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Abstract Freeze-thaw processes play a role in increasing erosion potential in upland areas, but their
impact on overland flow hydraulics and fluvial erosion processes are not clearly established. We provide
the first quantitative analysis demonstrating that needle ice production is a primary process contributing to
upland peat erosion by enhancing peat erodibility during runoff events following thaw. To quantify the
effects of needle ice on peat physical properties, overland flow hydraulics, and erosion processes, physical
overland flow simulation experiments were conducted on highly frost-susceptible blanket peat with and
without needle ice processes. For each treatment, overland flow rates of 0.5, 1.0, and 2.0 L/min and slopes of
2.5° and 7.5° were applied. Peat erodibility, sediment concentration, and sediment yield were significantly
increased in treatments subjected to needle ice processes. Median peat losses were nearly 6 times higher in
peat blocks subject to needle ice processes than in peat blocks not subject to needle ice processes. Needle ice
processes decreased mean overland flow velocities by 32–44% via increased hydraulic roughness and
changes to surface microtopographic features, with microrills and headcut development. Needle ice
processes increased the hydrodynamic force of shear stress by 55–85%. Erosion rates under needle ice
processes exhibited a significant linear relationship with stream power. Our findings indicate that models of
overland flow-induced peat erosion would benefit from a winter component that properly accounts for the
effects of needle ice processes on peat erodibility and erosion.

1. Introduction

Upland areas commonly subject to freeze-thaw processes are widely distributed in the middle-high latitudes
and high-altitude areas of the world, with 66 × 106 km2 of global land affected by seasonal soil freezing (Kim
et al., 2011). Freeze-thaw erosion has been reported globally but particularly in parts of Europe, America, and
Asia (e.g., Edwards, 2013; Edwards & Burney, 1987; Ferrick & Gatto, 2005; Labadz et al., 1991; Wang et al.,
2007). While numerous studies have focused on water and wind erosion processes, much less attention
has been given to freeze-thaw processes that significantly affects cohesion and strength of a frost-
susceptible soil and impacts soil stability on hillslopes and resistance to running water (Gatto, 2000). A
thawed surface layer overlying a frozen layer is highly susceptible to severe erosion (Wischmeier & Smith,
1978). Large amounts of eroded sediment can be produced during a thaw period and subsequent heavy
rainfall (Chow et al., 2000). Freeze-thaw actions strongly interact with other erosion processes such as water
erosion, wind erosion, and bank erosion (Lawler, 1986, 2005), by preparing highly erodible soil materials for
transport agents. Soil erosion is enhanced by freeze-thaw, with higher rates of sediment production
and transport having been observed in areas subject to freeze-thaw cycles (Francis, 1990; Labadz et al.,
1991; Lawler, 2005; P. Li et al., 2016). In addition, high-latitude and high-altitude regions are more likely to
be affected by increases in temperature with climate change (Intergovernmental Panel on Climate
Change (IPCC), 2007), leading to greater seasonal or daily soil temperature variations and more frequent
freeze-thaw cycles (Groffman et al., 2011; Kværnø & Øygarden, 2006) enhancing soil degradation and
downstream sedimentation.

Soil freeze-thaw cycles can cause changes in several soil physical properties that play important roles in
affecting soil resistance to water erosion such as soil cohesion, density, moisture content, critical shear stress,
infiltration capacity, and soil aggregate stability (Ferrick & Gatto, 2005; Oztas & Fayetorbay, 2003; Van
Klaveren & McCool, 2010). The magnitude of the effect is highly related to soil texture, cooling rate, freezing
point, number, and frequency of freeze-thaw cycles and moisture content at freezing (Ferrick & Gatto, 2005;
Kværnø & Øygarden, 2006; Oztas & Fayetorbay, 2003). Examples of studies conducted to study the effects of
freeze-thaw cycling on soil erodibility and the erosivity of overland flow are shown in Table 1.
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A review of the published literature reveals that despite considerable research on soil erodibility affected by
freeze-thaw cycles, the relationships between soil freeze-thaw and erosion processes have received relatively
little attention. In many environments, ice segregation within soil voids is considered to be an important
agent of frost weathering (Lawler, 1988a). Needle ice is an external form of ice segregation in which ice crys-
tals grow orthogonally from a soil surface and propagate microcracks or macrocracks (Outcalt, 1971). Needle
ice crystal growth gradually weakens and finally breaks up soil aggregates, while subsequent warming and
thawing weakens or loosens this fractured soil, enhancing soil erodibility. Without needle ice growth, frozen
soil remains resistant to water erosion, and only when the frost layer thaws does the soil at the surface
become weakened (Van Klaveren & McCool, 2010). Soil needle ice growth and thawing, which affects surface
soil properties, has been reported on all continents with several reports from key regions including the Andes
and Rocky Mountain chains, eastern United States, northwest and central Europe, East African high moun-
tains, New Zealand, and Japan (Lawler, 1988b). In the 30 years since Lawler’s (1988b) global needle ice review
andmapping study, there have been almost 500 further papers reporting the needle ice phenomenon (based
on a search using Thomson Reuters Web of Science). However, few studies have been conducted to quantify
erosion rates or changes to flow properties associated with needle ice and thaw (Branson et al., 1996; Lawler,
1993; Table 1).

