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Forest ecosystems are known for their capacity to retain and redistribute water. Nevertheless, even in
some forested watersheds, prolonged or intense rainfall events often exceed the retention threshold of
the system, generating accelerated runoff. Surface microrelief is an important attribute of forest ecosys-
tems that often act to mediate potential runoff. In most natural forests, the soil surface is typically
unevenly broken with pit and mound microrelief, formed by both historical and recent tree uprooting
events. In managed forests, however, tree uprooting is traditionally seen as undesirable. The systematic
repression of this process may lead to gradual loss of microrelief. To date, little attention has been paid to
the impacts of the pit-mound microrelief, or its absence, on forest hydrology. Restoration of naturally
undulating microrelief in managed forests can help to accentuate water retention and mitigate runoff,
while reducing drought stress and reinforcing forest productivity and resilience.
This paper summarizes the literature and presents insights on the effects of tree uprooting on the

microrelief of forest soils and forest hydrology, focusing on its consequences to water retention, tree
water supply, and forest health. Furthermore, we explore the mechanisms and possible consequences
of the long-term repression of these processes in intensively managed forests, with implications for forest
management and further research.
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1. Introduction

Various forecasts of climate change foresee the continuing rise
in the incidence of hydrological extremes such as floods and pro-
longed droughts, which may cause an increased hazard to terres-
trial ecosystems, global water resources, production, and human
society (Allen et al., 2010; Ciscar et al., 2014; Dai, 2011). The main
factors to be concerned with are (i) decreased effectivity of water
retention on the land, particularly in urban and agricultural soils,
therefore (ii) increased heating, especially over the land surfaces
with limited evaporation (Bates et al., 2008; Dai, 2011; Jung
et al., 2010), which in turn may result in (iii) more intense precip-
itation events in cooler (usually upland and forest) areas (Pielke,
2001). These aspects will result in increased demands on forest
ecosystems for water retention and mediation.

Soils and vegetation play a crucial role in terrestrial water
cycling, as they intercept, retain, store and recycle water. In forest
ecosystems, vegetation intercepts precipitation, lessening runoff
and accentuating infiltration and groundwater recharge. Indeed,
forests are recognized as the most effective runoff retarders and
water recyclers from among all terrestrial ecosystems (Archer
et al., 2013; Makarieva et al., 2013). However, even in forested
catchments, a prolonged or intense rainfall (or rapid period of
snowmelt) often exceeds the retention threshold of the system,
generating accelerated runoff (Tromp-van Meerveld and
McDonnell, 2006).

Surface microrelief, a common feature in most forests, is an
important component of slope hydrology (Frei and Fleckenstein,
2014; Kishné et al., 2014; Thompson et al., 2010; van der Ploeg
et al., 2012). The soil surface in forests is characterized by microto-
pographic irregularities formed by various natural processes and/
or by human activities. In natural forests, the soil surface is typi-
cally unevenly broken with paired pits and mounds, formed by
both historical and recent tree uprooting events. The impacts of
this type of microrelief, with its indirect impacts on soil formation
and forest ecology, have been studied since the first half of the last
century (Beatty and Stone, 1986; Denny and Goodlett, 1956; Lutz,
1940; Lyford and MacLean, 1966; Stephens, 1956). Several com-
prehensive reviews have been dedicated to the mechanisms of soil
disturbance and the various ecological and pedological impacts of
tree uprooting (Schaetzl et al., 1990; Schaetzl et al., 1989a,b;
Šamonil et al., 2010a). However, no study to date has quantified,
or reviewed the effects of these types of pits and mounds on forest
hydrology. This paper addresses that deficit by summarizing the
pertinent literature and bringing together new insights on the
effects of tree uprooting on the microrelief of forest soils and
hydrology. We choose to focus on the consequences of surface
microrelief to water retention, tree water supply, and forest health.
Furthermore, we explore the mechanisms and possible conse-
quences of the long-term repression of these processes in inten-
sively managed forests. We hope that this study will initiate
further research on the importance of soil-surface microrelief
formed by tree uprooting on forest hydrology. Such work might
include future direct hydrological measurements and experimental
verifications of some of the processes outlined in this paper, and
wider inventories of the treethrow pits and mounds in forests,
thereby enabling quantifications of their contribution to the
hydrology of these types of watersheds.
2. Hydrological function of forests

Forest ecosystems are an essential component in the terrestrial
water cycle. Their high capacity to retain and redistribute water is
usually attributed to: (i) the high specific area of the aboveground
biomass (Myneni et al., 2002); (ii) the presence of a litter mat
(Stuart and Edwards, 2006), and macropores, which retain mois-
ture and reduce the potential negative effects of soil freezing on
infiltration (Isard and Schaetzl, 1995; Lin et al., 2008; Stuart and
Edwards, 2006); (iii) the deep penetration of forest soils by roots
and the formation of highly permeable root channels (Jost et al.,
2012); and (iv) water uptake by trees (Nadezhdina et al., 2010).
Much of the precipitation impacting forest ecosystems is captured
at the vegetation-atmosphere interface (interception), and only
slowly delivered to the soil surface. Here, it is eventually allowed
to infiltrate into the soil, where it is further utilized by plants or
stored in the deeper groundwater reservoirs (Lin et al., 2008).
Moreover, comparatively high evapotranspiration rates in most
forest ecosystems increase atmospheric humidity locally, and sub-
stantially reduce or moderate air and soil temperatures (Pokorný,
2001). Thus, the effect of water retention in forests is crucial not
only for their own water supply, but also for the water budget of
the larger ecosystem (Makarieva et al., 2013). Therefore, the joint
management of forests and water resources has become one of
the leading environmental and economic issues of both global
and local policy makers (Bates et al., 2008; European
Commission, 2013), and in hydrological research (Rewald et al.,
2011; Vose et al., 2011).

