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Earth Surface Processes and Landforms

ABSTRACT: Low-energy streams in peatlands often have a high sinuosity. However, it is unknown how this sinuous planform
formed, since lateral migration of the channel is hindered by relatively erosion-resistant banks. We present a conceptual model of
Holocene morphodynamic evolution of a stream in a peat-filled valley, based on a palaeohydrological reconstruction. Coring,
ground-penetrating radar (GPR) data, and '*C and OSL dating were used for the reconstruction. We found that the stream planform
is partly inherited from the Late-Glacial topography, reflecting stream morphology prior to peat growth in the valley. Most impor-
tantly, we show that aggrading streams in a peat-filled valley combine vertical aggradation with lateral displacement caused by at-
traction to the sandy valley sides, which are more erodible than the co-evally aggrading valley-fill. Owing to this oblique aggradation
in combination with floodplain widening, the stream becomes stretched out as channel reaches may alternately aggrade along
opposed valley sides, resulting in increased sinuosity over time. Hence, highly sinuous planforms can form in peat-filled valleys with-
out the traditional morphodynamics of alluvial bed lateral migration. Improved understanding of the evolution of streams provides

inspiration for stream restoration. Copyright © 2016 John Wiley & Sons, Ltd.

Introduction

Predicting stream morphodynamics is a key aspect in stream
restoration projects, in order to prevent flooding or unwanted
bank erosion, and to plan and minimize management (Eekhout
etal., 2015). Currently, a knowledge gap exists between stream
restoration demands and current understanding on the
morphodynamic functioning of low-energy streams (Wohl
et al., 2005; Walter and Merritts, 2008; Lespez et al., 2015).
In many stream restoration projects in lowlands, single-thread,
sinuous streams are often seen as ‘natural’ and used as a refer-
ence. Sometimes this reference is derived from historical maps
(Kondolf, 2006). However, it is often unknown when the sinu-
ous planform formed and whether streams laterally migrated
in the past. Some studies found evidence that the sinuous plan-
form of low-energy streams may be the consequence of histor-
ical land-use changes that started around the Bronze Age
(Broothaerts et al., 2014; Lespez et al., 2015) or later (Kondolf
et al., 2002), or may be the result of historical water engineer-
ing (e.g. for watermills) (Walter and Merritts, 2008). Since
morphodynamic processes in low-energy streams are slow,
these processes should be studied on a longer time scale using
palaeohydrological approaches in order to constrain future
morphological stream behaviour (Grabowski et al., 2014).
Palaeohydrology is defined as ‘the study of fluvial processes

and their hydrological implications before the onset of instru-
mental records’ (Thorndycraft, 2013), and is becoming a more
important discipline needed to understand and manage rivers
and streams (Sear and Arnell, 2006). The discipline has made
considerable progress in developing relevant knowledge and
tools for water managers (Brierley and Fryirs, 2000; Kondolf
et al., 2003b).

There are several types and settings of low-energy streams
(Kondolf et al., 2003a). Here we use a recent classification
scheme for European streams by Gurnell et al. (2014) that builds
on the classification scheme of Nanson and Croke (1992). They
define low-energy streams as those having a stream power of
less than TO0W m™2. Low-energy streams can be divided into
anabranching streams and single-thread streams, and can
further be subdivided into streams with inorganic floodplains
(Brown and Keough, 1992; Notebaert and Verstraeten, 2010;
Eekhout et al., 2015) and organic floodplains, i.e. peatlands
(Prosser et al.,, 1994; Gradzinski et al., 2003; Watters and
Stanley, 2007; Nanson, 2009). Low-energy streams are often
classified as non-dynamic, with a stream power too limited to
induce morphodynamic processes (Kleinhans et al, 2009;
Kleinhans and Van den Berg, 2011; Eekhout et al., 2014),
especially in peatlands, since peatbanks are relatively erosion-
resistant (Micheli and Kirchner, 2002a, b; Gradzinski et al.,
2003; Nanson, 2010; Stenberg et al., 2015). At the same time,
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peatland streams often have a high sinuosity and tight meander
bends (Jurmu and Andrle, 1997), but the morphodynamics of
such systems has received little attention to date.

In general, hydraulic processes are responsible for the in-
channel morphology (Nanson, 2010; Nanson et al., 2010), in
some cases in combination with biological processes by plants
and their non-degrading remnants which may build and
stabilize the channel banks (Gradzinski et al., 2003; Watters
and Stanley, 2007; Gurnell, 2014). Although both processes
also act in peatland streams, their relative importance will be
different. Traditionally deployed fluid mechanics and empirical
geomorphic rules of self-adjusting channels in clastic alluvium
seem invalid and should not be applied in peatland streams
(Jurmu, 2002; Nanson, 2009, 2010; Nanson et al., 2010). Even
though sinuous channels are often found in peatlands, it is
unknown how and why the sinuous planform evolved and
whether the sinuosity is a result of lateral migration of channels
(Gradzinski et al., 2003; Nanson and Cohen, 2014). Nanson
and Cohen (2014) argue that the steep, stable peat-banks result
in high flow-efficient channels. They also argue that the tight
meander bends in these sinuous channels are therefore formed
to consume the surplus stream power by the creation of sec-
ondary currents and turbulence, hence peatland systems attain
equilibrium. However, this process still does not explain how,
when, and at what rate these bends were formed.

Brown and Keough (1992) and Brown et al. (1994) showed
that the sinuous planform of low-energy streams in the United
Kingdom was inherited from former river styles. They found ev-
idence that the pattern of stream channels changed during the
Holocene from braiding rivers into anastomosing rivers, and
later into single-thread, laterally stable channels (‘stable bed
aggrading banks” model). Similarly, such a pattern shift might
explain sinuous yet laterally stable channels in peatlands,
where the stream planform is inherited from the period prior
to peat growth. In addition, it is debated whether natural low-
energy systems in peatlands always have had a channel, or that
drainage may also have been dispersed in a wetland system.
The latter seems to have been the case during the Middle
Holocene in some lowland valleys (Nanson, 2009; Broothaerts
et al., 2014; Lespez et al., 2015), although it is not clear
whether that was a common or an exceptional phenomenon.

