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of the Copper River Basin, Alaska

In the Alaskan discontinuous permafrost zone, soils developed under black
spruce [Picea mariana (Mill.) Britton, Sterns & Poggenb.] forests are affected by
fire over return intervals ranging from decades to centuries and cycle between
recently burned and late-successional stages. Soils under late-successional
forests therefore provide foundational information regarding the potential
recovery of soil and permafrost characteristics following disturbance by fire.
Twenty-two permafrost-affected soils (predominantly Histoturbels with minor
components of Sapristels and Aquiturbels) were investigated under late-suc-
cessional black spruce in the Copper River Basin, which contains the largest
expanse of glaciolacustrine sediments in Alaska. Although these soils are well
insulated (organic layer thicknesses of 31 + 10 cm) and fine-textured with a
relatively shallow permafrost table (69 + 19 c¢m), 87% of the 129 described
mineral soil horizons across these sites showed morphological evidence of cryo-
turbation. Depth trends in water content and bulk density were consistent with
an ice-rich upper permafrost, with suspended cryostructures most common in
the upper permafrost. Soil organic carbon (SOC) stocks to 1 m averaged 46 +
12 kg m2, with 44% of the SOC stocks contained in cryoturbated mineral hori-
zons, many of which were identified well below the current permafrost table.
The most likely mechanism of cryoturbation in these soils is post-fire active
layer deepening followed by solutioning and diapirism, generating SOC stocks
in cryoturbated mineral materials of the upper permafrost. Future changes in
climate or fire frequency that affect active layer depth may therefore have the
potential to affect cryoturbation processes and carbon stocks in these soils.

Abbreviations: AICc, corrected Akaike’s information criterion; BIC, Bayesian information
criterion; CRB, Copper River Basin; LOI, loss on ignition; OLT, organic layer thickness; SIC,
soil inorganic carbon; SIPRE, US Snow, Ice and Permafrost Research Establishment; SOC,
soil organic carbon; TC, total carbon; TN, total nitrogen.

oils of permafrost regions are globally important mediators of ecosystem
physical, chemical, and biological processes and large reservoirs of terres-
trial organic carbon (C) (Grosse et al., 2016; Hugelius et al., 2014; Ping

Core Ideas

¢ Eighty-seven percent of mineral soil materials showed evidence of
cryoturbation.

¢ Soil organic C stocks were evenly partitioned between organic
materials and cryoturbated mineral materials.

¢ Organic C stocks on lacustrine sediments under black spruce averaged
46 kg C m2.

¢ Post-fire solutioning and diapirism may be two likely mechanisms of
cryoturbation in these soils.
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et al., 2015). In the discontinuous permafrost zone, active layer
and permafrost dynamics are spatially and temporally dynamic
and are dependent on a wide range of environmental factors
(Jorgenson et al., 2010). Because ecosystem-scale environmental
change is occurring rapidly in the discontinuous permafrost zone
in Alaska (Pastick et al., 2017), it is important to understand the
current state and properties of these soils so that future changes
can be better predicted and monitored (Mishra et al., 2013).

In Alaska, most of the permafrost-affected soils in the dis-
continuous permafrost zone lie in the Alaskan interior, the Yukon-
Kuskokwim Delta, and the Copper River Basin (CRB) (Gallant et
al,, 1995; Jorgenson et al., 2008; Nowacki et al.,, 2001) physiographic
regions. With the exception of the Yukon-Kuskokwim Delta, a sig-
nificant proportion of these soils occurs under boreal forest veg-
ctation that is dominated or co-dominated by black spruce [Picea
mariana (Mill.) Britton, Sterns & Poggenb] (LANDFIRE, 2017),
accounting for 36 to 44% of the land area in the Alaskan interior and
~38% of the land area in the CRB (Chapin et al., 2006; Gallant et
al,, 1995; LANDFIRE, 2017; Yarie and Billings, 2002).

To date, most of the permafrost-affected soils under black
spruce investigated in Alaska have been in the Alaskan interior
(Hollingsworth, 2004; O’Donnell, 2010; Viereck et al., 1986);
comparatively little data are available on soils from the CRB (Ping
et al,, 2010). Although the parent materials for permafrost-affect-
ed soils in the Alaskan interior are dominated by loess, alluvium,
and/or residuum (Ping et al., 2004), the CRB is home to the larg-
est expanse of glaciolacustrine sediments in Alaska. Numerous
pro-glacial lakes formed in the intermontane basin of the Copper
River, depositing sediment packages from ~58,000 to ~~10,000
yBP (Bennett et al., 2012; Ferrians, 1984; Rubin and Alexander,
1960), which were subsequently exposed after the early Holocene
drainage of Glacial Lake Ahtna (Wiedmer et al., 2010; Williams
and Galloway, 1986). Permafrost-affected soils that formed un-
der black spruce on glaciolacustrine sediments dominate the flat,
poorly drained landscape of the central CRB and are characterized
by high clay contents, thick organic materials, and poor drainage
(Clark and Kautz, 1999). The physiographic context and soil-
forming factors at work in the CRB are therefore different from
those of loessial soils in the Alaskan interior (Ping et al., 2004).

Cryoturbation and near-surface permafrost properties play
an important role in the determination of C distributions and
the stabilization and accumulation of C with depth in perma-
frost-affected soils (Bockheim, 2007; Ping et al,, 2015). Previous
work suggests that cryoturbation activity (observed through
morphological evidence of the sequestration of C-rich materials
into the subsoil or near the permafrost table) should be reduced
in permafrost-affected soils of the CRB due to thick insulating
organic layers (Reiger, 1983) and the lower frost susceptibility of
clayey lacustrine materials relative to the silt-rich loessial soils of
the Alaskan interior (Ping et al., 2004). This has been supported
by recent regional meta-analyses (Palmtag and Kuhry, 2018) and
by data from engineering studies on the effects of particle size on
the frost susceptibility of sediments (Carter and Bentley, 1991).

Despite physical factors that would seem to inhibit the dy-
namic processes necessary for widespread cryoturbation to occur
in the CRB, fire is an ecosystem process that could contribute to
fluctuating active layer thickness and cryoturbation activity over
long timescales (Koven et al.,, 2009). Black spruce~dominated for-
ests are “born to burn” (Chapin et al., 2006), and all soils formed
under black spruce are sensitive to fire disturbances due to poten-
tial organic layer removal and near-surface permafrost degrada-
tion, depending on fire severity (Houle et al., 2018; Minsley et al.,
2016). Estimated mean fire return intervals across Alaska range
from <30 to >500 yr (Fryer, 2014). Holocene fire frequencies in
the CRB tend to be lower than those for interior Alaska (mean
estimated return intervals of >500 yr before 3800 yBP and 150
yr after 2000 yBP) (Fryer, 2014; Lynch et al., 2004). Although
documented records of historical fires in the CRB tend to show
an increase in fire frequency in the CRB due to human activities
during the late 1800s and carly 1900s (Alaska Land Use Council,
1984), fires since 1940 have been relatively infrequent in the CRB
relative to those in the interior (Alaska Interagency Coordination
Center, 2018). Thus, all black spruce sites in the CRB are at some
stage of post-fire succession.

The goal of this study was to collect foundational data that
would reflect predominantly environmental controls (avoiding
differing times because fire disturbance is a confounding vari-
able) on soil characteristics, soil C stocks, and soil C partitioning
under black spruce in the CRB with a focus on late-successional
black spruce stands that represent relatively stable end points to
successional trajectories (Johnstone et al., 2008). The objectives
of this work were therefore to characterize the (i) morphology,
(ii) near-surface cryostructures, (iii) C partitioning, and (iv) C
stocks in soils under late-successional black spruce stands formed
in lacustrine sediments in the CRB. This foundational informa-
tion is critical for understanding the widespread ecological im-
plications of future environmental change in permafrost-affected
soils (Pastick et al., 2015, 2017, 2019).