Forest structure and composition, as well as soil properties, are
important synthetic factors of soil moisture and runoff dynamics in
forest ecosystems, and significantly influence their ability to pro-
tect the lower parts of watershed against floods during extreme
hydrological events (Hümann et al., 2011; Jost et al., 2012).
Nonetheless, most studies on soil water dynamics in forests have
focused on the effects of the aboveground structures of the forest
stand (Schume et al., 2004; Vertessy et al., 2001), or the below-
ground structures in soil and tree-root systems (Lin et al., 2008;
Nadezhdina et al., 2010). Other key physiographic attributes that
control soil water dynamics are topographic features (Bachmair
and Weiler, 2012; Lin et al., 2008; Yeakley et al., 1998), including
soil surface microrelief (Frei and Fleckenstein, 2014; Martin et al.,
2008; Thompson et al., 2010; van der Ploeg et al., 2012), which is
the focus of this discussion.
3. Microrelief in forest soils

3.1. Types and factors of soil surface microrelief

Surface microrelief (here considered at the scale of decimeters
to meters) in forests is formed by natural processes and/or by
human activities. The most common anthropogenic causes of
forest-soil microrelief formation are the wakes after mechanical
soil preparation, traces of axles, scratches after skidding, or excava-
tions along forest roads. Although some exceptions exist (see Hupy
and Schaetzl, 2008), all of the most common anthropogenic ele-
ments of soil microrelief in forests have a linear character, hence
serving as potential water-discharge accelerating structures
(unless they run parallel to the contour; Schüler, 2006). Other
forms (either natural or artificial) of microrelief in forest soils
include trenches, rills, or other forms of microrelief, all of which
act as water-discharge agents, and are outside the scope of this
paper.

Moreover, soil surface microrelief in forests can form in many
other natural ways, mostly generating point features that do not
promote concentrated runoff. Beyond some site-specific, less obvi-
ous, or easily-erodible microrelief features formed by soil fauna
(Gabet et al., 2003; Richards et al., 2011; Wilkinson et al., 2009),
and substrate- or climate-specific microrelief formed by various
physical forces, such as wind accumulation, argilliturbation (e.g.,
gilgai microrelief; Kishné et al., 2014), or cryoturbation (e.g., frost
heaving and patterned ground), surface microrelief in forests is



Fig. 1. (A) A rootball (ca 2.5 m3) and associated pit formed by a recently uprooted beech tree in the Boubín virgin forest, Czech Republic; (B) A pit-mound pair (ca 2.0 m
wide � 2.5 m long) formed by tree uprooting in the Červík experimental basin, Czech Republic; (C) A large, broad depression formed by recently uprooted spruce tree,
currently infilled by water after a period of rain; P. Šamonil provides scale, poking a spade into the pit, to the point of maximum depth; Boubín virgin forest; (D) Water
ponding in a treethrow pit near a treethrow mound, formed by a rotational treefall. Photos A–C by MV, photo D by RJS.

Fig. 2. Pit-mound microrelief in northern Wisconsin, US, which remains preserved after deforestation and years of pasturing. Photo by RJS.
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primarily formed by the biomechanical effects of trees (see
Schaetzl and Thompson, 2015 for a comprehensive review).

The most common, but usually less apparent, biomechanical
effect of trees on soil surface microrelief is the displacement of soil
and rocks by root and bole growth, and the subsequent infilling of
stump holes after decay (Hoffman and Anderson, 2013; Phillips
and Marion, 2006). Forests also have significant stabilizing
functions against soil erosion, thus indirectly influencing some
geomorphic processes, and the resulting microrelief (Pawlik,
2013). However, regarding spatial scale and frequency, the most
widespread and most obvious natural process that forms
microrelief in forest soils is tree uprooting (Gabet et al., 2003;
Roering et al., 2010; Schaetzl et al., 1989b; Šamonil et al., 2010a).
3.2. The pit-mound microrelief by tree uprooting

Uprooted trees often heave a rootball with its embedded soil
material, leaving a pit at the original-tree microsite (Fig. 1A). The
volume of displaced soil mass by tree uprooting can range up to
5.6 m3 (Pawlik, 2013). After collapse of the rootball, as the roots
decay, the detached soil mass typically subsides into an irregular
mound (Fig. 1B). Some of the soil in the rootball usually slumps
or washes onto the former surface, where it buries preexisting soils
(Schaetzl, 1986; Šamonil et al., 2013); some of the soil may fall and
wash back into the pit (Schaetzl et al., 1990; Šamonil et al., 2015).
The resulting pit and mound features may remain clearly identifi-
able on the ground for hundreds or even thousands of years after
the uprooting event (Schaetzl and Follmer, 1990; Šamonil et al.,
2013), sometimes visible long after deforestation (Embleton-
Hamann, 2004; Fig. 2). Depending on the natural conditions and
disturbance history of the forest, pits and mounds may occupy
up to 90% of the soil surface (Šamonil et al., 2010a), making the role
of pit-mound microtopography in generating surface roughness
and influencing runoff potentially very significant (Martin et al.,
2008; Phillips et al., 2017).