The importance of overland flow hydraulic characteristics such as flow velocity, friction coefficients, and flow
shear stress and their relationships with erosion have been widely reported (Govers et al., 2007). However,
few studies have examined the hydraulic characteristics of overland flow on soils subject to needle ice pro-
cesses. Ban et al. (2016) found that freeze-thawmodified overland flow velocity for a clay. Anymodification of
overland flow velocity has important implications as it is an important parameter for modeling soil erosion,
being directly related to the soil detachment and sediment transport capacity (Holden et al., 2008).

Most studies examining soil freeze-thaw erosion processes have concentrated on mineral soils, with much
less known about organic soils. Peatlands that slowly accumulate organic-rich peat (Charman, 2002), cover
approximately 2.84% of the world’s land area (Xu et al., 2018) and are important terrestrial carbon sinks, stor-
ing one third to half of the world’s soil carbon (Yu, 2012). Of particular concern in terms of erosion are rain-fed
blanket peatlands, which mainly occur on sloping ground in temperate, hyperoceanic regions with high pre-
cipitation (Gallego-Sala & Prentice, 2013) and cover 105,000 km2 of the Earth’s surface (P. Li et al., 2017). Many
Northern Hemisphere blanket peatlands have experienced severe erosion and are under increasing erosion
risk from future climate change (Clark et al., 2010; Gallego-Sala et al., 2010; P. Li et al., 2017), which will lead to
enhanced losses of terrestrial carbon in many regions.

In many blanket peatlands with cool and wet climates, freeze-thaw processes are dominant sediment pro-
duction mechanisms (Evans & Warburton, 2007; Francis, 1990; Grayson et al., 2012; Labadz et al., 1991;
P. Li et al., 2016). Soil freeze-thaw processes have been evaluated through a number of laboratory and
field experiments but are underrepresented in the literature for blanket peat. The physical and chemical
characteristics of peat can be quite different to those of mineral soils (Hobbs, 1986). Compared to mineral
soils, peat has a higher volumetric heat capacity but much lower conductivity and has significantly

Table 1
Experimental Designs of Example Laboratory Soil Flume Experiments Examining the Effect of Freeze-Thaw on Runoff and Soil Erosion

References Study area Soil type
Freezing

temperature (°C)
Needle ice
production Key findings

Edwards and Burney (1987) Canada loam, sandy loam, fine sandy loam �15 NA Soil loss ↑
Edwards and Burney (1989) Canada loam, sandy loam, fine sandy loam �5 NA Soil loss ↑
Edwards and Burney (1991) Canada loam, sandy loam, fine sandy loam �5 NA Soil loss ↑
Frame et al. (1992) Canada fine sandy loam �5 NA Soil loss ↑
Edwards et al. (1995) Canada fine sandy loam �5 NA Soil loss ↑
Van Klaveren and McCool (1998) USA silt loam �22 to –12 NA Soil erodibility ↑
Gatto (2000) USA clayey silt �6 to 0 Yes Soil cohesion ↓
Ferrick and Gatto (2005) USA silt �35 NA Sediment load ↑
Van Klaveren and McCool (2010) USA silt loam �22 to –12 NA Soil erodibility ↑
Ban et al. (2016) China silt loam �25 to –15 NA Flow velocity ↓
Liu et al. (2017) China silt clay loam �12 NA Soil detachment capacity ↑

Note. Abbreviations: ↑ = an increase; ↓ = a decrease; NA = not reported in paper.
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different thermal response during wetting or drying periods (FitzGibbon, 1981). This demonstrates that a
strong thermal gradient can develop between a cold peat surface and warmer peat at depth (Evans &
Warburton, 2007). The significant temperature gradients together with abundant moisture supply are
ideal for needle ice formation (Outcalt, 1971). Due to the maritime location of many blanket peat
environments, freezing is commonly diurnal and the effect of a single needle ice event can be
multiplied many times through the winter season (Figure 1). The importance of needle ice formation in
producing eroding peat faces has been widely reported in peatlands such as eroding upland peatlands
in the United Kingdom (Legg et al., 1992; Tallis, 1973), erosion of peat remnants in Finnish Lapland
(Luoto & Seppälä, 2000), and alpine mires in Lesotho (Grab & Deschamps, 2004). The growth of needle
ice can lead to a fluffy peat surface that is loose and granular and vulnerable to being flushed off by over-
land flow events (Evans & Warburton, 2007), with saturation excess overland flow being a dominant flow
mechanism in blanket peat systems (Holden & Burt, 2003). However, little quantitative work has been
conducted on how surface roughness and overland flow are affected by needle ice formation and melting
nor on quantifying how these effects impact upon peat erosion. Given the lack of quantitative data on
needle ice effects on peat erosion, the aim of our study was to measure how needle ice effects soil erod-
ibility, overland flow hydraulic characteristics and sediment production processes through a series of
experiments.

2. Materials and Methods
2.1. Experimental Design
2.1.1. Sample Collection
Undisturbed bare peat blocks were carefully excavated from topsoil at Moor House National Nature Reserve
(54°410N, 2°230W), a blanket peat site in northern England. The climate at Moor House is favorable for needle
ice formation that is normally observed to grow within the upper peat layer during winter months (Evans &
Warburton, 2007).