MATERIALS AND METHODS
Landscape Context and General Properties of
Soils Under Late-Successional Black Spruce in the
Copper River Basin

Soils under late-successional black spruce in the glaciolacus-
trine uplands of the CRB are of large extent and form the major
part of an ecological gradient across the landscape from moder-
ately well-drained soils with low permafrost table that are typically
on degraded palsas or lithalsas (Vasilchuk et al., 2015), dominated
by aspen (Populus tremuloides Michx.) and white spruce [Picea
glanca (Moench) Voss] (Supplemental Fig. S1), to treeless, very
poorly drained depressional wetland sites under sedge (Carex sp.)
(Supplemental Fig. S1; Supplemental Table S1). The entire CRB
landscape has experienced fire at return intervals on the order of
centuries (Fryer, 2014; Lynch et al., 2004). Soils under late-suc-
cessional stands of black spruce are typically very poorly drained,
whereas early- to mid-successional stands of mixed black and
white spruce tend to show better drainage characteristics due to
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a lowering of the permafrost table associated with a reduction in
thickness of the insulating organic layer post-fire (Supplemental
Fig. S1; Supplemental Table S1). These soils are formed predomi-
nantly in lacustrine sediments, with a thin, discontinuous loess cap
that increases rapidly in thickness toward the narrow valley of the
Copper River in the southernmost outlet of the basin (Muhs et al.,
2013). Near-surface pH increases in burned sites from the contri-
bution of cation-rich ash to the organic layer (Supplemental Table
S1). This process increases rates of decomposition and can result
in suppression of organic layer recovery in burned areas on times-
cales of decades to centuries (Clark and Kautz, 1999).

Mineralogy in the fine sand and very fine sand fractions sug-
gests that glass content in the thin, discontinuous loess and degrad-
ed organic materials (9 and 11% in fine sand and very fine sand
fractions, respectively) is significantly higher than that found in
lacustrine sediments (2 and 3% in fine sand and very fine sand frac-
tions, respectively) (Supplemental Table S2). These numbers are
broadly consistent with sparse data available from a previous soil
survey in the southern CRB (4% glass in the coarse silt and ~15%
glass in the very fine sand fraction of a loess cap over lacustrine
materials). Although glass content is generally >5% in loess and
organic materials in the study area (Supplemental Table S2), these
materials do not meet andic criteria due to low P retention (<63%
in all samples) and low ammonium oxalate—extractable Al and Fe
(<1% in all samples) (Soil Survey Staff, 2014a). The increase in
glass content but the absence of defined ash layers suggests minor
deposition from localized volcanic activity over the last millennia,
perhaps from the Hayes volcano or others along the Cook Inlet
(Riehle et al., 1990). Although closer in proximity to the CRB, it
is unlikely that Mt. Churchill (the source of the extensive White
River ash in eastern Alaska and the Yukon) would be a plausible
source given reconstructions of ash lobe distributions (Lerbekmo,
2008; Preece et al., 2014). Chlorite, montmorillionite, and mica-
ceous minerals (e.g., biotite, muscovite, and phlogopite) are the
dominant phyllosilicates present in the clay fraction of CRB gla-
ciolacustrine sediments (Clark and Kautz, 1999).

Site Selection, Soil Sampling, and Sample Preparation

In late August 2017 (close to the timing of maximum thaw
depth) (Dyrness, 1982), soils across 22 late-successional black
spruce sites on glaciolacustrine sediments in the central CRB near
Gakona, AK (located in three different site clusters) were investi-
gated based on accessibility and lack of obvious evidence of recent
fire disturbance (Fig. 1). The soils and landscapes sampled as a part
of this project are part of the Native Territory of the Ahtna people.

Although the entire CRB landscape has experienced fire at
some time in the past, achieving the goals of this study required
the selection of sites that were most likely to represent late-suc-
cessional, mature black spruce stands. This was determined by
a visual estimation of tree stand age and structure (mixed-age
stands), by satellite imagery, and by a lack of standing dead or live
trees that showed evidence of previous fire disturbance, such as
scars or charcoal on their bark. Field observations were then con-

firmed by tree ring counts in cores; the age ranges of the trees in

several plots are reported in Supplemental Table S1. We made a
concerted effort to select only late-successional black spruce sites
for this study; however, even late-successional black spruce sites
may be a reflection of both site environmental characteristics
and past fire legacies that can influence successional trajectories
(Hollingsworth, 2004; Hollingsworth et al., 2006).

At each site, a soil pit (~¥60 cm X 60 cm) was excavated to
the bottom of the active layer following standard procedures for
sampling permafrost-affected soils (Ping et al., 2013). Sampling of
frozen material below the active layer was accomplished through
the use of a US Snow, Ice and Permafrost Research Establishment
(SIPRE) corer (Rand and Mellor, 1985). Depending on the depth
of frozen materials, a combination of the soil pit and a core or set of
cores was used to observe material to atleast 100 cm in depth at each
of thessites. At onessite, refusal of the SIPRE corer due to large coarse
fragments (likely dropstones) limited observations to a depth of 78
cm (Sites 1-4) (Supplemental Table S3). Active-layer morphology
was described in the field, and morphological properties, including
soil color, soil structure, soil texture, visible secondary carbonates,
and visual differences in volume estimates of coarse fragments, were
used to define genetic horizons (Schoeneberger et al., 2012). For
horizons demonstrating morphological evidence of cryoturbation
(such as the presence of both mineral materials low in organic C
and materials rich in organic C), the volume percentage of each of
the components of the horizon was estimated in the field using per-
cent cover diagrams provided in the Field Book for Describing and
Sampling Soils version 3.0 (Schoeneberger et al., 2012).

For frozen materials extracted by SIPRE corer, mor-
phology was described in the field using horizon nomencla-
ture (Schoeneberger et al, 2012), morphological properties
(Schoeneberger et al,, 2012), and cryostructure descriptions
following Ping et al. (2008) and French and Shur (2010). Note
that cryogenic soil structure (soil structural units caused primar-
ily by ice segregation and/or freeze thaw processes) (Ping et al.,
2008) is different from cryostructure (ice structure reflecting the
amount, orientation, arrangement, and distribution of pore and
segregated ice within frozen materials) (French and Shur, 2010).
In this manuscript, cryogenic soil structures (i.e., soil structure)
were described in the active layer, whereas cryostructures were
described in the upper permafrost. Morphological evidence was
used to estimate the depth to the bottom of the transient layer
(i.e., the uppermost portion of the transition zone that includes
both the transient and intermediate layers), which is the por-
tion of the upper permafrost that may join the active layer over
decadal timescales due to environmental fluctuations (French
and Shur, 2010; Shur etal.,, 2005). This was estimated by the first
appearance of ice-rich materials that are characteristic of the bot-
tom of the transient layer, such as suspended (ataxitic) cryostruc-
tures (Murton and French, 1994) or ice lenses (Shur et al., 2005).

Frozen cores were segmented using a 12V Craftsman
multitool and placed in Ziploc bags to prevent water loss. All
samples were weighed in bags within 8 h of sampling (subtract-
ing the mass of bags) to record the field moist mass. Across
all 22 sites, a total of 220 physical samples were collected.
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Fig. 1. Location of sampling sites in state and regional context. The location of the Copper River Basin (CRB) physiographic region in relationship
to (a) near-surface (<1 m) permafrost probability in Alaska (adapted from Pastick et al., 2015) and (b) forested areas in Alaska where Picea mariana
(black spruce) is a dominant or codominant tree species (LANDFIRE, 2017). (c) Location of sampling sites in the CRB physiographic region in
relation to the 975-m lake level of Glacial Lake Ahtna (adapted from Wiedmer et al., 2010) and locations of sampling sites (n = 22) within three
major sampling clusters (Cluster 1, n = 8; Cluster 2, n = 8; Cluster 3, n = 6). The extent of the CRB physiographic region largely follows the
boundaries of the maximum extent of Glacial Lake Ahtna, with the exception of the northwestern area intruding into the Talkeetna Mountains.