The physical dimensions (e.g., length, width, and depth or
height) of treethrow pits and mounds largely depends on the
dimensions of the uprooted tree and its roots (Phillips et al.,
2017; Richards et al., 2011; Sobhani et al., 2014), the age of the
treethrow pit-mound (Šamonil et al., 2010b, 2013, 2015), and the
types and rates of the associated erosion-sedimentation processes
(Schaetzl and Follmer, 1990). For example, Sobhani et al. (2014)
found that the areas of pits and mounds formed by a recently
uprooted tree followed a power-law dependence on tree diameter.
The vertical dimensions of treethrow pits and mounds substan-
tially change over time as the mound subsides and the pit infills
by litter and sediment transport, so the relative steepness of both
pits and mounds can be used as proxies of their age (Šamonil
et al., 2009).

The dimensions of a treethrow pit, relative to the paired mound,
have long been known to depend on slope inclination and tree-fall
direction (Beatty and Stone, 1986; Norman et al., 1995), as well as
on tree species and root architecture (Beatty and Stone, 1986;
Bobrovsky and Loiko, 2016), and on the intensity and types of ero-
sion–sedimentation processes. Thus, these relationships can be
highly site-specific (see Pawlik et al., 2016a). For example, on gen-
tle slopes, more of the soil volume upheaved by uprooting wastes
backward, off the mound as the rootball collapses (Norman et al.,
1995). This leads to decreased volumes of the resulting pit. On
steeper slopes, by comparison, most trees fall downslope and
hence, more of the soil in the root plate falls onto the preexisting
soil surface, and not into the pit itself (Beatty and Stone, 1986;
Schaetzl, 1986). As a result, pits are proportionately larger, and of
key hydrological importance – they are often upslope of mounds.
4. The hydrology of treethrow pits and mounds

Many hydrological studies highlight the role of soil surface
microrelief in rainfall partitioning between infiltration and runoff
(Frei and Fleckenstein, 2014; Kishné et al., 2014; van der Ploeg
et al., 2012). Thompson et al. (2010) estimated that pit and mound
microrelief on sloping surfaces may increase the proportion of rain-
fall that infiltrates by 20–200%, when compared to a reference
‘‘smooth‘‘ slope. However, there are several aspects of forest soils
and of the soil properties within pit and mound microsites formed
by tree uprooting that can substantially differentiate the hydrolog-
ical effects from the model example by Thompson et al. (2010), or
from the hummockymicrosites in other environments, such aswet-
lands with shallow groundwater system (Frei and Fleckenstein,
2014; Kishné et al., 2014; van der Ploeg et al., 2012). Unfortunately,
comparable studies on the hydrological processes in the soilswithin
treethrow pit-mounds are lacking, with the exception of a study by
Embleton-Hamann (2004) on carbonate bedrock.
4.1. Treethrow pits

Unlike the conceptual approach of surface runoff used by
Thompson et al. (2010), in most upland forests, lateral subsurface
flow is the dominant runoff-producing mechanism (Lin et al.,
2008; Tromp-van Meerveld and McDonnell, 2006). Tree uprooting
may disturb soil to a considerable depth, and depressions formed
by uprooting can effectively disrupt both surface runoff and sub-
surface flow, allowing for ponding and surface water storage in pits
(Fig. 1C). Treethrow pits may so substantially collect (and thus,
focus) runoff and snowmelt waters from surrounding areas that
they facilitate spatially focused infiltration into deeper soil layers
(Embleton-Hamann, 2004; Schaetzl, 1990; Table 1). Eluvial horizon
funnels and tongues in the soils beneath pits are clear evidence of
this type of focused flow (Schaetzl, 1986; Schaetzl et al., 1990;
Šamonil et al., 2013, 2015). Moreover, in older pits with well-
developed soil profiles, subsurface flow might pass below the pit
base without surface recharge, leaving a relatively dry topsoil
downslope (usually beneath the mound interface), as visible in
Figs. 3–5 in Pawlik and Kasprzak (2015). In less permeable soils,
seasonal, or even long-term perching of water can occur in pits,
leading to gleying in soils below (Bobrovsky and Loiko, 2016).
However, where old roots remain in pits (e.g., Fig. 10 in
Bobrovsky and Loiko, 2016), the macropores that form after their
decomposition can serve as channels for preferential flow, enhanc-
ing the infiltration rate much above background levels (Jost et al.,
2012). In a karst landscape, Embleton-Hamann (2004) observed
that some treethrow pits, like sinkholes, concentrate precipitated
water, and deepen in time by secondary dissolution of the carbon-
ate rock. A similar sinkhole effect of treethrow pits on runoff infil-
tration on a forested slope was expected in a model by Phillips
et al. (2017) even in a non-karst landscape.
4.2. Treethrow mounds

Within treethrow mounds, soil material is typically loose, with
low bulk densities. Hence soils here are more permeable than
within undisturbed microsites nearby (Lutz, 1940; Meyers and
McSweeney, 1995; Schaetzl, 1990). This characteristic may con-
tribute to both enhanced infiltration within mounds, and increase
the potential water retention capacity of the soils there (Table 1).

Patterns of infiltration or water flux through mounds will
strongly depend on local soil properties (Kodešová et al., 2009),
and on soil horizontation patterns that may have resulted from
the previous soil disturbance and subsidence. Various types of
uprooting may lead to different patterns in the resulting soils



Table 1
Overview of the hydrological effects of pit-mound microrelief in forest soils.