A plastic rectangular gutter (1.0-m long, 0.13-m wide, and 0.08 m in depth) was pushed parallel to the peat
surface into the peat and carefully dug out to extract an undisturbed peat block. Samples were tightly sealed
using plastic film to minimize peat oxidation and drying before being stored at 4 °C prior to laboratory ana-
lysis. Peat samples were extracted from peat blocks before and after subjecting the peat to needle ice pro-
cesses and analyzed in the laboratory using a Morphologi G3 to capture two-dimensional images of peat
particles and to calculate size and shape parameters.
2.1.2. Freezing and Thawing With Needle Ice Growth and Melting
Microhydrological and micrometeorological variables affecting needle ice growth include cooling rate,
freezing point and duration, and soil moisture status (Branson et al., 1996; Outcalt, 1971). For
laboratory-based experiments of needle ice growth, cooling rate is critical as it should be slow enough
to simulate natural cooling, which is usually a result of radiative heat loss (Higashi & Corte, 1971;

Figure 1. Photographs taken at blanket peat field sites in northern England showing typical needle ice formation. Note the
friable sediment layer on the upper surface of the ice mass. Also note different layers of ice needles indicating different
consecutive nights of needle ice formation.
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Outcalt, 1970). However, many laboratory experiments have failed to produce radiative cooling that
enhances needle ice growth and produces erodible soil (Table 1). Soil aggregate stability is negatively
correlated with soil moisture content at the time of freezing (Oztas & Fayetorbay, 2003) and ice crystals
grow abundantly at high moisture content, which breaks bonds holding soil particles together (Ferrick
& Gatto, 2005).

To ensure that freezing would occur from the peat surface downward, the peat blocks were wrapped with
heat-insulating materials on the sides and base. Peat blocks were supplied with deionized water to container
capacity and then transferred from the cold store (4.0 °C) to an environmental cabinet with an initial tempera-
ture of 5.0–6.0 °C. Our preliminary tests on peat cores showed that an average cooling rate of�1.3 °C/hr con-
tributes to ice segregation and growth. The temperature of the environmental cabinet was subsequently set
to cool at 1.3 °C/hr and finally set at �1.0 °C for 5–7 days to allow continuous growth of needle ice (Lawler,
1993). This means that the particular case we investigated was a long-duration needle ice production rather
than diurnal needle ice production and thaw. Both patterns have been observed in the field (Evans &
Warburton, 2007). The peat was almost saturated at the start of each freeze period, and during freezing deio-
nized water was added periodically to provide sufficient available moisture for needle ice growth. Needle ice
successfully formed within the upper layer of the peat block (Figure 2). Under freezing conditions, needle ice
samples were carefully removed from the peat surface and photographed, with the needle ice length being
measured using calipers. The peat blocks with needle ice formation were subsequently subjected to thawing
at room temperature (20 °C) for approximately 2 days.

Figure 2. Morphology of laboratory needle ice growth: (a) Peat block with needle ice formation within the upper peat
layers; (b) view from A-A0 cross section of the peat block. Two distinctive layers including the upper needle ice layer and
the much denser undisturbed peat layer below were identified; (c and d) typical needle ice formations. Note the friable
surface layer resulting from formation of needle ice on the upper surface of the ice mass.
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Structure-from-Motion photogrammetric surveying was used to obtain high-resolution topographic data
sets on peat blocks with (NI) and without (Non-NI) needle ice formation and thaw. The Multiscale
Model to Model Cloud Comparison (M3C2) algorithm (Lague et al., 2013) in the open source
CloudCompare software was used to compute cloud-to-cloud differencing and roughness of both clouds
(NI and Non-NI).
2.1.3. Overland Flow Experiments
Peat blocks were placed inside soil flumes with an area of 0.13 m2 (1.0 m in length and 0.13 m in width). Any
gaps between the edge of the peat block and the soil flume were filled with plastic sheets in order to prevent
leakage and enable all overland flow from the peat block to be collected. A pump and water distributor were
used to supply uniform and steady water flow at a controlled and constant flow along the full flume width.
Water was supplied from municipal water with an electrical conductivity of 421 ± 1 μs/cm and a pH of
7.2 ± 0.1, to minimize the effects of water quality on the hydrological and erosion response of the peat blocks
during experiments.

Bower (1960) classified the gully systems in blanket peat environments into two distinct types of dissection
(Type 1 and Type 2). Type 1 dissection occurs on the flatter interfluve areas where peat is usually 1.5–2.0 m in
depth on slopes less than 5° (Bower, 1960). Peat gullies tend to frequently branch and intersect as an intricate
dendritic network (Labadz et al., 1991). Type 2 dissection is characterized by steeper slopes (exceeding 5°),
with a system of sparsely branched drainage gullies incised through the peat to bedrock and aligned nearly
parallel to each other (Bower, 1960; Labadz et al., 1991). It has been suggested that the transition between
Type 1 and Type 2 dissection of gully system in blanket peat environments was suggested as 5° (Bower,
1960). Therefore, slope was set at 2.5° and 7.5°, respectively to characterize the peat system firmly within each
type category. For each slope, the experiments were conducted under three overland flow rates (i.e., 0.5, 1.0,
and 2.0 L/min) for peat blocks subject to and not subject to needle ice processes with at least two replicates
for each (supporting information, Table S1). Herein overland flow rates were selected to be appropriate to the
scale of the experiments while providing sufficient range to quantify variations in peat erosion under over-
land flow events.