Samples were shipped to the University of Minnesota, where
they were dried at 60°C, hand pulverized, and sieved to separate
the fine earth (<2 mm) from the coarse fragments (>2 mm).
The fine earth fraction (<2 mm) was used for characteriza-
tion of soil pH, soil organic C (SOC), soil inorganic C (SIC),
particle size distribution, and loss on ignition (LOI). Particles
(typically fine gravels) that were >2 mm were retained, shaken
overnight in deionized water to remove adhering soil particles,
oven dried for 24 h at 105°C, and weighed. Coarse fragments

present in the samples were typically fine gravels and accounted
for, on average, <2% of the bulk mass of the sample collected
in the field. On the same day that physical and chemical char-
acterization of fine earth (<2 mm) was initiated, a subsample
of the air-dried material was placed in a drying oven for 24 h
at 105°C and weighed before and after drying to account for
the moisture content of the air-dried sample used for analysis.

Thus, the bulk densities reported, and all other proportions of
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soil constituents reported in the data, represent percentages of

oven-dried fine-earth (<2 mm) material.

Sample Characterization: pH, Particle Size
Distribution, Soil Carbon, Gravimetric Water
Content, and Bulk Density

Soil pH for mineral samples was determined in 1:1 slurry
of 5 g of air-dried soil and 5 mL of water (pHy,q) followed
by addition of 5 mL of 0.01 M CaCl, (pH,¢y,) (Soil Survey
Staff, 2014a). For organic soil samples, a 2:1 soil/water slurry was
used because a 1:1 slurry for organics did not typically produce
enough free water once added to dry organics to produce a reli-
able slurry and pH measurement.

Total C(TC,g100g ™) insoil and total nitrogen (TN, g 100g™")
were determined on a subset of samples by dry combustion at 800°C
using a LECO 2000 CN analyzer. For mineral samples with a pH
>5.5,SIC wasdetermined by acid fumigation in adesiccator using con-
centrated HCl for 8 h (Harris et al., 2001). The TC of unfumigated
samples was subtracted from the TC for fumigated samples to arrive at
SIC concentrations (g 100 g 1) and SOC concentrations (g 100 g 1).
All samples were analyzed for LOI (weight %) at 550°C for 5 h, and
predicted SOC was determined by linear regression of dry combus-
tion TC results on LOI for a subset of samples (SOC = 0.538 x LOI
- 0.816; RZ = 0.994; p < 0.001; 2 = 136). The combustion tempera-
ture and duration chosen for LOI measurements were selected as a
compromise between other previous LOI methodologies used for
permafrost-affected soils (550°C for 6 h) (Hugelius et al.,, 2012), rec-
ommendations from methodological comparisons (550°C for 3 h)
(Hoogsteen et al,, 2015), and studies involving LOI from soils con-
taining measurable carbonates (550°C for 4 h) (McCray et al,, 2012;
Wright etal., 2008).

Mineral soil texture was determined by laser particle size
analysis, with quality control samples determined by the pipette
and hydrometer methods (Grigal, 1973; Soil Survey Staff, 2014a).
Samples for particle size analysis were air dried, passed through a
2-mm sieve, and hand homogenized prior to subsampling. Three
0.5-g subsamples were then obtained and dispersed overnight in
200 mL of deionized H,O with Na-hexametaphosphate (5 mL)
and Na-hypochlorite (5 mL) prior to standard analysis on a Malvern
Mastersizer 3000. The refractive indices of soil and the water-based
dispersant were assumed to be 1.549 and 1.33, respectively (Miller
and Schaetzl, 2012). Extensive in-house validation was conducted
on known size fractions of sand, silt, and clay to optimize laser par-
ticle size data for comparison with the more traditional hydrometer
method. Based on this in-house compilation, the clay-silt break
was set at 8 mm, which is consistent with other studies (Konert and
Vandenberghe, 1997). To eliminate bias due to small subsample siz-
es, triplicate analyses of each of the three subsamples were conducted
and compared. The set of three that was most different from the
other (two) subsamples was discarded. The two most comparable
triplicate sets were used to calculate the mean particle size distribu-
tion (z = 6) for use in subsequent analyses.

Bulk density samples were collected using standardized
methodologies, depending on thermal state and material type

(Ping et al., 2013). Because it is inappropriate to use the clod or
ring methods on organic materials, surface organic horizon bulk
densities were collected using a serrated knife to cut blocks of
262 cm3 (2in. x 2 in. x 4 in.) from the pit face. For horizons that
were too thin to be sampled using this standardized size, blocks
were cut, and dimensions were measured to the nearest centi-
meter to determine volume in the field. Unfrozen mineral soil
samples were collected using the ring method, attached to a short
slide hammer. For unfrozen mineral or cryoturbated horizons,
bulk density samples were collected from the pit face usinga core
of known volume and sharp beveled edges. For frozen materials,
a SIPRE corer (7.6 cm inner diameter) was used to recover cy-
lindrical samples, which were subsequently segmented following
description of the core. All frozen samples were quickly sealed in
plastic bags to prevent water loss (Michaelson et al., 1996; Ping
etal., 2013).

Gravimetric water content (0, ) for each sample was deter-
mined by the difference between the field moist mass of the bulk
sample (weighed within 8 h of collection in the field) and the
oven dry mass of the bulk sample (obtained by applying a mois-
ture correction to the bulk mass of the air-dried samples after
dryinga subsample at 105°C for 24 h). Volumetric water content
(6,) for unfrozen samples was obtained by multiplying Og by the
bulk density, assuming the density of liquid water tobe 1 g cm™2.
For frozen samples, 6, was determined in the same way, except
the lower density of ice compared with liquid water was taken
into account (0.917 gcm_3) (Weast, 1981).

Statistical Analysis

All statistical analyses were performed in R version 3.3.1 (R
Core Team, 2016). The relationship between measured variables
was explored in several cases to develop predictive functions. The
purpose of developing these functions was to understand the re-
lationship between variables, and therefore if the relationship
between two variables was nonlinear we chose not to transform
the original data but rather to fit a nonlinear model by evaluat-
inga specific suite of potential nonlinear models commonly used
in agricultural and natural resource applications (Archontoulis
and Miguez, 2015). A single nonlinear model representing the
relationship between two variables was selected from this po-
tential suite of models by evaluating the bias-corrected Akaike’s
Information Criterion (AICc) and the Bayesian information
criterion (BIC) (Akaike, 1998; Schwarz, 1978; Spiess and
Neumeyer, 2010) for each potential nonlinear model. The mod-
el that minimized AICc and BIC was selected as the final model
presented. Values of AICc and BIC are not absolute; rather, they
were conditional on the variables under investigation. Therefore,
these values are not reported when the nonlinear models are pre-
sented in the figures. In all of these cases, a linear model and a
null model representing the mean of the dependent variable were
evaluated to ensure that a nonlinear model was not unnecessarily
over-complex. In cases where a linear model was an appropriate
fit, the linear model was selected as the final model presented.
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Fig. 2. Relationship between organic layer thickness and observed
depth to frozen materials at the time of sampling across all 22
investigated sites under late-successional black spruce in the Copper
River Basin, AK. The dotted lines represent the 95% confidence
interval around the slope of the linear regression line.

Post hoc analyses for significant differences in response
variables between groups after one-way ANOVAs were con-
ducted using Tukey’s HSD on group means. Unless otherwise
mentioned, all reported uncertainties represent a single standard
deviation around the mean. Because samples were collected on
the basis of genetic horizons described in the field, the weighted
averages of all available soil properties by depth increment were
calculated for each sampling site using the “slab” function in the
AQP package in R (Beaudette et al,, 2013; R Core Team, 2016).
Standardized depth-increment weighted averages were used to
visualize the relationship between soil properties and depth.

RESULTS
Soil Morphology, Horizon Nomenclature, pH,
Texture, and Classification

Across all 22 sites, 206 distinct morphological horizons were
described in the field, with a total of 220 physical samples collect-
ed due to replicate or component samples from some horizons.
Due to the difficulty of assigning some highly organic mineral
materials to either organic or mineral materials in the field, 20
morphological horizons were described as transitional in the field
(as either OA or AO horizons). Of those 20 transitional horizons,
after laboratory analysis of SOC and particle size distributions,
16 were renamed as Oa, and four were renamed as A. Eight hori-
zons were assigned an A master designation in the field, seven of
which were renamed to Oa following laboratory data. Among all
206 named and described horizons following final nomenclature
reassignment, 7 (3%) were assigned to A horizons, 99 (48%) were
assigned to unfrozen and frozen cryoturbated horizons (A/Cjj or
C/Ajj), 18 (9%) were assigned to noncryoturbated mineral hori-
zons (C), 42 (20%) were assigned to Oa, 14 (7%) were assigned to
Oe, and 26 (13%) were assigned to Oi.