The aim of this research is to identify the mechanisms that
lead to the formation of highly sinuous planforms in low-energy
streams in a peat-filled valley. Our study involves a detailed
palaeohydrological reconstruction of the morphodynamic evo-
lution of a peatland stream during the Holocene. We present a
new conceptual model for stream planform evolution in this
setting, and discuss the implications for streams in similar
systems and for future management of these stream types.

Study Area

A study area was chosen where peat growth occurred during
the entire Holocene, to cover a long time period with condi-
tions similar to the present. In addition, this area should have
a stream that has never been channelized (and also not re-
stored) to relate the present stream morphology to the past
morphodynamic functioning. The Drentsche Aa in the north-
eastern Netherlands (Figure 1) fitted these criteria.

The Drentsche Aa is one of the few streams in The
Netherlands that has never been channelized and still has a sin-
uous planform for almost its entire length (De Gans, 1981; Spek
et al., 2015). Kuenen (1944) highlighted that morphodynamic
processes of meandering are lacking in the nevertheless sinu-
ous Drentsche Aa, a finding recently corroborated by a study
of historic maps from 1650 to 1900 AD. The Drentsche Aa
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catchment (300 km?, Figure 1) is located within subglacially de-
formed till ridges of the Drenthe till plateau formed 150 000 to
160 000 years ago (Van den Berg and Beets, 1987; Busschers
et al., 2008). The formation of the valleys was the result of fast
surface runoff of snow meltwater under permafrost conditions
during the Weichselian (De Gans, 1981). Coversands were de-
posited over a large part of the area during this period, reaching
thicknesses of 0.5 to 2 m. From the late Weichselian and during
the Holocene, the valleys filled with peat, with thicknesses
locally reaching up to 7 m (Makaske et al., 2015). Nowadays,
the Drentsche Aa is a low-energy stream with a mean annual
discharge of 1.8m*s™", a stream power of 0.5 Wm™2, and the
floodplain elevation varies from 16 m+ NAP (Dutch Ordnance
Datum, = sea level) to 0.7 m + NAP. Most of the catchment area
is a national park since 1965, a Unesco Global Geopark since
2015, and functions as a nature conservation reserve with forest
and meadows. The land use around the national park is forest
and agriculture (cattle and arable farming). Groundwater use
for drinking water purposes has been limited since 1989, to pre-
vent additional peat oxidation in the valleys (Meijles, 2015).

Six locations were chosen along the Drentsche Aa for our
study (Figure 1). These locations were selected based on equal
coverage of the catchment, minimum signs of human distur-
bance and covering both straight reaches and bends. Three of
these sites were part of a previous investigation providing
dating and coring data for the locations Loon, Kappersbult
and Amen (Makaske et al., 2015). Additional locations were
at Schipborg, and two locations at Gasteren (Gasteren1 and
Gasteren2). The Gasteren sections are on a tributary of the
Drentsche Aa (Figure 1). Figure 2 shows the digital elevation
models  (DEM,  Actueel Hoogtebestand  Nederland,
0.5x0.5m) (Van Heerd and Van’t Zand, 1999) for all locations.
The Drentsche Aa has a width of approximately 3 m at the most
upstream location in Amen, in comparison with a width of
approximately 15 m at Kappersbult.

Makaske et al. (2015) studied the peat growth rate in the
Drentsche Aa valley by radiocarbon (**C) dating of in situ peat.
All their samples were taken on the sandy Pleistocene valley
side to minimize the effects of peat compaction on the
reconstruction of past water table heights. The '*C data and
the absence of layers with strongly degraded peat indicate con-
tinuous peat formation, and thus groundwater-level rise, since
the Late Glacial until the Middle Ages (Makaske et al., 2015).

Methodology
Lithological description

Six transects were cored with a gouge auger (@: 3 cm). The tran-
sects were planned using the DEM, and were placed perpen-
dicular to the stream. The transects were located such that the
entire floodplain was included. The coring depth varied de-
pending on the depth of the underlying Pleistocene deposits,
but did not exceed 8 m. Coring spacing was 5 to 10 m near
the current stream, to ensure that all potential channel deposits
were sampled, taking into consideration the dimensions of the
palaeochannels. The surface elevation of each borehole was
measured with a Global Navigation Satellite System (GNSS) de-
vice, with a vertical accuracy of approximately 1 to 2 cm. Addi-
tional coring data from 2003, 2009 and 2010 was available at
Loon, Kappersbult and Amen from Makaske et al. (2015). For
one site, the original lithological data of one coring was derived
from DINOLoket, a national geological borehole database
(TNO, 2015), because we could not access the field site. The
section Gasteren1 was difficult to auger, owing to the extremely
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Map of the study area. a) The Drentsche Aa is located in the northeastern Netherlands. b) A DEM (Van Heerd and Vant Zand, 1999) of the

Drentsche Aa catchment, including the locations where the stratigraphic cross-sections were made. At Gasteren, two stratigraphic cross-sections were
made (Gasteren1 and Gasteren2). [Colour figure can be viewed at wileyonlinelibrary.com]

wet surface conditions. Auger points at this location had to be
selected based on the terrain accessibility.

A standard method was used to describe the sediment cores
in 10-cm-thick intervals (Berendsen and Stouthamer, 2001).
The sediment texture (Dso) of non-organic, sandy samples
was visually determined in the field by comparison with a sand
ruler. Organic samples were visually checked in the field for
the presence of sand or loam. At all locations the plant
macro-remains were described.

GPR

Ground penetrating radar (GPR) proved to be successful in pre-
vious studies in peatlands (Lowry et al., 2009; Proulx-Mclnnis
et al., 2013; Pirnau et al., 2015). GPR is able to detect layers
that have a different bulk density and humification, so it was
expected that sand layers within the peat could also be de-
tected (Lapen et al., 1996; Van Overmeeren et al., 1997; Pirnau
et al., 2015). GPR measurements were conducted with a
pulseEKKO PRO 200Hz and 250Hz with a SmartTow
configuration. The GPR was used to cover four of the six cored
transects. The other locations were too wet to use GPR
(Gasteren1), or contained too much clay resulting in attenuat-
ing signals (Kappersbult). The GPR signal reached a depth of
approximately 3 m in the peat-filled valley of the Drentsche

Copyright © 2016 John Wiley & Sons, Ltd.