2.2. Flow and Sediment Production Measurements

During each run the time of overland flow initiation was recorded, after which each test lasted for between 10
and 30 min. The durations of the simulation experiments were determined based on the time needed for
steady state overland flow and sediment concentration development: a short duration for the high inflow
rate but a longer duration for the low inflow rate. Total surface flow was sampled at the flume outlet every
1 or 2 min. Overland flow volumes and rates (ml/s) for each sample were measured. Samples were left to set-
tle for 6 hr to allow deposition of the suspended sediment. The clear supernatant was decanted, and the
remaining turbid liquid was transferred to a foil container and oven-dried at 65.0 °C for 48 hr prior to weigh-
ing. The dry sediment mass (mg) was calculated, and the sediment concentration (mg/ml) was calculated as
the ratio of dry sediment mass (mg) to the overland flow volume (ml). The sediment yield rate (mg·m�2·s�1)
was defined as the ratio of dry sediment mass (mg) per unit area (m2) per sampling duration (s).

Surface flow velocities (Vs) were measured by injecting fluorescein solution at the uppermost positions within
the plots. The time required for the leading edge of fluorescein dye tracer to travel to the outlets of the plots
was recorded at a resolution of 0.01 s. Overland flow velocity was calculated by dividing the distance
between the injection and outlet points by the time difference between injection of fluorescein solution
and arrival to the outlets. The dye-tracing method was applied at 1 min intervals with three replicates
for each.

2.3. Data Analysis

For a laminar flow profile, the vertical velocity distribution is shown by a quadratic equation, with zero at the
bed and a maximum for surface velocity (Vs; Katz et al., 1995). The profile mean velocity (V) was calculated
using equation (1):

V ¼ k Vs (1)

where V is mean flow velocity (cm/s); Vs is surface flow velocity (cm/s); and k is a coefficient which is 0.33 for
shallow flows on bare peat surfaces under gentle slopes (Holden et al., 2008).
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The overland flow was laminar and was presumed to be uniform, and the average flow depth was
calculated from

h ¼ q=V ¼ Q= Vbtð Þ (2)

where h is mean flow depth for the whole plot (cm); q is the unit discharge (cm2/s); Q is the overland flow
volume during t duration (ml); and b is the width of water-crossing section (cm).

The Reynolds number Re (Reynolds, 1883) and Froude number Fr were calculated by

Re ¼ Vh=υ (3)

Fr ¼ V= ghð Þ1=2 (4)

where g is the acceleration due to gravity (m/s2); and υ is the kinematical viscosity (cm2/s).

The Darcy-Weisbach friction factor f and Manning’s friction coefficient n were determined by

f ¼ 8ghJð Þ=V2 (5)

n ¼ h2=3·J1=2
� �

=V (6)

where J is the sine of the bed slope (m/m).

Flow shear stress τ (Pa; Foster, 1982) and stream power Ω (W/m2; Bagnold, 1966) were calculated by

τ ¼ ρghJ (7)

Ω ¼ ρgqJ (8)

where ρ is the density of water (kg/m3).

In this study, peat anti scouribility capacity (AS) was defined to describe the resistance of peat to overland
flow scouring and calculated as

AS ¼ ft=W (9)

where AS is the peat antiscouribility capacity (L/g); f is discharge of scouring (L/min); t is the duration of scour-
ing (min); and W is the weight of the oven-dried peat mass (g). The higher the peat AS, the lower the peat
erodibility.

Data sets were tested for normality using the Anderson-Darling normality test at the p = 0.05 level. Student’s t
test was used for testing for differences between two sets of data which were both normally distributed. The
data sets that were not normally distributed were transformed and retested for normality. Mann-Whitney U
tests were applied when one or both sets of response variable values were still not normally distributed.
Correlation analysis and stepwise regression analysis were used to determine the relationship between over-
land flow hydraulics and sediment yield. All statistical tests were considered significant at p < 0.05.

3. Results
3.1. Soil Physical Properties

Basic chemical and physical properties of the peat blocks were determined on subsampled peat (supporting
information, Table S2). Needle ice processes (NI) increased porosity and decreased peat bulk density. Results
from the Morphologi G3 analysis demonstrate that peat samples subject to NI produced particles with
greater average length, width, and perimeter than those not subject to needle ice processes (Non-NI; sup-
porting information, Table S2). NIs were also found to produce less rounded particles compared with Non-
NI treatments.

The median particle diameter for the NI peat samples was 5.9 μm compared to 4.4 μm for the Non-NI sam-
ples. The peat soils were 92.9% and 96.7% in the grain size range from 1 to 50 μm for the NI and Non-NI treat-
ments, respectively. Mann-Whitney U tests showed that needle ice processes had no significant impact on
peat particle size distribution (p = 0.397).
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Structure-from-Motion measurements showed that formation of needle ice leads to a higher peat surface,
with a positive median topographic change of 0.0041 m (supporting information, Figure S1). The mean
roughness for the NI treatment was 0.001008, which was much greater than for the Non-NI treatment
(0.000887). In addition, the standard deviation of roughness on the NI treatment (0.001071) wasmuch greater
than that for the Non-NI treatment (0.000388). These results show that needle ice growth led to a rougher
peat surface.