Hydrological process Pit-mound impact/effects Comments

Infiltration Increased infiltration potential in mounds due to higher
permeabilities, but may be offset by less-developed litter
mat or by rocks at the surface; increased but highly
focused infiltration in pits

Depends on rate of influx of precipitation vs infiltration
capacities of pit and mound soils. Nonetheless, pits focus
infiltration, whereas mounds often do the opposite.

Focused flow/percolation, and groundwater
recharge

Increased within (older) pits, various within mounds Depends on soil architecture at the pit and mound bases.
Facilitated along eluvial tongues, organic funnels, and
root channels

Ponded (depression) storage Increased in pits where permeability is low, due to
concentration of runoff

Depends on the hydraulic conductivity of the soil
comprising pit bottom, the precipitation intensity, and
the catchment area of each pit

Runoff Locally, may be accelerated due to steeper slopes of
surface microrelief, but over larger scales is retarded due
to retention in pits, redirection into deeper soil layers,
and changes to overall slope flowlines

Subsurface flow is the most common runoff process on
forested slopes. Overland flow occurs rarely or highly
localized in most forests; usually only after extreme
rainfall events and on less permeable soils

Snow accumulationa Reduced on mounds, increased in pits Depends on the amount of blowing and drifting, which
acts to increase the snowpack variability across pit vs
mound microsites

Snowmelta Increased spatial and temporal variability Temperatures are more variable on mounds, and more
stable in pits, as compared to undisturbed areas, leading
to increased spatial variation in snowmelt

Soil freezing and freeze-thaw cyclicity a More intense in mounds, less intense in pits, with
impacts on soil structure

Thicker litter and snowpacks in pits lead to more stable
temperatures and less freeze-thaw cycles there; the
opposite situation is present on mounds

Soil moisture Higher in pits, lower in mounds Mounds are often sites of runoff and more intense
evaporation, pits have more runin and are more
protected from evaporation by thick litter mat

Watershed discharge Reduction, mitigation of hydrological extremes,
contribute to more balanced seasonal course

May be reduced temporally (direct effect; water
retention), or in total (indirect effect; higher utilization
by plants)

a A regionally (climatically) dependent process.
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(Beatty and Stone, 1986; Schaetzl et al., 1989b, 1990). As the water
infiltrating through the mound reaches the level of the underlying
(buried) soil surface, it may either continue to infiltrate, or be com-
partmentalized into lateral subsurface flow. The latter alternative
is more likely in mounds that completely overturn an undisturbed
original-soil profile, although this is relatively rare and may occur
only on steep slopes (Schaetzl, 1986). Nonetheless, complete soil
inversion may lead to mounds that creep and elongate downslope
(Norman et al., 1995), further increasing its surface area available
for infiltration. However, the root ball of the uprooted tree usually
flips ± parallel to the soil surface, and then subsides either partially
(hinge-type uprooting) or almost entirely (rotational-type uproot-
ing) over the pit and the flipped root ball. Therefore, both the
mound and the soil beneath a mound have usually mixed or con-
torted horizontation (Lyford and MacLean, 1966; Norman et al.,
1995; Schaetzl, 1990; Šamonil et al., 2015), which cannot pre-
dictably impede infiltration patterns. Alternatively, some mounds
may also consist of less-weathered material from deeper soil lay-
ers, leaving a higher amount of rock clasts at the surface, which
can impede erosion (Small et al., 1990), but which may also par-
tially inhibit infiltration and generate additional runoff. Much of
this is site (mound)-specific. Although occasional runoff from
mounds may cause localized soil erosion (Schaetzl and Follmer,
1990; Šamonil et al., 2015), this type of runoff typically spans from
decimeters to a few meters, and does not lead to losses of water
from the forest system via surface flow (Phillips et al., 2017);
unless soil surface in the area was exposed to further disturbance,
e.g. fire (Martin et al., 2008). Instead, it generally only facilitates
subtle and short-distance translocation of sediment across the soil
surface.
4.3. Pit-mound hydrology in time

The hydrological characteristics of treethrow pit-mounds may
substantially change over time due to (i) accumulation of organic
matter in pits (Šamonil et al., 2008; Fig. 4 in Bobrovsky and
Loiko, 2016), which usually accentuates infiltration, and (ii) subse-
quent, often divergent soil evolution at the mound, pit, and undis-
turbed microsites (Schaetzl, 1990; Šamonil et al., 2015), which can
affect the soil’s saturated and unsaturated hydraulic conductivities.
For example, with increasing age, the upper part of the mineral soil
in a pit is usually either increasingly enriched by organic matter
(Šamonil et al., 2010b), or transformed into an eluvial horizon
(Šamonil et al., 2013, 2015), both of which may enhance infiltra-
tion rates. In contrast to the relatively slow post-disturbance pedo-
genesis at mounds (Šamonil et al., 2015), the intense pedogenic
processes in pits often lead to formation of distinct, either
organic-rich or eluvial funnels that document the paths of intense
infiltration and focused flow. Therefore, older pits may be increas-
ingly more effective in accepting infiltrating water, despite their
overall decline in size; see Figs. 2 and 3 in Schaetzl (1986), Fig. 1
in Schaetzl (1990), Appendix 1 in Šamonil et al. (2010b), Figs. 5–7
in Šamonil et al. (2015), Fig. 4 in Šamonil et al. (2016). Neverthe-
less, as far as we know, these hydrologic processes in treethrow
pits have never been directly measured or experimentally verified,
except the study by Embleton-Hamann (2004) on carbonate
bedrock.
5. Pits and mounds in forest hydrology