Aa. The high groundwater levels result in high attenuation of
radar signals and limited penetration depth (Wastiaux et al.,
2000; Neal, 2004). In the Drentsche Aa valley different
lithologies are present in the subsurface, affecting the
electromagnetic-wave velocity that determines the depth of at-
tenuation. In freshwater peat the wave has a velocity of 0.03 to
0.06 mns™', while in saturated sand the wave has a velocity of
0.05 to 0.08 mns~' (Neal, 2004). The actual velocity was de-
rived from the GPR profiles by using isolated reflector points
(Neal, 2004), and was in all profiles between 0.054 and
0.060mns~". Since the GPR is primarily used to determine
the shapes and continuity of lithological layers, the GPR pro-
files were not corrected for the heterogeneous electromagnetic
velocity speeds and slight undulations of the surface elevation.
The GPR profiles were interpreted based on expert judgement,
and provided insight into the approximate depths and geometry
of the lithological features for the upper 3 m. This insight helped
to infer the lithogenetic cross-sections from the lithological
cross-sections which are based on the coring data.

OSL dating

Optically stimulated luminescence (OSL) dating is a powerful
tool in dating sediments from a wide range of depositional en-
vironments (Wallinga et al., 2007). OSL dating determines the

Earth Surf. Process. Landforms, (2017)
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Figure 2. DEM of all study locations, including the coring locations. All locations are shown in two different scales (left & right). a) Amen, b) Loon, ¢)
Gasteren (east) & Gasteren2 (west), dashed line indicates the tributary channel found in cross-section Gasteren1, d) Schipborg, and e) Kappersbult.
[Colour figure can be viewed at wileyonlinelibrary.com]
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last exposure to light of mineral grains (here sand-sized quartz),
and thus determines the time of deposition and burial of sedi-
ments (Preusser et al., 2008). Four samples for optical stimu-
lated luminescence (OSL) were taken to determine the burial
age of sandy deposits within the valley-fill at Schipborg. The
OSL samples were taken at different depths in a single borehole
at 30m from the stream using a Van der Staay suction corer
(Van de Meene et al., 1979; Wallinga and van der Staay,
1999) for saturated sand, or a modified hand-auger in unsatu-
rated conditions. Both methods use a PVC-tube (@ 4-4.5cm)
to collect the samples, which ensures that samples are not
exposed to light during sampling. The OSL age was determined
at the Netherlands Centre for Luminescence dating. In the
laboratory, the outer 3 cm of all samples was removed and a
sample of 300 to 500g was left for the analysis and split into
two parts under orange/amber safelights. One part was
prepared for dose rate analysis and the other part for equivalent
dose estimation.

Bulk samples were dried for 24 h at 105°C, weighed, and
ashed for 24 h at 500°C; water and organic content was deter-
mined during this procedure. The sample was ground and cast
in wax to ensure radon retention, and radionuclide concentra-
tions were measured using a broad-energy gamma spectrome-
ter. Dose rates were calculated using the conversion factors of
Guérin et al. (2011) taking into account contributions from
cosmic rays (Prescott and Hutton, 1994), as well as attenuation
by water, organics and grain size (Aitken, 1985; Madsen et al.,
2005).

Quartz extracts of coarse grains (212-250 um) were obtained
through sieving and treatment with HCI, H,O, and HF. For
each sample, small aliquots (2 mm diameter) were prepared
on stainless-steel discs sprayed with a thin layer of silicon.
Measurements were performed on a Risg TL/OSL DA20 reader
(Botter-Jensen et al., 2003), using the single-aliquot regenera-
tive dose (SAR) protocol (Wintle and Murray, 2006). A rela-
tively low preheat of 200°C and cutheat of 180°C were used,
to prevent thermal transfer effects. Early background subtrac-
tion was used to maximize the contribution from the quartz
fast-OSL component (Cunningham and Wallinga, 2010).
Around 45 aliquots were measured per sample. A bootstrapped
version of the Minimum Age Model (Galbraith et al., 1999;
Cunningham and Wallinga, 2012) was used to estimate burial
doses from scattered equivalent dose distributions, assuming
an overdispersion of 20+5% not related to heterogeneous
bleaching (Cunningham et al., 2011). Burial ages were deter-
mined by dividing the equivalent dose by the dose rate, taking
all uncertainties in both into account. Results are reported with
1-sigma errors.

14C dating

First we briefly describe the methods used by Makaske et al.
(2015) for collecting and dating peat samples. Their samples
were taken at the sand-peat interface with a gouge auger (@:
4 cm). In the laboratory, the sample was cut in 1 cm thick slices
and sieved with a mesh size of 180 um. Suitable material was
selected by using a microsope and samples were stored in di-
luted HCI. Terrestrial macro-remains such as leaves and seeds
were preferably used for the analysis to prevent an under- or
overestimation of the 'C age (Mook and Streurman, 1983;
Tornqvist et al., 1992). However, due to the lack of recogniz-
able macro-remains also wood or unrecognizable plant re-
mains were used. From the residue and filtrate the sand
content was determined. The sand—peat interface was based
on a volumetric sand content lower than 10 to 20%. The
macro-remains from the centimeter above this interface were

Copyright © 2016 John Wiley & Sons, Ltd.

selected for the '*C analysis. In total 15 samples of selected
macro-remains were dated at the Accelerator Mass Spectrome-
try (AMS) facility of the Leibniz Laboratory for Radiometric
Dating and Stable Isotope Research. For calibration, the IntCal9
curve was used in the Wincal25 software (Van der Plicht, 2005;
Reimer et al., 2009).