3.2. Sediment Yield

The time for overland flow initiation from NI treatments (mean = 55.7 s, n = 6) was 90.7% greater than that
from Non-NI blocks (mean = 29.2 s, n = 6). Typical overland flow and sediment concentration trends for
the treatments are shown in Figure 3. Overland flow rates first increased with time since overland flow gen-
eration and then attained quasi steady state values (Figure 3). For a given slope and overland flow rate, sta-
tistical analysis showed no significant difference (p > 0.05) in the mean or median overland flow rate
between the NI and Non-NI treatments.

For the NI treatments, sediment concentrations typically peaked during the initial stage of overland flow gen-
eration before gradually decreasing to an almost constant value (Figure 3) indicating that peat erosion pri-
marily occurred during the early stage of overland flow generation. In contrast, for the Non-NI treatments,
the sediment concentration was almost constant with little variation with overland flow generation. Mann-
Whitney U test showed that the peak sediment concentration on Non-NI treatments was significantly lower
(p = 0.020) than that observed on NI treatments.

The mean sediment concentration (supporting information, Table S3) for the NI treatment was significantly
higher than that of the Non-NI treatment (Mann-Whitney U test, p = 0.013). Needle ice processes contributed
significantly to an increase in sediment concentration, particularly at steeper slopes (7.5°; Table 2).
Dimensionless NI/Non-NI ratios of sediment concentration are greater than 1.0 (Figure 4a), indicating a pri-
mary effect of the needle ice processes on peat erosion. Much larger NI/Non-NI ratios of sediment concentra-
tion were found at the highest overland flow rate (2.0 L/min).

Peat losses from both the NI and Non-NI treatments were greater for the steeper flume slope and for the
highest input flow rate (supporting information, Table S3). Sediment yield ratios ranged from 1.2 to 7.7 for
the 0.5 and 1.0 L/min overland flow rates and up to 15.0 for the 2.0 L/min overland flow rate. The effect of
needle ice processes on sediment yield was greater under the 7.5° than the 2.5° slope (Table 2 and
Figure 4b).

The Non-NI treatment produced a higher peat antiscouribility capacity (supporting information, Table S3)
suggesting that needle ice processes reduce peat erodibility during overland flow events. On average, needle
ice processes contributed to�50.4% and�60.5% of median peat antiscouribility capacity under the 2.5° and
7.5° conditions, respectively (Table 2). Dimensionless NI/Non-NI ratios of peat antiscouribility capacity were
lower than 1.0, showing a primary effect of the needle ice processes on reducing peat erodibility. Peat anti-
scouribility capacity ratios generally decreased with an increase in overland flow rate, with the median value
declining from 0.54 at the 2.0 L/min to 0.49 at 1.5 L/min and to 0.30 at 0.5 L/min.

3.3. Overland Flow Hydraulics

For both the NI and Non-NI treatments overland flow velocities increased with increasing slope and upslope
inflow rates (Table 3). Needle ice processes reduced overland flow velocity on average by 44% and 32% under
the 2.5° and 7.5° conditions, respectively (Figure 5a). The effect of needle ice processes on reducing overland
flow velocity was lower under the higher inflow rate and larger slope gradient. Needle ice processes
increased flow depth by 85% and 55% under the 2.5° and 7.5° conditions, respectively (Figure 5b).

Overland flows were observed to be laminar with the Reynolds number (Re) less than 300 (Table 3) and sub-
critical (Fr < 1). The Darcy-Weisbach friction factor f and Manning’s n friction coefficients were higher for NI
treatments than Non-NI treatments. The NI treatments produced f values ranging from 5.0 to 14.4 with a
median of 9.3 under the 2.5° conditions, and from 3.7 to 11.3 with a median of 8.2 under the 7.5° conditions.
The median values were much lower than those of Non-NI treatments, at 29.7 and 81.1 for 2.5° and 7.5°
slopes, respectively. Similarly, NI treatments produced a greater (121–170%) Manning’s friction factor (n;
Figure 5d). The higher f and n for NI treatments indicates a limited entrainment and transport capacity of
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the overland flow. The overland flow shear stress (τ) for the NI treatment was greater than that of the Non-NI
treatment (Table 3), and needle ice processes increased τ by 55–85%. A similar overland flow stream power
(Ω) was found for the NI and Non-NI treatments (Table 3).

Figure 3. Overland flow and sediment concentration for representative NI and Non-NI treatments under different slopes
and upslope inflow rates conditions: (a) 0.5 L/min, 2.5°; (b) 0.5 L/min, 7.5°; (c) 1.0 L/min, 2.5°; (d) 1.0 L/min, 7.5°;
(e) 2.0 L/min, 2.5°; (f) 2.0 L/min, 7.5°. NI = those subject to needle ice processes; (Non-NI) = those not subject to needle ice
processes.
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3.4. Relationships Between Overland Flow and Sediment

Spearman’s rank correlation analysis was used to test if there was a relationship between erosion and various
hydraulic parameters important for peat erosion (Figure 6). For the NI treatments, peat erosion rate was clo-
sely related to stream power (p = 0.016), overland flow rate (p = 0.023), and velocity (p = 0.023). The correla-
tion coefficient between erosion and stream power was larger at 0.895 (Figure 6). For the Non-NI treatments,
overland flow velocity had a significant role in influencing erosion (p = 0.002).