Treethrow pits and mounds are reliable indicators of forest dis-
turbance dynamics (Lenart et al., 2010; Šamonil et al., 2009). The
hydrological impacts of treethrow pits and mounds have been
mostly inferred, based largely on their morphologies (Schaetzl
et al., 1990; Small et al., 1990; Schaetzl, 1990; Bobrovskii, 2008;
Šamonil et al., 2010a,b; Šamonil et al., 2015). However, the basic
hydrological characteristics recognized in the pit and mound
microsites (Bobrovsky and Loiko, 2016; Embleton-Hamann, 2004;
Kooch et al., 2014; Lutz, 1940; Nachtergale et al., 2002; Phillips
et al., 2008; Schaetzl, 1990; Simon et al., 2011; Šamonil et al.,



Fig. 3. Illustration of three different slope transects through treethrow pit-mound pairs as positioned at slopes with inclinations of 20�, 12�, and 4�. (A) Simplified pit-mound
pairs, approximated by a half-ellipsoid, as commonly used in sediment-transport calculations (e.g., Pawlik et al., 2013; Šamonil et al., 2016); (B) More idealized, naturally-
undulating microrelief constructed by a sinusoid function (Thompson et al., 2010) and applied in pit-mound approximations; (C) Examples of real pit-mound pairs, i.e., the
silhouettes of real profiles redrawn after Šamonil et al. (2015). The fill within the treethrow pits illustrates their potential depression storage capacities (DSC).
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2015; Ulanova, 2000) have not been extrapolated to wider spatial
scales, to predict the overall impacts of the pit-mound microrelief
on the hydrology of forested watersheds.
5.1. Modelling pit-mound surfaces

Although the volumes of treethrow pits and mounds have been
reported for various forest biomes (Gallaway et al., 2009; Norman
et al., 1995; Pawlik et al., 2016a; Richards et al., 2011; Šamonil
et al., 2016), cumulative quantification and/or comparisons of
pit-mound volumes are rare (Pawlik et al., 2013; Phillips et al.,
2017) and have focused primarily on sediment transport by tree
uprooting. However, the volume of a pit is a key physical attribute
to understanding its role in forest hydrology. Pit-mound dimen-
sions, patterns and densities should be some of the better docu-
mented hydrologic attributes of the forest surface, with regard to
its ability to retain water and delay runoff (see Section 4).

Much confusion exists regarding the volumetric modelling of
pit-mound features. The most widely used approximation of tree-
throw pit-mound volumes is the half-ellipsoid model (Norman
et al., 1995). However, this model forces pits/mounds to pass per-
pendicularly to a plane, which is seemingly not natural. This is
most obvious on the sloping sides of mounds, particularly at the
lower-side of a mound and the front-side of a pit that contravene
common erosion-sedimentation processes (Fig. 3). Consequently,
the volume of a pit or mound as calculated from its depth/height,
width, and length would be substantially overestimated. This dis-
crepancy may imply potential bias in volume estimations in some
earlier studies (Norman et al., 1995; Gallaway et al., 2009; Pawlik
et al., 2013, 2016a; Šamonil et al., 2016). A significant overestima-
tion of pit volumes calculated by the half-ellipsoid model has
already been reported for several recently uprooted trees
(Richards et al., 2011).

A sinusoidal function has also been widely used as a model for
the study of naturally undulating microrelief (Thompson et al.,
2010). A sinusoid-based model has a potential to construct a more
realistic approximation of treethrow pit and mound dimensions
(Fig. 3). In such a case, the pit-mound length will represent the
wavelength, while pit-depth and mound-height the amplitude of
the sinusoid function (Thompson et al., 2010). Nevertheless, unlike
the idealized sinusoidal microrelief, real treethrow mounds on
slopes are naturally more extended in the downslope direction
(Norman et al., 1995), while pits are increasingly skewed upslope.
Thus, even the sinusoid model cannot perfectly reflect the natural
asymmetry of real pit/mound profiles, especially on steep slopes
(Fig. 3). Leaving aside the effect of pit and mound asymmetries
on their volume estimates, mound volumes on slopes or across
landscapes are usually lower than pit volumes (Norman et al.,
1995; Pawlik et al., 2013). Therefore, the paired pits and mounds
should be rather measured and modelled separately. Nevertheless,
even separate modelling of pits and mounds using any of the mod-
els would not properly deal with some specific features, such as the
sickle or ring-shaped pits occasionally formed by rotational tree-
falls (Beatty and Stone, 1986; Fig. 1D).

One of the most promising approaches in modelling pit-mound
microrelief is the implementation of high-resolution 3D data, e.g.,
from terrestrial laser scanning (e.g., Martin et al., 2008). Such a
3D model of a forested slope, including detailed pit-mound
microrelief, could be further used for evaluating various hydrolog-
ical parameters of pit-mound surfaces (e.g., their contribution to
overall surface roughness, or the depression storage capacity), as
well as for direct hydrological modelling (e.g., Frei and
Fleckenstein, 2014; Kishné et al., 2014).
5.2. Hydrology of pit-mound surfaces