One additional sample for '*C analysis was taken in this
study from terrestrial macro-remains (alder wood) in the same
borehole as the OSL samples, below the sedimentary unit at a
depth of 420cm (Figure 7(a)). The matrix around the alder
wood had all the characteristics of the described lithogenetic
in situ peat unit (see lithogenetic unit description). The '*C
age was determined by AMS at the Centre for Isotope Research
(Groningen University). For calibration, the IntCal13 curve was
used in the OxCal4.2.4 software (Bronk Ramsey, 2009; Reimer
etal., 2013).

Inferences on lithogenesis

The cross-section figures are set up with different panels,
starting with a geological overview cross-section (after
Makaske et al., 2015), followed by a lithological, an interpreted
GPR, and a lithogenetic cross-section (Figures 3-8), if all these
data were present for the specific location. The lithogenetic
cross-sections are constructed based on the combination of
all the available information for each section. The first step
was to distinguish units based on their lithology and additional
characteristics found during the coring, e.g. presence of macro-
remains or layering. The second step was combining this infor-
mation with the extent and shape of each unit, obtained
through closely spaced cores and GPR data for the upper 3 m
(original GPR profiles in Supporting information). The DEM
was also used for the near-surface stratigraphy, since surface el-
evations can help in identifying morphological features. For ex-
ample, old channel beds or overbank deposits were easily
recognized from the GPR and DEM by their geometry, which
in combination with the lithology from the boreholes helped
in distinguishing the units in the lithogenetic cross-sections.
The last step involved using the OSL and '*C data (Table |
and 1) to validate the stratigraphical order of the lithogenetic
units at Schipborg. '*C ages from the valley fill at the
palaeovalley margins provide information on timing and rate
of peat development in the valley. However, because of differ-
ential compaction related to valley shape and loading effects,
isochrones are not expected to be horizontal.

Results
Lithogenetic units

In situ peat contains plant macrofossils, mostly alder and some
oak wood, and sedge roots and leafs. Wood pieces can reach
thicknesses in boreholes of 0.5m. The unit does not contain
observable clastic sediments. The colour of this lithogenetic
unit is dark brown, but turns black when exposed to air. Plant
remains are interwoven, resulting in a firm structure. This
lithogenetic unit corresponds to the description of in situ peat
by Bos et al. (2012). In situ peat is mostly found as the matrix
in which other lithogenetic units are present.

Fluvial deposits may consist of peat with clastic sediments,
but also clay, silt or sand with an extremely fine to coarse tex-
ture (75-600 um). The unit can show well developed bedding,
varying from several centimeters to several decimeters in thick-
ness. Sometimes a thinning upward succession was recog-
nized. The clastics can be poorly sorted. The colour is light to

Earth Surf. Process. Landforms, (2017)
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Figure 3. Amen: a) Geological cross-section of the valley (modified after Makaske et al., 2015) b) lithological cross-section of the valley-fill, c) GPR
profile of the west side of the stream, d) lithogenetic cross-section of the valley-fill. Letter O indicates overbank deposits. Letter C indicates channel

deposits. [Colour figure can be viewed at wileyonlinelibrary.com]

dark grey when sandy, and dark brown to dark grey when
clayey. For the peaty facies, clastics are present throughout
the entire peat mass. Plant macrofossils are mostly present,
but they are relatively small and fragmented compared with
the macrofossils in the in situ peat unit. Moreover, the macro-
fossils occur bedded within this unit. The structure is less firm
than the in situ peat, as the plant macrofossils are not interwo-
ven. The colour of the peat is dark brown.

Channel deposits can sometimes be distinguished within the
fluvial deposits unit, when the unit has a low width/thickness
ratio, consists of the sandy fraction and contain well developed
stratification. Overbank deposits can be distinguished within
the fluvial deposits unit, when the fluvial deposits consist of
the clayey fraction. In addition, bodies of fluvial deposits with
a high width/thickness ratio are interpreted as overbank

Copyright © 2016 John Wiley & Sons, Ltd.

deposits. These bodies are mostly positioned along the channel
deposits, within the matrix of peat. Additional letters ‘O’
(overbank) and ‘C’ (channel) are added in the lithogenetic
cross-sections when the geometry allows discriminating these
lithogenetic sub-units.

The overbank deposits can contain ferruginous concretions,
which are irregularly distributed. These concretions were
analysed by XRF and consist of 58% iron oxide (Table Ill); given
the clayey and peaty environment, the concretions probably
consist of siderite (FeCQO3) (Dr Bertil van Os, personal commu-
nication, November 2015).

Aeolian deposits consist of clastic sediments varying in tex-
ture from medium fine sand to fine sand (150-420 um). The
sand is well sorted, and plant remains are hardly present. The
lithogenetic unit is strongly layered. The colour is light to dark

Earth Surf. Process. Landforms, (2017)
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Figure 4. Loon: a) Geological cross-section of the valley (modified after Makaske et al., 2015) b) Lithological cross-section of the valley-fill, c) GPR
profile of the west side of the stream, d) lithogenetic cross-section of the valley-fill. Letter O indicates overbank deposits. Letter C indicates channel

deposits. [Colour figure can be viewed at wileyonlinelibrary.com]

grey. The unit is only encountered at section Schipborg, where
it reaches a thickness up to 4 m, and fills the entire valley on
one side of the stream. Beds dip towards the stream with an
angle of 15-25°, and strongly compacted in situ peat was
found below this deposit. The top of the lithogenetic unit
consists of topographic highs and lows with 1 to 1.5 m differ-
ence in elevation. Elevation differences can be recognized at
the surface, and the valley is bordered by dunes. Thick aeolian
deposits located at the surface are known in this area as drift-
sand deposits (Koster et al., 1993).

Older deposits consist of several lithogenetic units and form
the palaeovalley. The unit consists of clastic sediment, varying
from fine sand to extremely fine sand (75-210 um) and are
mostly well sorted. The sand may contain low percentages of
loam (<10%). At the lowest parts of the palaeovalley the unit

Copyright © 2016 John Wiley & Sons, Ltd.

can be poorly sorted and contain up to 10% gravel. The unit
is easily distinguishable from the other lithogenetic units by its
light-grey colour, its strong consolidation, some thin soil forma-
tion, and sometimes a sharp transition with the other units.
Plant remains are mostly absent. The older deposits largely con-
sist of aeolian sands (coversand) on the valley sides, and fluvial
periglacial sands in the valley (De Gans, 1981). No distinction
was made, as our interest is in the Holocene deposits of the
valley fill.

