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Earth Surface Processes and Landforms

ABSTRACT: Landscapes respond in complex ways to external drivers such as base level change due to damming events. In this
study, landscape evolution modelling was used to understand and analyse long-term catchment response to lava damming events.
PalaeoDEM reconstruction of a small Turkish catchment (45 km?) that endured multiple lava damming events in the past 300 ka, was
used to derive long-term net erosion rates. These erosion rates were used for parameter calibration and led to a best fit parameter set.
This optimal parameter set was used to compare net erosion landscape time series of four scenarios: (i) no uplift and no damming
events; (ii) no uplift and three damming events; (iii) uplift and no damming events; and (iv) uplift and three damming events. Spatial
evolution of net erosion and sediment storage of scenario (iii) and (iv) were compared. Simulation results demonstrate net erosion
differences after 250 000 years between scenarios with and without dams. Initially, trunk gullies show less net erosion in the scenario
with damming events compared with the scenario without damming events. This effect of dampened erosion migrates upstream to
smaller gullies and local slopes. Finally, an intrinsic incision pulse in the dam scenario results in a higher net erosion of trunk gullies
while decoupled local slopes are still responding to the pre-incision landscape conditions. Sediment storage differences also occur
on a 100 ka scale. These differences behaved in a complex manner owing to different timings of the migration of erosion and sedi-
ment waves along the gullies for each scenario. Although the specific spatial and temporal sequence of erosion and deposition
events is sensitive to local parameters, this model study shows the manner in which past short-lived events like lava dams have

long-lasting effects on catchment evolution. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

It has been recognized that geomorphic systems usually re-
spond in complex nonlinear ways to external drivers such as
climate or base level and that internal system dynamics exist
even in the absence of external forcing (Schumm, 1979;
Phillips, 2006). Landscape evolution models (LEMs) allow sim-
ulation of this complexity and nonlinearity. However, model
results have to be analysed with caution owing to uncertainties
in input data, spatial and temporal scale issues, simplifications
in process descriptions and calibration and validation issues
(Van De Wiel et al., 2011). Furthermore, outputs of LEMs dem-
onstrate this complexity and the necessity to acknowledge the
significance of initial conditions, topography and historical
contingency (Wainwright, 2006; Coulthard et al., 2007). Al-
though different modelling studies using reconstructed
palaeo-landscapes (palaecoDEMs) have yielded successful re-
sults in reconstructing sediment volumes or landform patterns
(Peeters et al., 2008; Temme and Veldkamp, 2009; Baartman
et al., 2012b), large uncertainties remain. In particular, the lack
of information about palaeo landscapes and the associated lack
of data to validate model inputs and outcomes remain
challenging for this approach.

Despite these limitations, frameworks emerge that landscape
evolution modellers can use to simulate landscape response.
Temme et al. (2011) argue among others that decisions on
model setup and which processes to incorporate are case-
specific and should be consciously made and tested. Tucker
(2009) stresses that modelling landscape change of actual land-
scapes requires: (i) that only one variable, such as base level,
changes significantly, while the rest remains fairly constant;
(i) needs temporal control on palaeosurfaces or rates of
change; (iii) demands knowledge of the main processes active;
and (iv) requires elevation data of sufficient quality. Van De
Wiel et al. (2011) similarly emphasize the value of numerical
models to test different external forcing scenarios of which re-
sults can be compared. All these workers stress that the intro-
duction of too many parameters or too detailed process
descriptions in landscape evolution studies is not desirable be-
cause it increases uncertainty of model outputs. Owing to these
limitations the aim of such studies should not be an exact re-
construction of elevations or sediment thicknesses at specific
locations. Better, general patterns of landscape change such
as catchment sediment yields, river profile development, and
general sediment redistribution patterns through time and
space should be used to constrain model parameters and to
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inform choices between model versions (Tucker and Hancock,
2010; Temme et al., 2011). This line of reasoning can be ex-
tended by arguing that model simulations that aim to clarify
the effect of external drivers, such as lava dams, on landscape
evolution are more robust when based on actual landscapes
with known geomorphic setting and validation data than on
entirely fictitious landscapes.