The effect of treethrow pits and mounds on the hydrology of
forested watersheds will strongly depend on their (i) abundance
(Section 3.1), (ii) physical dimensions (Section 3.2), and (iii) soil
characteristics (Section 4), as well as (iv) on the overall slope set-
tings (e.g., on steeper slopes, more water could potentially runoff
into, or run out of, pits). A modelling example by Thompson
et al. (2010) simulated infiltration and runoff generation after
exposition to various rainfall scenarios at idealized slopes with
pit-mound microrelief, on millimeter to centimeter scales. After
considering the expected hydrological effects of treethrow pits
and mounds (Section 4), and the overall hydrology of forest soils
(Lin et al., 2008; Tromp-van Meerveld and McDonnell, 2006), the
modified conceptual scenario after Thompson et al. (2010) may
look as follows: (1) Up to some threshold, water will infiltrate
and partially run off through subsurface flow that may concentrate
and sink into pits without surface ponding. (2) After exceeding the
infiltration capacity of pits, water may pond in pits, further delay-
ing runoff from the immediate catchment of each pit. Here, the
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depression storage capacity (DSC) of a pit will represent the vol-
ume of water that can be ponded. (3) After exceeding both the
infiltration capacity and the DSC of a pit, e.g., after an extreme rain-
fall event or on clayey soils with low hydraulic conductivities, the
water may spill over the rim of the pit. This may lead either to sur-
face runoff or re-infiltration, with possible subsequent retention in
another pit downslope. As mentioned above, slope inclination may
have a positive effect on the pit volume (Section 3) and hence, its
potential for runoff interception, while in turn affects the propor-
tion of the pit volume available for depression storage. This may
be critical for the retention threshold of the system during rainfall
or spring thaw events, while less important for snow
accumulation.

The negative dependence of DSC on slope inclination may sub-
stantially increase in soils with shallow profiles. For example, on
steep slopes a shallow pit may have a DSC of <10% of its volume,
whereas a deeper pit of the same volume may still store water in
a substantial part of its volume. This depth-dependence in relative
DSC will also have substantial impact on water retention;
Thompson et al. (2010) found that increasing the amplitude of sim-
ulated pit-mound microrelief significantly increased the propor-
tion of rainfall infiltration on a modelled slope. Therefore, deeper
pits would be always more effective in water retention on slopes
than would a larger number of more shallow pits of equal cumula-
tive volume.

In well drained soils with large infiltration rates and hydraulic
conductivities in pits (Section 4.1), and under relatively less
intense rainfall, it is possible the DSCs of pits may be seldom uti-
lized (e.g., Phillips et al., 2017). However, on steeper slopes that
are generally more prone to increased runoff and to shallow sub-
surface flow (Lin et al., 2008, 2006), surface ponding may be more
common and hence, the importance of DSC for the potential of a pit
to intercept runoff and generate focused infiltration may substan-
tially increase (Fig. 1C). A similar positive effect of pit-mound
microrelief can also be expected on poorly-drained soils with low
hydraulic conductivities, where water ponding in pits may sub-
stantially prolong the time available for infiltration (e.g., Kishné
et al., 2014; Fig. 1D).

Pit-mound microrelief almost always increases surface rough-
ness at the hillslope or watershed scale (Fig. 2). Generally, the pres-
ence of microrelief may result in substantial time delay in runoff
generation either due to depression storage (e.g., Frei and
Fleckenstein, 2014), or flowlines routing (e.g., van der Ploeg et al.,
2012) (Table 1). Thus, when compared to a reference slope without
Fig. 4. Dense regeneration of beech saplings under a spruce snag atop a treethrow
mound in the Žofín virgin forest, Czech Republic. Photo by MV.
pits and mounds, the mean flowline length for both surface and
subsurface runoff may significantly increase, either laterally, verti-
cally, or both. Here, higher numbers of smaller pits and mounds
would be more effective in generating surface roughness, than
would a smaller number of larger ones of equal cumulative vol-
umes. Flowlines routing through pit-mound microrelief could even
be increasingly important for runoff retardation at relatively flat
surfaces (van der Ploeg et al., 2012; Fig. 1D).

5.3. Pit-mound moisture patterns and tree-water supply

Pits and mounds formed by tree uprooting may substantially
increase the fine-scale variability in soil water contents in both
horizontal and vertical directions (see Pawlik and Kasprzak,
2015), which can in turn affect other aspects of forest ecology.
For example, in humid areas of temperate, boreal, and tropical for-
ests, elevated and well-drained treethrowmounds generally repre-
sent highly favorable microsites for tree regeneration (Lutz, 1940;
Lyford and MacLean, 1966; Putz, 1983; Šamonil et al., 2016;
Šebková et al., 2012; Fig. 4). In contrast, pits formed by tree uproot-
ing are microsites of increased accumulation of undecomposed
organic matter and (sometimes) snow, and almost always provide
for wetter soil conditions (Kooch et al., 2014; Nachtergale et al.,
2002; Schaetzl, 1990; Šamonil et al., 2008), resulting in compara-
tively poorer sites for successful seed germination and sapling
establishment (Lyford and MacLean, 1966; Simon et al., 2011;
see Schaetzl et al., 1989a for a more comprehensive review). How-
ever, this general relationship has other far reaching consequences,
which have not been mentioned in the literature. For example, a
tree in the proximity of a pit (most likely a tree on the adjacent
mound) may benefit from the pit by using it as a strategic source
of moisture and nutrients (Table 1), while simultaneously avoiding
the potential ponding or prolonged wetness of the pit site proper.
This ecological advantage would enable higher rates of growth of
trees near pits, especially during dry periods and in well-drained
soils. Thus, many trees growing on mounds may combine favorable
physical conditions of mounds with the hydrological benefit of the
nearby pit.