Cross-sections

At Amen (Figure 3) the palaeovalley is relatively shallow, with a
minimum depth of 3 m. The valley-fill mainly consists of fluvial

Earth Surf. Process. Landforms, (2017)
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deposits. Letter C indicates channel deposits. [Colour figure can be viewed at wileyonlinelibrary.com]

deposits, and a small amount of in situ peat. The '*C ages of
Makaske et al. (2015) were in non-stratigraphical order. Our re-
sults indicate that this may be due to dating overbank deposits
rather than in situ peat. At Loon (Figure 4) the channel deposits
are located in the middle of the palaeovalley with in situ peat
on both sides. At Gasterenl (Figure 5) the channel deposits
are located along the southwestern palaeovalley side. Fluvial
deposits are also located at the northeastern side of the
palaeovalley. From the DEM (Figure 2(c), dashed line) it can
be derived that these are remainders of an abandoned stream
that is not visible in the field. The palaeovalley in Gasteren2
(Figure 6) is wider than that in Gasteren1. Channel deposits
are located in the middle of the palaeovalley below 2.8 m be-
low the surface. Above that level, they are covering the north-
eastern palaeovalley side. The Schipborg section (Figure 7)
differs from the other sections, with the presence of aeolian de-
posits on top of the peat. Dune deposits (fine sands) are inter-
bedded with fluvial overbank interdune deposits (clay,
reworked plant remains) in the lows, similar to that presented
in the conceptual model of Langford (1989) and stratigraphy
of Langford and Chan (1989). A borehole 100 m farther down-
stream did not contain this aeolian unit, indicating how local
these deposits are (Figure 2(d)). The drift-sand activity seems
to have started 2.4 ka ago and was probably strongly related
to human activity in the area (Derese et al., 2010; Sevink
et al., 2013; Jager, 2015). Another phase was dated at the start
of the Middle Ages, 1.4 ka ago. The age difference to the '*C
date below the aeolian deposits is probably the result of wood
being taken for the '*C analysis rather than seeds or leaves,
resulting in an overestimation of the age (Mook and Streurman,
1983; Tornqvist et al., 1992). Other explanations are differen-
tial compaction and the slow peat growth rate during this
period, which was limited to a few decimetres per thousand
years (Makaske et al., 2015). At the final section in Kappersbult
(Figure 8) the channel deposits are located along the
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northeastern palaeovalley side. Overbank deposits at this site
contain abundant ferruginous concretions (Table I11).

Conceptual Model
Stream evolution as a function of valley shape

Until the start of the Bolling-Allered interstadial (~14.7 ka), peat
formation was absent and stream channels were situated on the
sandy Pleistocene valley floor. As a result of permafrost condi-
tions in the catchment (De Gans, 1981), streams were probably
able to laterally migrate as stream power allowed for lateral
erosion of the relatively easily erodible, sandy banks. At a later
stage, peat started to form as a result of wetter conditions in the
valley (Makaske et al, 2015). The oldest '*C date in
Kappersbult (KIA_43754, Table Il) dates from the Younger
Dryas (~12 ka). However, since the '*C date was taken approx-
imately 25 cm above the valley floor, the initial establishment
of peat is expected to date from the Bolling-Allered interstadial
(14.7-12.7 ka) when warmer and wetter conditions favoured
peat growth (Hoek, 2008).

The peat growth has resulted in changing stream
morphodynamics, in a way that depends on the position of
the channel in the valley. Here we distinguish between discon-
nected channels and connected channels. The former are lo-
cated in the central valley and have peat banks on both sides,
while the latter are located at the margin of the floodplain, with
a peat bank on the inside and sandy bank on the outside.

Disconnected channel reaches, i.e. those in the centre of the
valley, aggrade vertically in response to peat growth. Erosion-
resistant peat banks (Micheli and Kirchner, 2002a, b;
Gradzinski et al., 2003; Nanson, 2010; Stenberg et al., 2015)
are present on both sides of the channel during aggradation,
preventing lateral channel migration (Figure 9a-1). This process
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of the valley-fill. Letter O indicates overbank deposits. Letter C indicates channel deposits. [Colour figure can be viewed at wileyonlinelibrary.com]

can for example be seen in the Loon cross-section (Figure 4).
Although the channel bed lithology changed during aggrada-
tion, the current stream reach location is vertically in line with
the stream reach location at the start of peat growth.
Connected channels, i.e. those touching the valley side,
aggrade obliquely along the valley side during the accumula-
tion of peat in the valley (Figure 9a-2). Rajchl and Uli¢ny
(2005) used the term oblique aggradation in their work and de-
fined it as ‘a combination of lateral migration and aggradation
during channel activity, resulting in stacking of channel-fill
bodies oblique to general stratification’. Their explanation for
oblique aggradation was related to compactional tilting of the
underlying peat during the late Oligocene-early Miocene. The
underlying cause of oblique aggradation in our study seems re-
lated to the differences in resistance to erosion between the
peat and the sandy subsurface, with peat having a higher resis-
tance (Micheli and Kirchner, 2002a, b; Stenberg et al., 2015).
Because of this difference, channel widening will tend to occur
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at the sandy valley side. On the other side of the stream, fluvial
deposits and vegetation will narrow the channel and deposits
will be covered by peat during the aggradation of the valley.
The combined effect of these two processes is that the channel
is pulled to the valley side. However, the erosion rates seem to
be low, resulting in a largely unaffected, relatively symmetrical
and uniform shape of the subsurface. Another factor that may
affect the adherence of the stream channel to the valley side
is groundwater seepage from the higher grounds into the valley
(Makaske et al., 2015). The occurrence of seepage and the
presence of a sandy substrate are not fully independent.
Groundwater seepage can occur in the valley, because the
sandy valley side is conductive compared with the underlying
tills. Some studies have shown that seepage is an important fac-
tor in bank erosion, resulting in unstable banks which can initi-
ate and promote lateral channel migration (Fox et al., 2007,
2010; Van Balen et al., 2008; Eekhout et al., 2013). Seepage
does not initiate meandering in the Drentsche Aa, but it may
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enhance the process of oblique aggradation by lowering the re-
sistance to erosion of the valley side. In settings with raised peat
bogs the relief may be a third factor. Here, discharge will be
concentrated at topographic lows at the margins of the convex
bogs, and streams will aggrade obliquely when the bog ex-
pands (Ingram and Gore, 1983, p.132). However, this setting
differs from the Drentsche Aa where peat growth is
groundwater-controlled (Makaske et al., 2015), also shown by
the presence of siderite and iron oxides at the section
Kappersbult (Curtis and Coleman, 1986). Therefore, our setting
lacks the convex shape typical for raised bogs, and surface re-
lief is expected to play a minor role in the oblique aggradation
process that we document.