Observed depth to frozen materials at the time of sampling
ranged from 39 to 75 cm across all sites (mean, 56 + 12 cm), and in-
terpreted depth to the bottom of the transient layer ranged from 47
to 124 cm (mean, 69 + 19 cm) (Supplemental Table S3). Organic
layer thickness (OLT) (following reassignment after laboratory
analysis for transitional horizons) ranged from 18 to 50 cm (mean,
31 + 10 cm) (Supplemental Table S3). The OLT was negatively
correlated to the depth to frozen materials at the time of sampling
(Fig. 2) but varied significantly across sites (R> = 0.34; p = 0.004)
(Fig. 2). Attempts at multiple linear regression did not find any
other site or soil factors that were significant after OLT was includ-
ed in the model. The relationship between OLT and the depth to
the bottom of the transient layer was not significant.

Cryogenic soil structures (structures formed from ice seg-
regation of soil aggregates) in the active layer were observed in
all investigated soils throughout the lower active layer and were

Fig. 3. Cryogenic soil structures observed in the active layer under late-successional black spruce in the Copper River Basin, AK. (a) Example of contrasting
cryogenic soil structures in active layer materials; A horizons (top and bottom of image): moderate coarse subangular blocky; C horizons in lacustrine
material (center of image): strong very fine to fine angular blocky structure (Sites 2-5). (b) Strong very fine to fine angular blocky cryogenic soil structure
in the lower active layer (Sites 1-4). (c) Moderate to strong very thick platy structure in an A horizon (Sites 3 and 4). (d) Strong medium to thick platy
structure remains after ice lenses melt out of a frozen sample following removal of a core from the lower active layer (Sites 1 and 2).
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highly dependent on material type (Fig. 3a-d). Materials as-
signed to A or Oa horizons tended to exhibit strong medium
to coarse subangular blocky or moderate to strong medium or
coarse platy structure (Fig. 3a-d), remaining from lenticular
cryostructures formed by ice lenses. Mineral horizons with low
organic matter content tended to exhibit strong fine angular
blocky cryogenic structure (Fig. 3a, 3d).

Soil pH in H,O (pHyy,() ranged from 3.6 to 7.9 and from
3.3t07.6in CaCl, (pH ¢, ) across all samples. Values for pHy 5
and pH -, -}, were linearly related (pH -y, = 0.999 x pHyyy -
0.287; R* = 0.99; p < 0.0001), with an average difference of 0.29 +
0.14 pH units (pHyy,q - pH,cpp)- The pH differed significantly
between material types (p < 0.0001; one-way ANOVA F-test)
(Table 1). Organic soil materials had significantly lower pHyy,q
values than mineral soil materials (Table 1); however, fibric (Oi,
pHp0 = 449 + 0.65) and hemic (Oe, pHyy, = 4.91 £ 0.60)
organic materials had significantly lower pH values than sapric or-
ganic materials (Oa, pHipo =579+ 0.41) and all mineral mate-
rial types (‘Table 1). This dramatic difference between the pH of
the least decomposed organic materials near the soil surface (Oi
and Oe horizons) and the sapric or mineral soil materials below led
(on average) to an abrupt increase in pH with depth around 15 cm
(Supplemental Fig. S2) followed by a nearly linear increase with
increasing depth to pH values >7 (Supplemental Fig. S2).

Field textures and laboratory-determined particle size dis-
tributions revealed a thin, discontinuous, silty to very fine sandy
mantle with an average thickness of 11 cm (range, 0-35 cm). This
thin eolian layer was not recognized in all profiles and was difficult

to identify in the field because it was typically located below the

surficial organic materials in highly organic A horizons above the
lacustrine sediments. Grain count data from the fine and very fine
sand fractions of the eolian sediments from profiles where a thin
loess cover was recognized show slightly higher glass percentages
(Supplemental Table S2) than the lacustrine sediments below, but
mineralogy in these fractions does not differ widely, suggesting
that this material is eolian in nature and not volcanic ash. Soil tex-
tures in lacustrine materials ranged from 14 to 78% clay (average,
40 + 14% clay) and were dominated by clays and silty clays (48%
of samples) or clay loams and silty clay loams (43% of samples).
The remaining 9% of soil textures in the lacustrine parent materi-
als were loams, sandy loams, or sandy clay loams.

Soilsacrossall 22 sites were classified as Gelisols (Supplemental
Table S3). Of these 22 soils, four (18%) were classified as Histels,
and 18 (82%) were classified as Turbels. The Histels were all
dominated by sapric materials in the upper tier (Sapristels), and
all had mineral contact within 1 m (Terric Sapristels). Of the
Turbels, two (11%) were Aquiturbels (without a histic epipedon),
and 16 (89%) were Histoturbels (with a histic epipedon). Depth-
averaged sand and clay percentages in the particle size control sec-
tion of Turbels (25-100 cm) and Histels (30 below the soil sur-
face) demonstrate the variability in the underlying lacustrine sedi-
ments because six soils had <35% clay in the particle size control
section (Supplemental Table S4). Family particle size classes were
therefore unequally distributed because four of the Turbels (22%)
classified as fine-loamy, whereas the remainder (78%) classified
as fine. Among the Histels, two were loamy (66%), and one was

clayey (33%) (Supplemental Table S3). All of the described soils

Table 1. Bulk density, soil organic carbon (SOC), and pH for generalized horizon groupings in soils under late-successional black

spruce in the Copper River Basin, AK.

nt Bulk density SOC pH (1:1 H,0)
gcm™ g 100 g
Final horizon designation#
Oi 25,26, 26 0.14 £ 0.048A" 38.0 £ 8.0A 4.49 £ 0.65A
Oe 13,14, 14 0.21 £ 0.07AC 36.6 £ 5.7A 4.91 £ 0.60A
Oa 39,42, 42 0.48 + 0.17BD 21.8+4.4B 5.79+0.41B
A 4,7,7 0.57 = 0.08CDE 12.0 +£1.4CD 6.17 £ 0.32BCD
A/Cjj, C/Ajj (unfrozen at sampling) 29, 44, 44 1.22 + 0.32F 3.9 + 4.5EF 6.34 +0.45C
A/Cjj, C/Ajj (frozen at sampling) 52, 56, 56 0.89 + 0.28E 3.1 +2.8E 6.80 + 0.58D
C (unfrozen) 2,3,3 0.83 + 0.13EF 3.0 £ 2.3DEF 6.39 + 0.41BCD
C (frozen) 12,14, 14 1.18 +0.31FG 0.8 £ 0.5F 7.16 £0.36D
Field-assigned horizon nomenclature#
Organic (Oi, Oe, Oa) 58, 61, 61 0.28 £+ 0.21A 33.3+8.1A 5.04 + 0.80A
Transitional (OaA, AOa) 19, 20, 20 0.46 + 0.14A 18.1 £ 3.9B 5.94 + 0.40B
Mineral (A) 58,8 0.56 = 0.10A 13.0 + 6.8C 5.98 £ 0.53BC
Mineral (C, A/Cjj or C/Ajj) unfrozen 30, 47, 47 1.22+0.31B 2.8+2.6D 6.38 +0.45C
Mineral (C, A/Cjj or C/Ajj) frozen 64,70, 70 0.95 +0.31C 2.7+2.7D 6.86 + 0.56D

t The n column represents the number of samples analyzed for a property (bulk density, SOC, and pH, respectively). In some situations, there
are fewer samples analyzed for bulk density than SOC because of the difficulty in obtaining reliable bulk density samples from some horizons.
Although 220 physical samples were collected from the field, only 206 sample values are represented in this table because duplicate samples in

some horizons were averaged to generate a horizon average value.

¥ Final horizon designations following review of field notes and laboratory analysis of samples for carbon and particle size distribution.