For both the NI and Non-NI treatments, sediment yield generally increased with an increase in overland flow
velocity, overland flow rate, flow shear stress, and stream power (Figure 7). For the NI treatments, stepwise
linear regression showed that stream power was the only factor entered that predicted erosion, according
to the criteria of probability-of-F-to-enter ≤0.05. The regression equation was SY = 949.3 × Ω – 2,795.2, with
a significant (p = 0.016) coefficient of determination (R2 = 0.800). For the Non-NI treatments, stepwise linear
regression showed that overland flow velocity was a good parameter for predicating erosion, with a signifi-
cant (p = 0.002) coefficient of determination (R2 = 0.935) for the regression equation.

The relationship between cumulative sediment yield and cumulative overland flow rate could be fitted by the
power function y = axb, where y (mg) is the cumulative sediment yield, x (ml) is the cumulative overland flow
rate, and a and b are regression coefficients (Table 4). All fitting equations were significant (p < 0.05). The
absolute values of a for the NI treatments was much greater than those for the Non-NI treatments.
However, the b coefficients of the power functions were lower for the NI treatments compared with the
Non-NI treatments. These results demonstrate that the response of sediment yield to increased overland flow
rates is less sensitive for the NI treatments.

Table 2
The Effects of Needle Ice Processes on Sediment Concentration, Sediment Yield and Peat Antiscouribility Capacity Under
Different Slopes and Scouring Rates

Slopes

Designed
flow rate
(L/min)

SC (mg/L) SY (mg·m�2·min�1) AS (L/g)

In rate
In percentage

(%) In rate
In percentage

(%) In rate
In percentage

(%)

2.5° 0.5 58.4 97.5 230.4 92.5 �6.9 �30.7
1.0 35.2 50.0 159.2 21.2 �5.7 �35.6
2.0 800.2 1,173.3 10,929.6 774.7 �15.2 �84.9

7.5° 0.5 230.8 314.4 1,844.7 666.2 �10.8 �60.7
1.0 670.9 366.2 6,003.1 322.3 �5.5 �66.3
2.0 752.3 869.7 24,818.3 1,403.3 �7.7 �54.6

Note. Abbreviations: SC = sediment concentration (mg/L); SY = sediment yield rate (mg·m�2·min�1); AS = peat antiscour-
ibility capacity (L/g). Positive values indicate an increase for the NI treatments while negative values indicate a decrease
compared to the Non-NI treatments.

Figure 4. The ratios of NI treatment to Non-NI treatment in (a) sediment concentration; (b) sediment yield; and (c) peat anti-
scouribility capacity under different slopes and scouring rates. NI = those subject to needle ice processes; (Non-NI) = those
not subject to needle ice processes.
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4. Discussion
4.1. Effects of Needle Ice Processes on Peat Physical Properties

Needle ice processes reduced bulk density, increased porosity, and produced larger peat particles. Less
rounded particles are likely to be produced from the peat surface by recent freeze thaw; however, there
was no significant effect on particle size distribution. This is contrary to the results of G. Y. Li and Fan
(2014), who found that freeze-thaw cycles usually increased the aggregates of small particle size groups
and decreased the aggregates of the relatively larger particle size groups on a black soil in Northeast
China. However, we only conducted one freeze-thaw cycle, whereas changes in soil particle size have been
reported to increase with the number of freeze-thaw cycles (G. Y. Li & Fan, 2014).

For the Non-NI treatments peat erodibility was minor; continuous low erosion rates with little temporal
change indicated a detachment-limited system. The overland flow velocity on the Non-NI treatments
was too low to lead to continuous erosion of peat material as peat is fiber-rich and highly resistant to
water erosion (Carling et al., 1997). In contrast, peat erodibility was much higher for the NI treatments
despite lower overland flow velocities being observed. In line with these findings the peat antiscouribility
capacity was reduced by needle ice processes. The NI treatments produced significantly higher regression
coefficient a values compared with the Non-NI treatments (Table 4) suggesting that needle ice processes
decreased the inherent resistance of peat to water erosion. Needle ice growth and thaw had strong
destructive effects on peat particles. Our study is in agreement with results reported by Van Klaveren
and McCool (1998) and Van Klaveren and McCool (2010) who found that erodibility for a silt loam
increased after freeze-thaw. It is suggested that needle ice processes should be taken into account when
analyzing peat erodibility and predicting peat erosion rate. Future work should be carried out to examine
the effects of both the number and duration of needle ice processes on peat erodibility and the contri-
bution to total erosion.

4.2. Effects of Needle Ice Processes on Overland Flow Hydraulics

Compared with the Non-NI treatments, NI treatments increased the time taken to generate overland flow due
to enhanced peat infiltration capacity associated with greater porosity.

Overland flow velocity was significantly lower for NI treatments due to increased surface roughness. In addi-
tion, visual observations of the NI treatments showed that microrills and headcuts occurred and caused loca-
lized waterfalls that were responsible for lower overland flow velocities. Similar phenomena have been
reported by Ban et al. (2016) who found that headcuts on thawed slopes played an important role in retard-
ing overland flow velocity.