The process of oblique aggradation can be seen in the
Gasteren1, Gasteren2, Schipborg and Kappersbult cross-
sections (Figures 5-7 and 8, respectively). Although Schipborg
differs from these other sections, because sand banks seem to
have been present on both sides of the stream (Figure 7(a)),
oblique aggradation also occurred here. Before drift-sand was
deposited (2.4 ka) peat had a thickness of 6 to 7 m, reaching
the current surface level, comparable to the cross-sections at
Kappersbult and Loon where '*C datings are present (Table II).
Channel deposits were located along the northeastern
palaeovalley side. When the drift-sand was deposited, the peat
was compacted 3 to 4 m by the weight of the deposits, but this
occurred after the oblique aggradation had taken place.

Copyright © 2016 John Wiley & Sons, Ltd.

The development of peat is closely associated with the
groundwater level (Clymo, 1991). As aggradation continues
during the Holocene, the groundwater level can rise above
the valley sides. As a result, the peat can overtop the subsurface
topography and lie on top of the valley sides. If peat overtops
the valley, this may cause streams to disconnect from the valley
side and continue to aggrade vertically rather than obliquely.
This situation is shown in Figure 9a-3, and may explain the
transition from oblique to vertical aggradation shown for
GasterenT and Schipborg (Figures 5 and 7). The contrary transi-
tion does also occur. A disconnected aggrading channel can
become connected to the valley side due to an avulsion, and
aggrade obliquely from then on. This is shown in Figure 9a-4,
and may explain the transition from vertical to oblique aggra-
dation for Gasteren2 (Figure 6(c)).

There are several conditions facilitating oblique aggradation.
We expect the process of oblique aggradation to be a function
of the valley side slope and rate of peat development. Oblique
aggradation is possible if the valley side is not sufficiently stabi-
lized by peat prior to exposure to flowing water of the stream.
For example, if the valley side slope is very gentle, the stream
can become disconnected from the valley side, since peat
can grow on both sides of the stream. A high peat growth rate
might enhance the stream becoming disconnected. However,
from our data it is impossible to define thresholds for the valley
side slope and peat growth rate for oblique aggradation to
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occur. Oblique aggradation occurred over a wide range of
valley side slopes of 3 to 28°. Moreover, the peat growth rates
and therefore the aggradation rates changed over time in the
Drentsche Aa valley (Makaske et al., 2015), but did not seem
to affect the oblique aggradation.

Copyright © 2016 John Wiley & Sons, Ltd.

Effects on stream planform

Applying the previously described mechanisms to the channel
planform shows that the sinuous planform is partly inherited
from the period before peat started to grow and fixed the
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Table I.  OSL results from a coring 30 m west of the stream in Schipborg (Figure 7). Lat,Lon (RD): 240983,565193

Depth Palaeodose Dose rate Age
Sample code Material (m + NAP) (Gy) (Gy/ka) (ka)
NCL2315149* Anthropogenic 2.50 9.8+1.2 1.22 +£0.07 8.0+1.07
NCL2315150 Aeolian 1.10 1.4+0.1 1.01 £0.06 1.4* £ 0.06
NCL2315151 Aeolian -0.25 1.8+£0.1 0.79+0.03 2.3*£0.08
NCL2315152 Aeolian -0.85 1.9+0.1 0.78 £0.03 2.4+0.14
*Unreliable dating, this sample has been anthropogenically influenced.
Table 1. "*C dating results
Age
Depth 1C age
Sample code Material (m + NAP) (a BP) @) BC/AD Lat/Lon (RD)
KIA-43998* Wood and bark 11.45 5149+ 34 4038-3808 BC 238.099 /551.890
KIA-43999* Wood and bark 11.13 7166 £35 6069-5989 BC 238.157 /551.908
KIA-44000* Wood and bark 10.61 6979 + 104 6028-5669 BC 238.173/551.914
KIA-44001* Wood and bark 10.44 5668 + 30 4547-4450 BC 238.176 /551.915
KIA-43745 Plant remains 11.45 1854 £32 84-233 AD 237.992 /559.305
KIA-43746 Plant remains 5.85 4042 £27 2827-2478 BC 238.011 /559.239
KIA-43747 Seeds 3.82 9384 +57 8792-8487 BC 238.018 /559.275
KIA-43748 Bark 2.63 9717 £46 9282-8928 BC 238.023/559.270
KIA-43749 Bark 1.46 9811 +£39 9310-9238 BC 238.041/559.248
KIA_43750 Seeds 0.10 1135+ 42 780-989 AD 237.669 /571.553
KIA_43751 Wood -0.77 2206 £25 361-201 BC 237.675/571.557
KIA_43752 Buds -2.32 3999 +33 2576-2467 BC 237.680/571.559
KIA_43753 Reed —4.32 9043 + 39 8343-8001 BC 237.687 /571.562
KIA_43754 Seeds -5.76 10266 £ 58 10.178-9881 BC 237.692 /571.565
KIA_43755 Reed -3.48 7757 £69 6748-6504 BC 237.684 /571.561
GrA64718 Wood -1.25 6250 £+ 40 7.3-7.2 BC 240.983 / 565.193

*Unreliable dating, since this sample turned out to be fluvial reworked peat.