§ Averages reported represent arithmetic means +1 SD.

9 Within columns, rows with the same letters are not significantly different (o > 0.05, Tukey’s HSD).

# Field-assigned horizon nomenclature prior to laboratory analysis of samples.
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Fig. 4. Boxplots of (a) organic layer thickness and (b) depth to
frozen materials at the time of sampling under late-successional
black spruce in the Copper River Basin, AK, by Great Group (Soil
Survey Staff, 2014b). Categories with the same capital letters are not
significantly different (o« > 0.05, Tukey’s HSD). AQU, Aquiturbels;
HIS, Histoturbels; SAP, Sapristels.
were non-acid or euic according to pH guidelines in Keys to Soil
Taxonomy (Soil Survey Staff, 2014b) (Supplemental Table S3).
The OLT was significantly greater in Histels (+18 cm) than
in Turbels (p < 0.001; Tukey’s HSD) and differed significant-
ly between all three observed great groups (p < 0.001; Tukey’s
HSD) (Fig. 4). Sapristels had an average OLT of 46 + 4 cm,
Histoturbels had an average OLT of 29 + 6 cm, and Aquiturbels
had an average OLT of 17 + 2 cm (Fig. 4). Depth to frozen mate-
rials was not significantly different between Suborders (p > 0.1;
Tukey’s HSD); however, among Great Groups, Aquiturbels had
significantly deeper depths to frozen materials than Histoturbels
(+19 cm) and Sapristels (+28 cm) (p < 0.04 and 0.01, respec-
tively; Tukey’s HSD) (Fig. 4). Depth to the estimated bottom of
the transient layer did not differ significantly between Suborders
or Great Groups (p > 0.01; Tukey’s HSD).

Cryostructures in Near-Surface Permafrost

Across all 22 investigated soils, a total of 84 morphological
horizons were described in frozen materials. Of the 84 horizons
described in frozen materials, 17 (20%) were weakly frozen, with
no recognizable cryostructure but distinct, weakly aggregated
ice crystals at the time of sampling. Among the remaining 67
frozen morphological horizons, four major types of cryostruc-
tures were described: suspended (ataxitic) (z = 10; 12% of total)
(Fig. Sa—d), lenticular (= = 37; 44% of total) (Fig. Se~h), micro-
lenticular (7 = 16; 19% of total) (Fig. S5i-1), and massive (pore
ice) (n = 4; 5% of total) (Fig. Sm—p).

Cryostructure types differed significantly in the depth at
which they were observed (one-way ANOVA F-test; p = 0.018)
(Fig. 6). Lenticular and micro-lenticular cryostructures were ob-

served across depths from 43 to 126 cm (average, 85 + 21 cm

and 93 + 22 cm, respectively), suspended cryostructures were
observed predominantly near the top of the permafrost table
(average, 71 + 19 cm) (Fig. 7), and massive cryostructures were
typically observed in much deeper increments (average, 105 +
8 cm) (Fig. 7). Massive and micro-lenticular cryostructures were
present at significantly lower depth increments than macro-
lenticular and suspended cryostructures (p = 0.03 and 0.05, re-
spectively; Tukey’s HSD) (Fig. 6 and 7). Among frozen horizons
with defined cryostructures (excluding weakly frozen horizons)
that were sampled and analyzed in the laboratory (7 = 57), volu-
metric water content varied significantly by cryostructure type
(p < 0.001; one-way ANOVA F-test) (Fig. 6). Suspended cryo-
structures contained, on average, 12% more water by volume
than lenticular cryostructures (p = 0.03; Tukey’s HSD), whereas
suspended types contained, on average, 26 and 18% more volu-

metric water than massive and micro-lenticular types (Fig. 6).

Relationships between Soil Properties and
Variation by Horizon Type

Empirical functions developed for future local modeling
and gap-filling in the late-successional black spruce soils investi-
gated in this study are shown in Fig. 8. Total N was nonlinearly
related to SOC across the subset of samples (z = 138) analyzed
for C and N by dry combustion (Fig. 8a) and best modeled us-
ing a nonlinear Michaelis-Menten function (Archontoulis and
Miguez, 2015). Soil organic C by dry combustion was linearly
related to LOI (R* = 0.994; p < 0.001) (Fig. 7b). The SIC con-
tent increased rapidly above pH values of 6.5 (Fig. 8¢), but all
samples had relatively low SIC contents (<0.8%).

For unfrozen materials (both organic and mineral), LOI
was the single most important variable for predicting bulk den-
sity (Fig. 9a). In attempts with multiple regression, no other
variables were significant after LOI was included the model. The
best-fit model was a logarithmic function (Fig. 9a). For frozen
samples, gravimetric ice content was the best predictor of bulk
density also with a nonlinear logarithmic function (Fig. 9b).

Bulk density and SOC differed between generalized catego-
ries of horizons (p < 0.0001 in both cases, one-way ANOVA F-test)
(Table 1). Fibric (Oi) and hemic (Oe) materials were not significant-
ly different from each other in either bulk density or SOC but were
significantly lower in bulk density (0.14 and 0.21 gcm™) and higher
in SOC (38 and 36%) than sapric materials (Oa) (0.48 g cm™ and
21.8% SOC) (Table 1). Cryoturbated horizons (A/Cjj, C/Ajj) were
significantly higher in bulk density than organics and A horizons
(with the exception of frozen cryoturbated horizons, which were not

significantly different from A horizons) and lower in SOC (Table 1).

Water Content, Bulk Density, and Soil Organic
Carbon Depth Profiles

Aggregated depth profiles of water content (gravimetric
[eg] and volumetric [0,]), bulk density, and SOC demonstrated
related trends with depth. Average 0_ at the time of sampling
was highest in surficial organic materials (Fig. 10a) and abruptly
declined to a minimum of 50% at 55 c¢m (corresponding to the
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Fig. 5. Typical cryostructures observed in near-surface permafrost under late-successional black spruce in the Copper River Basin, AK. (a—d)
Suspended (ataxitic); (e-h) lenticular; (i-l) microlenticular; (m—p) massive (pore ice).
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average depth to observed frozen materials across all 22 sites) be-
fore increasing again to an average of 91% at 88 cm in the zone
interpreted as the upper permafrost (Fig. 10a). Average 6, peaked
in the lower organic layers (due to the extremely low bulk den-
sity of the upper organic layers at 18 cm) before declining to a
minimum of 51% at 55 cm and increasing again to a maximum
of 68% at 88 cm (Fig. 10b). Average bulk density was lowest in
the surficial organic materials and increased rapidly through the
upper mineral soil materials to a maximum of 1.2 g cm™ at 55
cm before declining rapidly to a minimum of 0.85 g cm™ at 88
cm and subsequently increasing with depth (Fig. 10c). The SOC
concentrations were highest in the surficial organic horizons
and exhibited a generally decreasing trend with depth. However,
that trend slowed between 55 and 100 cm due to the presence of
cryoturbated A horizon materials, corresponding to the upper
permafrost (Fig. 10d).

Cryoturbation

Cryoturbation was a common feature of all investigated
soils. Of 206 described morphological horizons, 129 were min-
eral, and of those mineral horizons only 17 (13%) did not show
morphological indications of cryoturbation or the presence of
gelic materials (Soil Survey Staff, 2014b). Evidence of extensive
cryoturbation in these soils ranged from features appearing to in-
dicate solutioning processes through the downward movement
of saturated organic-rich materials or porewaters (Fig. 11a—c),
streaking of organic rich materials moving vertically downward
into macropores (Fig. 11d, 11e), and the mass movement of
organic-rich mineral materials (i.e., A horizon materials) into
the subsoil (Fig. 11f-k). In the near-surface permafrost, cryo-
structures were overprinted on these cryoturbated features (Fig.
11i-k), suggesting that cryoturbation occurred prior to modern
cryostructure formation.