The competitive advantage of moundmicrosites might be larger
and persist even longer than previously assumed. This mechanism
would result in even higher occupation of mounds for large trees,
as observed e.g. for Acer saccharum in Šamonil et al. (2016) or for
Fagus sylvatica in Šebková et al. (2012). The same positive feedback
can also apply on pit microsites in some specific environments, and
for tree species that preferably locate in pits (e.g., Henry and Swan,
1974; Peterson and Pickett, 1990). Nevertheless, the nonrandom
distribution of trees within pits, mounds and undisturbed micro-
sitesmay furthermodify the overall hydrological effect of treethrow
pit-mounds, due to the redistribution of precipitation associated
with stemflow and throughfall, which is specific for various tree
species (Bialkowski and Buttle, 2015; Nikodem et al., 2013).

Mounds and pits can also serve as important seasonal micro-
habitats for many species of soil fauna (Table 1). As noted, for
example, by Beatty and Stone (1986, p. 547): ‘‘Depending on the
time of year, earthworms may selectively concentrate in mound, pit,
or undisturbed microsite”. Kooch et al. (2014) found significantly
higher earthworm abundances in treethrow pits, when compared
to both mounds and undisturbed microsites. Although some stud-
ies (e.g., Nachtergale et al., 2002) report negative correlations
between tree uprooting and earthworm biomass, this relationship
may have resulted because earthworms are more abundant in
older pits (Kooch et al., 2015). Also, in forest soils, the burrowing
activity of earthworms provides a strong positive feedback on soil
porosity and infiltration rates (Schütz et al., 2008).

Finally, uprooting dynamics may also influence local soil and
regolith depths (Gabet and Mudd, 2010; Pawlik et al., 2016b;



Fig. 5. Examples of uprooted spruce trees in (A) managed and (B) natural forests; the arrows represent ca. 0.6 m scale. The reduction of the new-formed, and the old
microrelief of forest soils by (C) the cleanup of uprooted trees after logging and (D) heavy machinery, is shown respectively. A and D photos are from Šumava Mts., B is from
the Razula reserve, and C is from the Červík experimental basin, all in Czech Republic. All photos by MV.
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Phillips et al., 2008), thereby increasing the potential water reten-
tion capacity of the soil profile. All these processes may positively
contribute to water recharge into forest soils, and its availability
for subsequent tree uptake (Table 1).

Thus, in a forest ecosystem the occurrence or absence of tree
uprooting events, and the microrelief they create, may directly
and indirectly affect soil moisture, tree-water supply, production,
and the overall resilience of the forest stand.
Fig. 6. Reduced microrelief in an intensively managed forest in the Pekelský potok
experimental basin, Czech Republic. Photo by MV.
6. The smoothed microrelief in managed forests

In managed forests, tree uprooting is traditionally seen as unde-
sirable to timber production due to its negative impacts on wood
quality, and increased logging (recovery) costs (see Schaetzl
et al., 1989b). Therefore, forest managers are highly motivated to
secure mechanical stability of forest stands by prudent thinning
and felling practices (e.g., Alexander, 1964; Schelhaas, 2008). Thus,
most trees are harvested standing. In contrast, Šamonil et al.
(2014) found that one third of trees in a natural beech-
dominated forest died uprooted. Moreover, not only the frequen-
cies but the volumes of tree uprooting may be lower in managed
forests due to the limited occurrence of larger trees that are more
prone to uprooting (Mezei et al., 2014), and which could disturb
much larger volumes of soil (Sobhani et al., 2014; Phillips et al.,
2017). Consequently, intensive forest management not only
reduces the number of uprooted trees, but also the areas and
volumes of the resultant pits and mounds (Fig. 5A and B). Further-
more, occasionally the newly formed microrelief by tree uprooting
is eliminated by logging operations, often as the rootball is
returned to its original position (either intentionally using a winch,
or spontaneously after cutting the stem; Fig. 5C). In addition, many
of the technologies used in forestry also directly contribute to the
reduction of preexisting microrelief, such as heavy machines
operating in the forest interior (Fig. 5D), or site preparation prac-
tices at clearings.
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As already discussed in Section 3.2, treethrow pits and mounds
may remain visible for hundreds or even thousands of years
(Schaetzl and Follmer, 1990; Šamonil et al., 2013). However, these
examples of extreme pit-mound pair ages have developed when
large trees are uprooted, and their longevity is influenced by
reduced local erosion rates (Schaetzl and Follmer, 1990; Šamonil
et al., 2013). This is usually not the case of intensively managed
forests, where the erosion processes are indirectly intensified by
human activities that damage the litter and undergrowth vegeta-
tion (Hartanto et al., 2003). Furthermore, on some less stable land-
forms and/or steeper slopes, the leveling of pit-mound microrelief
may be much more intense, and often takes less than a century,
even in an unmanaged forest (Šamonil et al., 2010b). In managed
forests, the systematic repression or elimination of the processes
that form microrelief in forest soils may lead to a gradual leveling
of the preserved pits and mounds, and substantial smoothing of
microrelief (Fig. 6).