Table Ill.  XRF analysis results of concretion sample
Type Amount (%)
SiO, 25
CaO 1.60
P,Os 0.35
K,O 0.345
Al,O3 2.57
TiO, 0.069
F6203 58
MnO 2.39
Bal 8.78

channel reaches. In addition, the sinuous stream planform is
partly the result of the combined processes of vertical and
oblique aggradation, alternately pulling the stream reaches
to the one or the other, opposed valley side (Figure 9(b)).
Moreover, the floodplain of the stream widens as a result of
peat growth in a V-shaped valley. Adherence of stream
reaches to the valley sides, in combination with floodplain
widening, results in a stream that is stretched out resulting in
increased sinuosity. Our conceptual model shows that the
palaeovalley shape is essential for the formation of the current
stream planform and floodplain. The palaeovalley shape con-
trols how much the stream planform is stretched out in the
case of a connected stream, controls whether a stream can
become disconnected as a result of peat growth on top of
the valley side, and controls the width of the floodplain.
The stretching occurred mainly in the first period of the
aggradation, when the stream was still connected to the
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valley side. The process will stop if the peat overtops the val-
ley sides, because the stream cannot be connected anymore
from that point onwards. The stretching of the stream results
in a very distinctive and unique planform, with rectangular
bends and relatively straight reaches that either follow the
palaeovalley sides, or cross the palaeovalley. Such planforms
are present along the entire length of the Drentsche Aa
(Figure 1 and 2). This planform is characteristic for the oblique
aggradation process, and different from more circular bends in
sinuous planforms that are the result of the process of lateral
migration of meandering rivers (Lobeck, 1939; Leopold and
Wolman, 1960). Figure 9(c) schematically illustrates both
planforms.

In Gasteren1 (Figure 5) an abandoned channel is located
parallel to the current channel. The abandoned channel can
also be seen on the DEM showing a channel-shaped low at
this location (Figure 2(c)). The abandoned channel can be
interpreted as an old tributary, by tracing back the upstream
channel reaches on the DEM. The DEM reveals several other
inactive channels located parallel to the current active chan-
nel within the Drentsche Aa valley. However, these are not
defined as elements of an anastomosing stream system
(Makaske, 2001), as for instance in the Narew River in
Poland where channels are interconnected (Gradzinski et al.,
2003). From the DEM it can be derived that these parallel
channels are former tributaries that run parallel to the main
channel for some distance, separated by erosion-resistant peat
in between the channels. Nonetheless, some tributary
channels enabled avulsions affecting the connectivity of the
stream to the valley side, as well as the stream planform
(Figure 9a-4). The occurrence of avulsions can be derived
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from the cross-sections at Gasteren (Figures 5 and 6). An avul-
sion between Gasteren1 and Gasteren2 led to a shift of the
main channel in the centre of the valley to the northeastern
valley side by annexation of the lower reach of the tributary.
However, the avulsion frequency is probably low, because
of the low amount of tributary channels present in the
Drentsche Aa valley. Our findings are in line with Gradzinski
et al. (2003), who also found that avulsions are infrequent
processes in peatlands.

Discussion

Landscape evolution in low-energy streams

Although the conceptual model of oblique aggradation pre-
sented here is based on data from the Drentsche Aa, we expect
it to be applicable to the morphological development of other
streams in similar settings. For example, the distinctive
planform with rectangular bends and straight stretches

[ Peat

[l Stream channel deposits
. Stream channel

]

Figure 9. Conceptual model of oblique aggradation in a peat-filled valley, resulting in the rectangular, sinuous planform. a) Simplified, schematic
cross-sections illustrating different processes that affect the channel planform and morphology in a Holocene valley filled up with peat. 1) An
aggrading disconnected channel, 2) a connected channel obliquely aggrading along the valley side, 3) a connected channel changing to a discon-
nected channel because it overtops the valley, 4) a disconnected channel changing to a connected channel as the result of an avulsion. b) A sketch
of the sinuous planform formation by oblique aggradation. c) A sketch of 1) a sinuous planform as a result of lateral migration, 2) a rectangular sinuous

planform as a result of oblique aggradation.
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Figure 10.  Stream planforms throughout the world. a) The Narew River in Poland (53°06'17.9“N 22°48'33.7“E); b) a stream draining in the Hudson
Bay near Churchill (58°16'09.8“N 95°43'18.4“W); c) a stream near Taman National Park in Indonesia (1°03’05.7“N 112°21/44.5"E); d) a tributary of
Uele in Siberia (72°32'24.3“N 118°04'23.0”E); e) the Roer in The Netherlands 51° 9'42.80”N 6° 0'1.43“E). Source: Google Earth, 2016. [Colour

figure can be viewed at wileyonlinelibrary.com]

(Figure 9(c)) can be used to identify streams where oblique ag-
gradation may be a dominant mechanism in stream valley
reaches with a dominantly organic subsoil. Similar planform
characteristics were found for some channel reaches of the
anastomosing Narew River in Poland (Figure 10(a)). Gradzinski
et al. (2003) found that peat growth started here at some loca-
tions in the Middle Holocene, reaching thicknesses up to 4 m
on top of a glacio-fluvial sandy subsurface. They also found
that most channel reaches have a low sinuosity, typical for
anastomosing rivers (Makaske, 2001). However, Gradzinski
et al. (2003) were not able to explain the presence of channel
reaches with a high sinuosity. They also found that these
channel reaches are lacking point bars and have not changed
planform or position for over 100 years, as appears from com-
parison with historical maps of 1886. Our conceptual model
may explain the typical planform of the Narew River. Because
peat aggraded above the palaeovalley margins, the underlying
palaeovalley structures guiding the oblique aggradation mech-
anism cannot be recognized nowadays and the surface topog-
raphy is flat.

