully reflect the polygenetic
nature of the Luvisolic soils we have discussed here. Even
though the abovementioned amendments provide clearer
boundaries between Dark Gray Luvisols and Orthic Dark Gray
Chernozems, they do not explicitly recognize human agricul-
tural activities as the dominant soil forming factor during the
last 100 years (Richter 2007) like the addition of an Anthric
subgroup would.

Finally, with respect to bioturbation, because Chernozemic
A horizons must be Ap, Ah or Ahe horizons, the profiles with
Ahu horizons in Table 3 do classify as Dark Gray Luvisols, but
this classification does not reflect the dominance of human-
introduced earthworm bioturbation. In Gray Brown Luvisols,
the mull Ah diagnostic horizon is a recognition of earthworm
activity, but potentially not human-introduced earthworm
and boreal soils are still excluded from this great group be-
cause they do not have annual average soil temperatures >
8 °C (see Table S2 for a summary of soil temperatures at the
Breton Plots between 2005 and 2021). If the Anthric subgroup
were adopted, all of the soils in Table 3 would be classified as
Anthric Dark Gray Luvisols.

Conclusion

The fifth attribute of the CSSC (Soil Classification Work
Group 1988) described on p. 6 states that “Differentiate
among the taxa are based upon soil properties that can be ob-
served and measured objectively in the field or, if necessary,
in the laboratory”. In the following paragraph, this attribute
is discussed in the context of the genetic bias inherent to the
system: “...properties or combinations of properties that re-
flect genesis are favored... [but] classification is not based on
presumed genesis because soil genesis is incompletely un-
derstood....”. The polygenetic model for Gray Luvisols and
modest amendments proposed here are certainly limited by
incomplete understanding but are based on interpretation
of observable soil characteristics, preserving the balance be-
tween observation and interpretation inherent in the CSSC.
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