The volume percentage of A horizon material in cryotur-
bated horizons estimated in the field was nonlinearly related to
the SOC percentage in the bulk horizon (Fig. 12a). The com-
bined probability of A horizon volume percentage with depth
across all sites decreased from a maximum of 0.68 at 38 cm to
<0.1 below 125 em (Fig. 12b). Across all sites, 19 samples were
taken of individual A or C components within horizons. The
SOC concentrations of the A component of these samples (»
= 10) ranged from 1.3 to 14.8% (average, 6.7 + 4.9%), whereas
SOC concentrations of the C component of these samples (7
=9) ranged from 0.8 to 2.8% (average, 1.4 + 0.7%). The SOC
concentrations of bulk grab samples corresponding to a subset
of horizons (z = 8) averaged 1.9 + 1.6%. For horizons where
subsamples of both individual A and C components were taken,
the SOC ratio of the A component to the C component ranged
from a maximum of 11.9 to a minimum of 0.3, and there was a
decreasing trend in this ratio with depth (Fig. 12c). None of the
C-rich components of the horizons met the criteria for inclusion
in organic soil materials (i.e., sapric, Oa materials), and all were

thus assigned an A master designation.
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Fig. 6. Boxplots of cryostructure types under late-successional black spruce
in the Copper River Basin, AK, with (a) average depth of observation and
(b) volumetric ice content for those horizons where physical samples were
analyzed in the laboratory. Categories with the same uppercase letters are
not significantly different (o > 0.05, Tukey’s HSD). L, lenticular; M, massive
(pore ice); Mi-L, microlenticular; S, suspended (ataxitic).

Carbon Stocks

The SOC stocks to 1 m averaged 46 + 12 kg m™2 across all
22 sites (Supplemental Table S3). On average, 56 + 14% of the
total 1-m stock was contained in organic materials, whereas 44 +
14% of the total 1-m SOC stock was contained in cryoturbated
mineral materials (range, 9-67%) (Supplemental Table $3). The
OLT was a critical predictor of 1-m SOC stocks (R? = 0.325; p <
0.001) (Fig. 13). No other site factors were significant predictors
of 1-m SOC stocks once OLT was present in the model.

The SOC stocks were significantly greater in Histels than in
Turbels (+15 kg SOC m™2) (Tukey’s HSD; p = 0.016) and signifi-
cantly greater in Sapristels than Aquiturbels (+30 kg SOC m~2)
(Tukey’s HSD; p = 0.004) but did not differ between Histoturbels
and Aquiturbels or Sapristels (Fig. 14). The percentage of the
1-m SOC stock contained in organic materials was significantly
greater in Histels than in Turbels (+25%) (Tukey’s HSD; p <
0.001). Histels contained, on average, 22 kg m~2 more SOC in
organic materials to 1 m depth than Turbels (p < 0.0001; Tukey’s
HSD), but there was no significant difference between Histels and
Turbels regarding the stock of C in cryoturbated mineral materials
to 1 m. When normalized by OLT thickness, Histels contained on
average 0.16 kg m™ more SOC in organic materials per centime-
ter of organics than Turbels (p = 0.04; Tukey’s HSD). Sapristels
contained a significantly higher proportion of 1-m SOC stocks
in organic materials than Aquiturbels and Histoturbels (Fig. 14).
When normalized by the thickness of cryoturbated mineral ma-
terials, the amount of SOC contained per centimeter of cryotur-
bated mineral materials (0.12 kg m™? for Histels and Turbels) was
not significantly different between suborders.
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Fig. 7. Typical patterns of cryostructures in near-surface permafrost under late-successional black spruce in the Copper River Basin, AK,
demonstrating general patterns of decreasing ice content with depth. Each of these cores was taken with a US Snow, Ice and Permafrost Research
Establishment corer and was frozen at the time of sampling at the top of the core. (a, b) Microlenticular cryostructures typical of organic-rich
cryoturbated materials and lenticular cryostructures typical of mineral soil materials. (b, c) Suspended cryostructures present in the transient layer
of the upper permafrost. (a, c) Massive cryostructures in the lower portion of each core.
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Fig. 8. Derived relationships between soil properties for soils under late-successional black spruce in the Copper River Basin, AK. (a) Soil organic
carbon and total nitrogen using a nonlinear Michaelis—-Menten model (Archontoulis and Miguez, 2015). (b) Loss on ignition and soil organic
carbon using a linear model. Dotted lines represent the 99% prediction interval around the slope of the linear regression line. (c) pH and soil
inorganic carbon using a power model (Archontoulis and Miguez, 2015).

DISCUSSION
Morphological Criteria and Field Determination
of Horizon Nomenclature and Classification

The thickness of organic materials (i.e., OLT) in permafrost-
affected soils under black spruce is a critical site metric (Fisher et
al.,, 2016; Gewehr et al., 2014) because it is related to soil classifi-
cation (Soil Survey Staff, 2014b), active layer depth (O’Donnell
etal, 2011), and predictive models of 1-m SOC stocks (Fig. 13)
(Michaelson et al,, 2013; O’Donnell et al., 2011). In many stud-
ies, OLT is typically assessed in the field, and a subjective deci-
sion must be made to determine whether or not a given material
is mineral or organic, despite the need for both SOC and texture
data to make this determination categorically, according to estab-
lished criteria (Soil Survey Staff, 2014b). This is especially true of
the soils in this study, which were characterized by organic mate-
rials that graded subtly into mineral materials with depth.

Of the horizons that were assigned an A master in the field
in this study, only 6 of 15 (40%) met the criteria for mineral soils
after laboratory analysis. Once SOC and particle size distribu-
tion data were obtained, only 2 of 20 (10%) met the criteria for
mineral soil materials. Therefore, of the total number of soil ho-
rizons assigned either A nomenclature or OA/AO transitional
nomenclature in the field, only 8 of 35 (23%) met the criteria for
mineral soil materials after laboratory analysis. This means that
it is likely that these transitional horizons feel denser (perhaps
because of their greater water weight in the field), and thus (at
least in the poorly to very poorly drained soils in the CRB) it
may be best to err on the side of organic materials in the field if
forced to make a binary choice for classification purposes when

evaluating materials.

Relationship of Organic Layer Thickness to
Previous Studies of Soils under Black Spruce and
Relationship to Site Factors

O’Donnell et al. (2011) reported a nonlinear exponential
relationship between OLT and observed depth to frozen materi-
als across a post-fire chronosequence on soils under black spruce
in the interior. In a study in the Canadian Great Slave lowland
region, 24 sites under late-successional black spruce on fine-tex-
tured soils with moderate slopes (average, 6.8%) had three key
driving factors that determined late season depth to frozen ma-
terials at the time of sampling: soil surface moisture, tree canopy
leaf area index, and OLT (Fisher et al., 2016). Although a signifi-
cant linear relationship between depth to frozen materials and
OLT existed across all sites in this study of late-successional soils
in the CRB (Fig. 2), live tree density and soil moisture were not
significantly related to thaw depth (p > 0.2 in both cases).

On average, OLT at (31 + 10 cm) was greater than that re-
ported in previous studies under late-successional black spruce on
somewhat poorly drained and poorly drained soils formed in loess in
the Alaskan interior (22 cm [Pingetal,, 2010]; 24 cm [O’Donnell et
al,, 2011]). However, the OLTs observed were consistent with very
poorly drained soils under black spruce reported across the interior
(35.5 + 32 cm; Ping et al,, 2010). Although OLT reported in this
study was comparable with very poorly drained soils in the interior,
the depth to frozen materials (56 + 12 cm) and depth to the bottom
of the transient layer (69 + 19 cm) reported in this study are deeper
than those reported in other studies from the interior (44 cm [Ping
et al., 2010]; 45 cm [O’Donnell et al., 2011]). These observations
do, however, align broadly with the observed depth to permafrost
(54 cm) for one previously investigated site under late-successional
black spruce in the CRB (Clark and Kautz, 1999).
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The deeper depths to frozen materials reported here, despite
increased OLT in comparison to other studies, could be due to
several interacting factors. First, these differences may be due to
interannual variability of active layer depth because the observa-
tions reported in this study and previous studies in the CRB span
large temporal ranges (i.c., Clark and Kautz, 1999; Ping et al,
2010). Second, because the lower portion of the organic materi-
als observed in this study are typically dense, high-water-content
transitional materials, it is likely that they have higher thermal
conductivity and may thus facilitate deeper thermal transfer
during the growing season. Hydrology and decomposition state
could therefore be major driving factors because the thermal
conductivity of organic materials increases significantly with
increased water content and decomposition state (O’Donnell et
al., 2009). Finally, there is a possibility that the deeper depths
to frozen materials observed in this work are a result of long-
term changes in climate because the observations reported here
were taken one to three decades after the observations reported
in O’Donnell et al. (2011) and Ping et al. (2010) and because
Alaska continues to experience warming trends that can lead to

increases in active layer depths (Jafarov et al., 2012).