An exploratory inventory based on satellite imagery (Google
Earth) of remote peatland areas with minimal human
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disturbance provided several other examples of streams with
the distinctive rectangular planform, similar to that found in
the Drentsche Aa. Examples include streams in vast peatland
areas in Siberia, Canada, and Indonesia where peat has grown
for the past millennia (Botch et al., 1995; Page et al., 1999;
Bridgham et al., 2006; Dyke and Sladen, 2010; Vermeulen
et al., 2014) (Figure 10(b)—(d)). The planforms of these streams
differ from more rounded planforms of alluvial meandering
streams, e.g. de Roer in The Netherlands (Figure 10(e)) (Wilde
and Tanzer, 1965). Although palaeohydrological information
on the identified streams in peatlands is lacking, we suggest
that it is highly likely that oblique aggradation caused the plan-
form formation, similar to the Narew River.

We propose that our conceptual model of oblique aggrada-
tion is applicable when certain preconditions are present. First,
an aggrading setting is needed, which is often associated with
peat growth. Peat forms as a result of permanently high ground-
water levels. Controlling factors of peat growth are climate
change and base level rise. Both may result in rising regional
groundwater levels. A second precondition is relief. Without
relief, streams will be disconnected and oblique aggradation
cannot occur. Thirdly, the valley side should have a lower
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erodibility than the valley fill. If both banks are equally erod-
ible, connected streams will not adhere to the valley side and
oblique aggradation will not occur. Taking these preconditions
into account, oblique aggradation can also occur in different
stream settings from those presented in this study, explaining
the sinuous planform. For instance, a detailed sedimentological
study by Makaske et al. (2002, p. 1054) revealed oblique aggra-
dation in the upper Columbia River. In this case, the oblique
aggradation was not related to peat growth, but rather the result
of one bank being more erodible than the opposed bank during
aggradation of the system. This example corroborates that
oblique aggradation is a consequence of differences in
erosion-resistance of opposing banks. Therefore, oblique
aggradation can also occur in aggrading stream valleys with a
clayey valley-fill that also has a relatively high resistance to ero-
sion (Grissinger, 1982; Thorne, 1982). Obliquely aggrading
rivers with a clayey bank were also observed by Berendsen
and Stouthamer (2000). They found that the meandering rivers
Rhine and Meuse between approximately 6000-2500 BP
tended to adhere to the sandy edges of the Late Weichselian
palaeovalley rather than the central valley, which contains
many clay and peat layers. However, the sinuous planform of
these rivers is formed by meandering, since a higher stream
power results in the ability of a river to meander in spite of
erosion-resistant banks (Kleinhans and Van den Berg, 2011).
Therefore, oblique aggradation is expected to have a larger
impact on the planform of low-energy rivers than on the plan-
form of high-energy rivers.

In different stream settings, the Stable-Bed-Aggrading-Banks
model by Brown and Keough (1992) and Brown et al. (1994)
might explain the presence of a sinuous planform in laterally
stable streams. This model shows that sinuous stream planforms
can be inherited from past fluvial regimes when the stream had
enough stream power to form a sinuous planform. However,
where oblique aggradation results in an increase of sinuosity
over time, the stable-bed-aggrading-bank model results in
preservation of sinuosity.

Lessons for stream restoration

The palaeohydrological context of streams provides valuable
information for water managers to identify realistic stream res-
toration goals. Currently, stream restoration often fails, due to
the lack of a scientific context (Wohl et al., 2005) and stream
restoration practices (e.g. stream re-meandering) are often im-
plemented without having set clear goals or states of success
(McMillan and Vidon, 2014). It has been argued that reference
states should not be used as a goal in stream restoration
projects, since streams are dynamic and change over time so
previous states may be impossible to return to (Dufour and
Piégay, 2009). Instead, it has been argued that we should learn
from the processes that result in stream dynamics and account
for these processes in the restored stream (Kondolf, 2006;
Brierley and Fryirs, 2009, 2015). Makaske and Maas (2015)
suggested designing new stream channels based on calcula-
tions of the hydraulic and planform geometry that fit the current
stream power rather than copying these aspects from historic
maps. However, the planform of a peatland stream such as
the Drentsche Aa has changed little over the last thousands of
years and bears little relation to the hydrology of the system
and limited changes thereof. Therefore historical maps provide
excellent input to design the stream planform in peatland
streams.

Some stream restoration projects in peatlands involve restor-
ing dispersed wetland systems rather than re-designing the
stream channel. An example of a historic dispersed wetland
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system, or ‘swampy meadow’ (Mactaggart et al., 2008), was
found in south-eastern Australia. Here the dispersed wetland
system was incised by a stream following human colonization
and land use changes (Prosser et al., 1994; Nanson, 2009).
For the Drentsche Aa system, we found no evidence of a wet-
land without a channel. In contrast, all stratigraphic cross-
sections show evidence of channel deposits at all stratigraphic
levels, although we are aware that stratigraphic layers without a
channel might have existed and been incised by a channel at a
later stage. From our data and a previous study (Makaske et al.,
2015) there are no indications of specific incisional phases, al-
though again minor phases of incision or denudation cannot be
excluded. This finding contrasts with previous ideas of natural
streams in similar lowland settings. Broothaerts et al. (2013)
and Lespez et al. (2015) related the presence of peat in valley
systems to dispersed wetland systems. Our study shows that
stream channels can be identified within peat, but that such dif-
ferentiation requires a very dense core spacing combined with
detailed lithogenetic identification. We propose that dispersed
wetland systems are not the natural state of low-energy stream
valleys such as the Drentsche Aa, although we cannot rule out
that dispersed wetland systems existed in the upper branches of
the stream system, where the stream power is too low to
actually form a channel.

Conclusions

We identify oblique aggradation as a key process leading to
highly sinuous planforms in peat-filled valley systems. Oblique
aggradation may occur in aggradational settings where the
valley side consists of material that is more easily erodible than
the (organic) valley fill. The stream becomes literally stretched
out over time owing to a combination of floodplain widening
and stream reaches aggrading obliquely along opposed valley
sides. This novel conceptual model for stream evolution may
explain rectangular, sinuous planforms observed for other
peatland systems from satellite imagery, and may also be appli-
cable to other settings where opposed banks have differences
in erosion resistance. Our explanation of the sinuosity of low-
energy streams in the absence of lateral migration supports
water managers in stream channel design in the context of
stream restoration projects.
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