Although lowered microrelief in forests is undoubtedly more
convenient for logging, hauling, and other forestry operations,
these modifications of forest surfaces may have far reaching conse-
quences to the forest’s hydrological function, resilience, and pro-
duction. Moreover, Šamonil et al. (2010b) found that the absence
of tree uprooting in a managed forest also may lead to substantial
changes in soil evolution in only a few centuries. Following the glo-
bal industrial intensification of forestry in the last three centuries,
this type of cumulative impact of forest management on forest
soils has become increasingly important. From a long-term per-
spective, this continual and, over the horizon of a human life,
hardly noticeable trend in managed forests may have significant
long-term effects on their hydrology, such as decreased efficiency
of infiltration, accelerated runoff, and more synchronized melting
of snow, thereby providing lower protection against runoff, soil
erosion, and floods. The negative feedback to forest management
may involve weakened resilience of trees to drought and pests.
7. Implications for practice and further research

‘‘Forestry practices that preserve natural ecosystem processes are
likely to be more effective in maintaining forests’ biodiversity and nat-
ural resilience against climate change.” (Jonsson et al., 2015)

Potential negative impacts of reduced microsite diversity on
forest ecology, in the absence of tree uprooting, can be partially
inferred from previously published studies (Beatty, 1984; Flinn,
2007; Jonsson and Esseen, 1990; Miller et al., 2002; Schaetzl
et al., 1989a; Ulanova, 2000; von Oheimb et al., 2006). However,
the effects of smoothed or reduced microrelief on water retention
and tree-water supply in forests has neither been quantified nor
discussed in the literature. The absence of relevant data also limits
our ability to quantify the degree of microrelief reduction in man-
aged forests, as well as the direct and indirect effects of this phe-
nomenon in the hydrological functioning of forest ecosystems.

Hydrologists may wish to experimentally quantify the impact of
pit-mound microrelief on soil water retention and runoff retarda-
tion, under both exceptional and typical hydrological conditions.
Moreover, the effect of pit-mound microrelief on forest hydrology
and runoff generation should be evaluated in different topographic
and geologic settings, so as to determine the most critical areas for
water retention.

Microrelief formed by tree uprooting should be simultaneously
inventoried in both managed and natural forests at different slope
inclinations (Norman et al., 1995; Šamonil et al., 2016) and
topographic settings (Cremeans and Kalisz, 1988), and on various
substrates (Valtera et al., 2015). Comparisons of these data would
help understand the differences in microrelief in managed forests
vis a vis their natural (potential) state. Such data would be highly
useful for the restoration management or formation of microrelief
in forest soils to identify sites where: (i) pit-mound microrelief has
considerably lower residence times, or (ii) uprooting has a lower
probability to occur, and/or (iii) uprooting rarely forms pit/mound
microsites (Norman et al., 1995).

The preferences of pit-mound microsites for seed germination
and tree growth (Simon et al., 2011; Šamonil et al., 2016;
Šebková et al., 2012) should be considered in afforestation, thin-
ning, and other silvicultural practices (Fig. 6). However, forest
managers should also pay attention to specific environments and
tree species that may have inverse preferences to pit and/or mound
microsites (Schaetzl et al., 1989a; Peterson and Pickett, 1990).

For hydrological modelling at both the slope and watershed
scale, the physical attributes of pit-mound features should be
transformed into relevant quantitative indices that would reflect
their contributions to slope hydrology (Barnes et al., 2014; Le
and Kumar, 2014). The most widely used half-ellipsoid physical
model for treethrow pit-mounds (Norman et al., 1995) should be
replaced by a more realistic model, or by high-resolution 3D data
of forested surfaces (e.g., Martin et al., 2008) for possible applica-
tion in both microrelief and hydrological modelling (Frei and
Fleckenstein, 2014; Kishné et al., 2014). This change would allow
for a suitable basis for forest management to ameliorate the hydro-
logical function of managed forests, and would support the resili-
ence of forest ecosystems to ongoing climate change (Bates et al.,
2008; European Commission, 2013; Vose et al., 2011). However,
any management practices ‘‘employing” natural processes to ame-
liorate forest ecosystem functions should also take into account all
other desired forest functions.

8. Conclusions

The potential impacts of smoothed microrelief in forest ecosys-
tem functioning can be partially inferred from already published
studies. Well-developed pit-mound microrelief in forests mediates
runoff into watercourses and enhances overall water quality, soil
water retention, and groundwater recharge. Moreover, more effec-
tive retention of water due to pit-mound microrelief may enable
higher availability of moisture for nearby trees, enhancing their
resilience and growth.

In intensively managed forests, the gradual leveling of old, and
the absence of newly formed, pits and mounds can lead to gradual
smoothing of microrelief. This loss of microrelief differentiation
over large forested watersheds may allow more uniform melting
of snow across the soil surface, decrease water retention in forest
soils, and impair the long-term availability of water for trees.
Water would drain faster to streams, such that an intense or pro-
longed rainfall may more likely cause floods, reinforcing drought
stress during subsequent dry periods. Together, these processes
may significantly weaken the production and resilience of forest
ecosystems. From a long-term perspective, the decreased effi-
ciency in rainwater harvesting in forests may have negative
impacts not only on their own water supply, but also on the water
regime of the basin. This would become increasingly important
with the increasing frequency of extreme hydrological events
expected in the most accepted scenarios of future climate change.

Further hydrological analyses using high-resolution 3D data of
forest surfaces, perhaps coupled with direct field experiments,
would give a more realistic picture of how the natural pit-mound
microrelief in forest soils affects water retention and hydrology.
Hydrologists should experimentally measure and quantify the real
impact of pit-mound microrelief on soil water retention and runoff
retardation.

Further research is also needed to quantify the differences
between the microrelief of intensively managed forests, as com-
pared to their natural (potential) state. Determination of the most
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critical areas for potential restoration of naturally undulated
microrelief in forest soils should be based on detailed monitoring
and comparisons with reference natural forests under similar topo-
graphical, geological and pedological conditions, and should take
into account different biomechanical impacts of various tree spe-
cies, as well as other desired functions of the forest, including its
accessibility and safety for humans.
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