Relationships between Soil Properties

The bulk densities and SOC concentrations of major ho-
rizon groupings reported here are broadly consistent with those
reported in previous studies on soils under black spruce formed
on loess in the Alaskan interior (O’Donnell et al., 2011), although
the measured bulk densities of organic materials in this study
tended to be higher. The bulk densities of fibric and sapric organic
materials across the sites in this study (averages, 0.14 and 0.48 g
cm 3, respectively) are higher than the bulk densities reported in
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Fig. 9. Derived nonlinear relationships using a logarithmic function
(Archontoulis and Miguez, 2015) between bulk density (BD) and (a)
loss on ignition (LOI) for unfrozen mineral and organic samples and
(b) BD and gravimetric ice content for frozen samples for soils under
late-successional black spruce in the Copper River Basin, AK.

O’Donnell et al. (2011) for analogous materials (0.05 and 0.23 g

3, respectively) despite similar SOC concentrations. However,

cm™
the bulk densities of active layer and upper permafrost mineral
materials (averages, 1.22 and 0.89 g cm™3) were similar to those
reported in O’'Donnell et al. (2011) (1.23 and 0.70-0.92 g cm™,

respectively). Average SOC concentrations of active layer mineral
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Fig. 10. Depth profiles of average (a) gravimetric water content, (b) volumetric water content, (c) bulk density, and (d) soil organic carbon (SOC;
natural log used for visualization and scaling purposes) in soils under late-successional black spruce in the Copper River Basin, AK. Black line
represents “slabbed” averages for every 1-cm increment across all sites (using the AQP package in R [Beaudette et al., 2013]). The gray zone
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Fig. 11. Morphological evidence of cryoturbation observed in Copper River Basin soils under late-successional black spruce. (a—c) Solutioning
and downward movement of saturated organic (Oa, sapric) and mineral (A) horizon materials in the active layer. (d-f) Streaking and downward
movement of organics through macropores. (g) Cryoturbated materials in the active layer. (h-k) Frozen cryoturbated materials with “overprinting”
of lenticular or microlenticular cryostructures on previously cryoturbated materials.

materials reported in this study (3.9%) were also very similar to
those reported in O’Donnell et al. (2011) (3.4%).

The best predictor for the bulk density of frozen materials
was gravimetric water content (Fig. 9b), and once water content
was in the equation, SOC was not significant (multiple linear
regression; p > 0.3). For unfrozen soil materials (including or-
ganic materials and unfrozen mineral soil materials in the active
layer) in this study, LOI was the best predictor of bulk density
(Fig. 9a), and no other variables were significant once LOI was in
the model. After converting LOI values to predicted SOC for all
samples in this study, the resulting bulk density model [-0.296
In(%SOC) + 1.30] is similar to that reported in a meta-analyses

for all Alaska Gelisols [—0.295 In(%SOC) + 1.36] (Michaelson
etal., 2013) but differs significantly for Gelisol active layer mate-
rials only [—0.334 In (%SOC) + 1.57] (Michaelson et al., 2013).
It thus appears that using the database equation for all Alaskan
Gelisols (Michaelson et al., 2013) would overestimate bulk den-
sities of active layer materials for soils under late-successional
black spruce in the CRB. This underscores the importance of
using local data and regressions for gap filling whenever possible.

Near-Surface Permafrost Morphology
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Fig. 12. Patterns in cryoturbation in soils under late-successional black spruce in the Copper River Basin, AK. (a) relationship between field
morphological estimates of A component prevalence in cryoturbated horizons and the soil organic carbon (SOC) for bulk samples of cryoturbated
horizons using a nonlinear power model (Archontoulis and Miguez, 2015). (b) Average A horizon component probability by 1-cm depth increments
across all soils illustrating slowly decreasing prevalence of cryoturbated A horizon materials with depth. (c) The SOC ratio of A components and
C components of cryoturbated horizons (n = 12) with depth modeled using a nonlinear logarithmic function (Archontoulis and Miguez, 2015).

and Characteristics

Consistent with previous studies showing the predomi-
nance of lenticular cryostructures in glaciolacustrine deposits
(Shur and Zhestkova, 2003), the majority of the observed near-
surface cryostructures in this study (82% of non-weakly frozen
horizons) were lenticular. In contrast to O’Donnell (2010),
who studied cryostructures in near-surface permafrost in para-

—y=0.7156x + 21.069
R?*=0.325, p < 0.001
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Fig. 13. Relationship between organic layer thickness and 1-m soil
organic carbon (SOC) stocks across all investigated soils (n = 22)
under late-successional black spruce in the Copper River Basin, AK.
The dotted lines represent the 95% confidence interval around the
slope of the linear regression line.

syngenetically formed lacustrine sediments in the Koyukuk Flats
(Alaskan interior), inclined ice lenses were not observed in this
study. Unlike colder, drier environments where vertical cracking
and reticulate cryostructures are more common in near-surface
permafrost (Ping et al,, 2008, 2015), vertical cracks in the near
surface permafrost were not observed in this study.
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Fig. 14. Boxplots of (a) soil organic carbon (SOC) stocks to 1 m depth
and (b) percentage of 1 m SOC stocks contained in organic materials
under late-successional black spruce in the Copper River Basin, AK
by Great Group (Soil Survey Staff, 2014b). Categories with the same
uppercase letters are not significantly different (o« > 0.05, Tukey’s
HSD). AQU, Aquiturbels; HIS, Histoturbels; SAP, Sapristels.
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Whereas the depth to frozen materials reported in this study
was related to the OLT at cach site (Fig. 2), the estimated depth
to the bottom of the transient layer was not significantly correlat-
ed with OLT or any other site factors (linear regression; p > 0.3).
Depth to frozen materials (one-way ANOVA F-test; p < 0.01) dif-
fered significantly between Great Groups (Fig. 4) but not depth to
the bottom of the transient layer (one-way ANOVA F-test; p > 0.2).
The observed lack of correlation between the depth to the bottom
of the transient layer and OLT in this study could indicate that the
transient layer is recording longer-term processes (French and Shur,
2010) and is broadly comparable across similar sites under late-suc-
cessional black spruce in the CRB regardless of current OLT.

Mechanisms of Cryoturbation: Relationship to
Depth Patterns of Soil Properties

The soils investigated in this study show trends consistent
with the general observation that, on average, water content de-
creases above the permafrost table in a zone of desiccation before
increasing in the upper permafrost (French and Shur, 2010; Ping
etal., 2015; Shur and Jorgenson, 2007). This has a key influence
on patterns in bulk density with depth, which show an increase in
the lower active layer before decreasing in the upper permafrost
due to increasing ice content. Similar to other studies, the bulk
density of soil materials in the upper permafrost in this study
was lower than that of mineral soil in the active layer (Fig. 10;
Table 1) (O’Donnell et al., 2011). A slowing trend in SOC de-
crease was observed in the upper permafrost (Fig. 10), consistent
with the accumulation of organic-rich materials in the upper per-
mafrost due to cryoturbation (Pinget al., 2015) but less dramatic
than the strong, increasing trend in SOC concentrations at the
permafrost table that has been observed in other cryoturbated
soils in the Arctic (Kaverin, 2008; Ping et al., 2010).