Table 3
Median Overland Flow Hydraulic Parameters for the Treatments Subject to and Not Subject to Needle Ice Processes Under
Different Slopes and Scouring Rates

Slopes

Designed flow rate

Treatment V h Re Fr f n τ Ω(L/min)

2.5° 0.5 NI 4.7 4.2 62.0 0.1 62.0 35.4 1.8 2.8
Non-NI 10.6 1.8 58.2 0.3 5.0 8.7 0.8 2.6

1.0 NI 6.2 7.2 137.3 0.1 60.8 38.5 3.1 5.9
Non-NI 13.2 3.7 133.6 0.3 14.4 14.2 1.6 6.0

2.0 NI 12.7 6.2 243.1 0.2 12.7 17.1 2.6 11.0
Non-NI 16.8 5.1 250.0 0.3 8.5 12.7 2.2 11.3

7.5° 0.5 NI 7.6 2.5 56.8 0.2 47.0 27.7 3.2 7.7
Non-NI 12.3 1.5 58.9 0.3 9.6 11.9 2.0 7.9

1.0 NI 13.5 3.4 138.1 0.3 24.2 20.3 4.4 18.6
Non-NI 22.4 1.9 132.2 0.5 3.7 7.6 2.4 17.9

2.0 NI 15.7 5.4 241.4 0.2 33.7 25.1 6.9 32.9
Non-NI 19.0 4.3 254.5 0.3 11.3 15.3 5.5 34.4

Note. Abbreviations: V = median overland flow velocity (cm/s); h = median flow depth (mm); Re = Reynolds number; Fr =
Froude number; f = Darcy-Weisbach friction factor; n = Manning’s friction factor (10�2); τ = flow shear stress (Pa); Ω =
stream power (10�2 W/m2).
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Figure 5. Effect of needle ice processes (NI) on (a) overland flow velocity decrease; (b) overland flow depth increase;
(c) Darcy-Weisbach f friction factor increase; and (d) Manning’s n friction factor increase under different slopes and
scouring rates.

Figure 6. Correlation matrix between median peat erosion rate and different overland flow hydraulic parameters for NI
(a) and Non-NI (b) treatments. Abbreviations: SY = sediment yield rate (mg·m�2·min�1); V = overland flow velocity (cm/s);
RO = overland flow rate (ml/min); h = overland flow depth (mm); Re = Reynolds number; Fr = Froude number; f = Darcy-
Weisbach friction factor; n = Manning’s friction factor (10�2); τ = flow shear stress (Pa); Ω = stream power (10�2 W/m2).
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The relative reduction in overland flow velocity caused by needle ice processes was lower under high scour-
ing rate at 2.0 L/min than low scouring rate at 0.5 and 1.0 L/min. This results from a decrease in the ability for
needle ice processes to increase hydraulic roughness under high flow rates. The effects of needle ice pro-
cesses on reducing overland flow velocity and increasing overland flow depth and hydraulic roughness were
found to be less on the steeper treatment.

4.3. Effects of Needle Ice Processes on Erosion Processes

The NI treatments produced similar overland flow rates to Non-NI treat-
ments but significantly greater sediment yields. The observed difference
in erosion primarily resulted from the effects of needle ice processes which
increased sediment concentration, sediment yield, and reduced peat anti-
scouribility capacity. This behavior has been reported for other soil types
(e.g., Ferrick & Gatto, 2005; Van Klaveren & McCool, 1998; Wischmeier &
Smith, 1978).

Median peat losses from the NI treatments were nearly 6 times greater
than those from the Non-NI treatments. The contribution of needle ice
processes to soil loss observed in our study was significantly higher than
in other flume experiments by Edwards and Burney (1987) and Frame
et al. (1992) where soil losses by freeze–thaw were 90% and 24%, respec-
tively. This difference is primarily a result of the needle ice formed in our
study and the expansion reduced peat particle-to-particle bonds and

Figure 7. The relationships betweenmean sediment yield rate and (a) mean overland flow velocity; (b) mean overland flow
rate; (c) mean flow shear stress, and (d) mean stream power for NI and Non-NI treatments.

Table 4
Regression Analysis of the Cumulative Overland Flow Rate (x) and Cumulative
Sediment Yield (y) Under NI and Non-NI Treatments

Treatment
Designed flow
rate (L/min) Regression equation n R2

NI 0.5 y = 8.3283 x0.6032 40 0.9983**
1.0 y = 235.87 x0.4195 65 0.9810**
2.0 y = 260.51 x0.446 36 0.9460**
All y = 128.24 x0.4672 141 0.7918*

Non-NI 0.5 y = 1.7707 x0.6235 35 0.9948**
1.0 y = 1.2959 x0.8087 75 0.9724**
2.0 y = 10.953 x0.502 49 0.9970**
All y = 0.2414 x0.9611 159 0.9417**

*Regression is significant at the 0.05 level. **Regression is significant at
the 0.01 level.
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increasing peat erodibility. The effect of needle ice processes on increasing peat erosion was higher at high
flow rate, which is in agreement with Edwards and Burney (1987) and Ferrick and Gatto (2005) who found
that the increase in soil erosion by freeze-thaw generally increased with greater overland flow.