Studies on the morphological outcomes of cryoturbation
have overwhelmingly focused on the Arctic, where patterned
ground predominates and frost-cracking is a dominant mecha-
nism of cryoturbation (Ping et al., 2015; Reiger, 1983; Shur et
al., 2008). Although soils under late-successional black spruce
in the CRB are fine textured and have thick insulating organic
layers and poor drainage, all of which should inhibit the frost-
cracking mechanism of cryoturbation (Carter and Bentley,
1991; Palmtag and Kuhry, 2018; Reiger, 1983), they are charac-
terized by the presence of cryoturbated materials to depths of up
to 150 cm, often well below the current permafrost table (Fig. 7,
10-12; Supplemental Table S3). In the absence of frost-cracking,
cryoturbation mechanisms in these soils would therefore require
periodic deepening of the active layer. It is highly unlikely that
interannual variability in thaw depths in these soils could ac-
count for variability this extensive, based on borehole data from
a nearby site under black spruce (Gakona 1), where, during the
8-yr period from 2010 to 2017, active layer thickness remained
between 58 and 66 cm (GIPL, 2019).

It is therefore likely that much of the active cryoturbation in
these soils is due to solutioning or organic matter “retinization”

(the downward movement of saturated organic materials, sensu)

(Dimo, 1965) and/or diapirism (the upward movement of less
dense materials through a denser overlying layer; e.g., Swanson et
al. [1999]) after post-fire active layer deepening. Typically, per-
mafrost degradation after fire disturbance occurs not from the
immediate effects of heat conduction into the ground but rather
from the loss of a portion of the insulating organic layer and sub-
sequent albedo change (Jiang et al,, 2015; Yoshikawa et al., 2003).
The effects of fire on active layer thickness in black spruce systems
varies depending on fire severity, but active layer thicknesses can
increase by a factor of 3 to 5 if the loss of the surface organic layer
is extensive (Dyrness, 1982). Regions such as the CRB that have
relatively warm near-surface permafrost (within 1°C of 0°C) can
be particularly vulnerable to thaw and degradation after distur-
bance (Nelson et al., 2001). In a study on burned and unburned
sites under black spruce 2 yr after 2015 fires in the Alaskan inte-
rior near Tanana Flats, a difference in temperature of up to 10°C
after fire was observed at a depth of 30 cm, and depth to frozen
materials on burned sites was >40 cm deeper than those of adja-
cent unburned sites (Potter and Hugny, 2018). Depth to perma-
frost under black spruce was observed to increase by 40 and 60 cm
1 and 2 yr, respectively, after the Wilson Camp Fire in 1981 east
of Glennallen and Copper Center, in the CRB (Clark and Kautz,
1999). Active layer thicknesses can continue to increase for at
least an additional decade after fire disturbance, until the insulat-
ing organic layer begins to recover (Viereck and Dyrness, 1979).
Under a stable climate, aggradation of the permafrost table
can occur naturally because the recovery of the surficial organic
layer provides increasing insulation (ie., Shur and Jorgenson,
2007). The prevalence of lenticular cryostructures “overprinted”
on cryoturbated materials observed in this study (Fig. 7) suggests
that cryoturbation occurred during periods of thaw followed by
aggradation of the permafrost table. This means that the organic-
rich materials that are being cryoturbated into the mineral soil
tend to be well decomposed and from the lower portion of the
organic layer, which is more likely to be transitional between min-
eral and organic materials. These proposed mechanisms are also
supported by the depth distribution of bulk density (Fig. 10c) and
by a rapidly decreasing ratio of SOC in A component materials
relative to adjacent C component materials with depth (Fig. 12¢).
In soils under black spruce in the CRB, it is therefore likely that
cryoturbation may occur in cycles associated with fire, when both
dynamic active layer deepening and aggradation processes result

in conditions that favor deeper mixing of C-rich materials.

Soil Organic Carbon Stocks and Carbon Partitioning

Stocks of SOC to 1 m depth under late-successional black
spruce in this study averaged 45.5 + 11.8 kg SOC m™2, with 134 +
12% of the SOC contained in materials that were frozen at the time
of sampling. The 1-m SOC stocks reported for the 22 sites in this
study (46 + 12 kg SOC m™2) (Supplemental Table S3) are in the
general range of poorly drained and very poorly drained sites under
black spruce throughout the Alaskan interior (Ping et al., 2010),
which averaged 46 kg SOC m™2 (n = 19) and 51 kg SOC m™2 (=
6), respectively. These 1-m SOC stocks are relatively high in the
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context of SOC stocks across the state of Alaska for non-Histosols
or Histels (Johnson et al,, 2011) and are much higher than 1-m
SOC stocks reported in larch-dominated forests in Siberia (11 kg
SOC m™2) (Webb et al., 2017), soils under black spruce formed in
loess in interior Alaska (average, 17.1 kg SOC m™2) (O’Donnell et
al,, 2011), and previously reported for a site under black spruce in
the southern CRB (20.7 kg SOC m~2) (Ping et al,, 2010).
Organic layer thickness under late-successional black spruce
in the CRB is a major driver of 1-m SOC stocks (p < 0.001) (Fig.
13), a result that is supported by previous work in black spruce
soils in interior Alaska (O’Donnell et al., 2011). The percent-
age of 1-m SOC contained in organic materials in this study
(56 + 14%) differed significantly by Great Group (77% for
Histels and 52% for Turbels) and was in line with poorly and
very poorly drained sites reported in a statewide meta-analysis
(57%) (Ping et al., 2010). An average of 44 + 14% of the SOC
stock to 1 m depth was contained in frozen and unfrozen cryo-
turbated horizons (range, 9-67%). Therefore, although OLT is
an important predictor of 1-m SOC stock in the soils investi-
gated, cryoturbation is also a critical process for generating total
1-m SOC stocks. With projected increases in fire frequency in
Alaska (Kasischke and Turetsky, 2006; Kasischke et al., 2010)
and high-latitude climate change (Collins et al., 2013), compet-
ing directions of impact could occur on permafrost-affected soils
of the Copper River Basin. On one hand, increased fire frequen-
cies could provide additional opportunities for cryoturbation to
occur. However, given that OLT is a significant driver of SOC
stocks in these soils (Fig. 13) and that surface organics serve to
insulate and maintain near-surface permafrost, therby reducing
decomposition, it is likely that these changes would reduce the
overall SOC stocks in these soils through increased decomposi-
tion rates, loss of near-surface permafrost, and thinning of sur-
face organic layers (Genet et al., 2013; O'Donnell et al., 2011).

CONCLUSIONS

Soils under late-successional black spruce in the CRB are well
insulated and have developed on fine-textured lacustrine sediments
with high clay contents and lower frost susceptibility than the silt-
dominated soils of the Alaskan interior. However, cryoturbation
remains an important and ubiquitous component of permafrost-
affected soils in the CRB and, in addition to the formation of the
surface organic layer, is a critical process for generating total SOC
stocks. Evidence suggests that the main mechanisms of cryoturba-
tion in these soils are solutioning and diapirism during periods of
post-fire degradation and aggradation of the permafrost table. This
is supported by (i) extensive observations of cryoturbated mineral
materials found below the permafrost table with little to no evidence
of vertical cracking and (ii) overprinting of lenticular cryostructures
on cryoturbated mineral materials, suggesting permafrost aggrada-
tion after mixing. The results of this process across the landscape
have resulted in the long-term generation of significant SOC stocks
below the organic layer. Although OLT appears to be the major
driver of SOC stocks, SOC is nearly evenly partitioned between or-
ganic materials and cryoturbated mineral horizons in the top 1 m.

This demonstrates that these soils are highly dynamic and have the
potential to be sensitive to changes in fire return intervals, burn in-
tensity, vegetation change, and long-term changes in climate. Future
work on permafrost-affected soils in the CRB should focus on quan-
tifying the effects of fire on SOC stocks and SOC partitioning.

SUPPLEMENTAL MATERIAL

The Supplemental Material provided along with this manuscript provides
additional details on background information related to the ecological
context of the soils investigated in this study, such as associated ecological
sites (Figure S1, Table S1), grain count methods, and data from soils
typical of the study area (Text S1, Table S2). Information regarding
soil classification and site characteristics (Table S3); coordinates of the
sampling sites (7 = 22); and particle size data and depth profiles of pH,
sand, and clay from the study sites is also provided (Fig. S2; Table S4).
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