For the NI treatment, the sediment concentration rate peaked early in the initial overland flow generation and
then decreased to a final constant rate. Similar results were reported by Ferrick and Gatto (2005) who applied
overland flow simulation tests with flow rates ranging from 0.4, 1.2, and 2.4 L/min on a bare silt soil following
a single freeze-thaw cycle. Our observed peak probably corresponds to the period when peat aggregates
subjected to needle ice processes were detached and transported by overland flow. The erosion pattern
appeared to be transport-limited in the initial stage of overland flow generation as more loose sediments
on the surface were available for overland flow transport as overland flow started to develop at a low rate.
The peat loss rate in the steady state overland flow stage was much lower compared with the initial peak rate,
despite the increase in the overland flow rate and the associated transport capacity. There are two possible
reasons. First, this could be caused by exhaustion of the friable needle ice derived layer and an associated
detachment-limited erosion pattern when steady state overland flow was achieved. Second, overland flow
for the NI treatments was often concentrated; visual observations showed that microrills occurred. There
were therefore also areas with a friable needle ice-derived peat layer but with little occurrence of overland
flow, suggesting that not all friable peat materials were washed off by running water. For the Non-NI treat-
ment, the continuous low erosion rates with little temporal change indicated a detachment-limited system,
as fresh peat is fiber-rich and highly resistant to water erosion, requiring a high flow velocity before contin-
uous erosion of peat material occurs (Carling et al., 1997).

In this study, the main blanket peat erosion processes include sediment supply by needle ice processes and
sediment transport by running water. Without sediment supply processes considered, sediment transport
generally increases with an increase in overland flow velocity and the associated increased detachment capa-
city. Our results showed that peat blocks with needle ice treatments had greater hydraulic roughness and
lower flow velocity which may indicate a lower sediment transport capacity. However, significantly greater
sediment was measured on peat blocks with needle ice treatments than nonneedle ice treatments. This
pattern shows that overland flow with relatively lower velocity is still capable of transporting more peat
materials when more peat materials are available. The results demonstrate that where needle ice processes
loosen particles from the peat surface, even small amounts of surface runoff may result in large amounts
of erosion.

It has been widely reported that peatland streams have positive hysteresis in the relationship between sus-
pended sediment concentration and discharge, showing peak suspended sediment concentration occurs
ahead of peak flow (Evans & Warburton, 2007). The usual explanation for the positive hysteresis is sediment
exhaustion as supply of erodible peat particles by weathering processes (e.g., rainsplash, freeze-thaw, and
desiccation) is important for transport by water and wind. An alternative explanation for the positive hyster-
esis for areas with freeze-thaw needle ice is that overland flow on peat surfaces with needle ice formation and
melting is easily spatially concentrated into efficient transport flowpaths, while areas with little occurrence of
overland flow still have available friable peat layer that could be transported during future flow events.

4.4. Limitations

In order to produce quantifiable results with good levels of experimental control, bounded plots with inflow
simulation techniques were used in this study. The size of the peat blocks we used was fairly small but meant
that it was feasible to obtain undisturbed peat blocks for careful collection, transport, and storage in the
laboratory. However, it should be noted that for natural peat deposits the depth of the friable upper layer dis-
turbed by needle ice may sometimes be 10 cm or more (Evans & Warburton, 2007), and so our experiments
may underrepresent roughness effects that occur in the field, particularly where there is a much larger scale
hummocky peat surface. There may also have been other effects on surface roughness if we had simulated
repeated diurnal needle ice and thaw processes, and so these processes require further investigation. It
should also be noted that our study used simulated upslope inflow and excluded responses to raindrop
impact, while under natural rainfall conditions raindrops provide the primary force to initiate peat particle
detachment (C. J. Li et al., 2018). Thus, more significant effects of needle ice processes on increasing peat ero-
sion could be expected under combined rainfall and overland flow conditions and exploration of these pro-
cesses could be undertaken in future work.
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5. Conclusions

Overland flow derived peat erodibility was found to be minor for peat blocks not subject to needle ice pro-
cesses. However, needle ice processes dramatically increased peat erodibility and reduced peat stability.
Needle ice growth and expansion acts to detach particles from the otherwise resistant peat surface.
Needle ice processes significantly reduced the surface flow velocity with the average reductions ranging from
32% to 44%, mainly through increased hydraulic roughness and changed surface microtopographic features,
with microrills and headcuts developing. Needle ice treatments increased overland flow shear stress by 55–
85%, compared with the treatments not subject to needle ice processes. Peat erosion rates for the needle ice
treatments showed a significant linear relationship with stream power.

Peat erosion processes are determined by the combined effects of peat erodibility that is largely determined
by needle ice processes and overland flow hydraulic characteristics. However, peat erosion processes can
alter peat erodibility during a runoff event and can alter overland flow hydraulics by increasing suspended
sediment content and changing surface roughness.

Median peat losses under needle ice treatments were nearly 6 times greater than those from treatments not
subject to needle ice processes. Needle ice processes significantly increased peat erosion risk during overland
flow events. This highlights that reducing bare areas of upland peat may play an important role in reducing
peat erosion through protecting it from the disruptive effects of needle ice processes.

Needle ice is a primary process contributing to upland peat erosion by enhancing peat erodibility and mod-
ifying overland flow hydraulics including overland flow velocity and hydraulic roughness during runoff
events that follow thaw. Models of overland flow-induced peat erosion should have a winter component that
properly accounts for the effects of freeze-thaw (P. Li et al., 2016) and especially needle ice processes, in order
to successfully predict hillslope erosion and sediment yield for watersheds in areas influenced by freezing
and thawing.
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