Many landscape evolution modelling studies have investi-
gated landscape response to external drivers (Tucker et al.,
2001; Coulthard et al., 2005; Temme et al., 2009; Hancock and
Coulthard, 2012). The main advantage of using landscape evolu-
tion models (LEMs) for this purpose is the possibility to analyse
landscape evolution on spatial and temporal scales beyond the
limitations of fieldwork or laboratory based experiments. One
of the specific cases where LEMs can be useful is the modelling
of long-term landscape response to temporary damming,
blocking and dam removal. These damming events are interest-
ing from a geomorphological viewpoint because they have sig-
nificant influence on river profile evolution, for instance in the
case of landslide dams (Korup et al., 2006, 2010) and could divert
drainage of channels and entire river catchments, exemplified by
different lava-dam studies (Roach et al., 2008; Veldkamp et al.,
2012; Maddy et al., 2012). Furthermore, LEMs are potentially
valuable to increase knowledge on long-term response to human
induced dammings and dam removals (Sawaske and Freyberg,
2012). Dams can either breach suddenly, leading to extreme
flooding events (Fenton et al., 2006), or can be incised gradually,
temporarily hampering fluvial incision (Ely et al., 2012). Re-
sponse to damming is not necessarily straightforward. Besides
the known effects of sediment deposition and knickpoint crea-
tion, damming can lead to complex responses such as stream
rerouting and complex river profile evolution (Ely et al., 2012;
Maddy et al., 2012; Van Gorp et al., 2013).

Our interest in this paper is the effect of lava dams on land-
scape evolution. We therefore base our study on an actual up-
land catchment that is known to be affected by multiple lava

648000 651000

dams at its outlet, the Geren catchment in western Turkey

(Van Gorp et al., 2013). Our aim in this study is to elucidate

the effect of damming events and uplift on the landscape evolu-

tion of a small upland catchment such as the Geren Catchment.
Specific objectives are:

1. to calibrate model parameters using reconstructed average
net erosion over 300 ka; and

2. to compare the effect of different scenarios of driving factors
on landscape evolution.

Study Site

The Geren catchment drains into the upper Gediz River,
Western Turkey (Figure 1). Both rivers have mainly incised into
Miocene fining-upward basinfills, containing gravels at the
base, sands and silts of the Ahmetler formation in the middle
part and lacustrine limestone deposits of the Ulubey formation
on top (Seyitoglu, 1997). Fault-driven Plio-Pleistocene drainage
diversion created the current Gediz River which incised into
the readily erodible Ahmetler in the early Pleistocene (Maddy
et al., 2007). Since then, the upper Gediz River is responding
to uplift with a time-averaged incision rate of 0-14 mm/a, while
differential tectonics are not known to have occurred (Maddy
et al., 2012a). Initiation of volcanism in the early Pleistocene
led to damming of the upper Gediz River system by lava flows
in the early and middle Pleistocene and the Holocene at subse-
quently lower levels due to ongoing fluvial incision by the
Gediz River (Richardson-Bunbury, 1996; Westaway et al.,
2004; Maddy et al., 2012; Van Gorp et al., 2013). The incision
of the Gediz River in combination with repeated lava flows
which filled and flowed down the Gediz valley until just down-
stream of the Gediz-Geren confluence control the base level of
the Geren catchment. The top elevation of the middle Pleisto-
cene lava flow remnants is around 40 m above current river level

4282000

4279000

4276000

654000 657000

Figure 1. The Geren catchment and its confluence with the Gediz river, where several lavaflows filled and dammed the Gediz and Geren rivers
(Van Gorp et al., 2013). Inset shows its location in western Turkey at the shoulder of the Alagehir graben. Coordinates are given in UTM-35 N, datum WGS-

84. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2014 John Wiley & Sons, Ltd.
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and some are capped by fluvial deposits, indicating that the
upstream Gediz reach and the Geren catchment have been
dammed. While generally dam duration of the middle Pleisto-
cene dams is unknown, their elevation is around 15-20m.
Dam duration of the youngest recognized dam is in the order of
magnitude of 1 ka, where dam elevation in this case is approxi-
mately 20 m above current river level (Van Gorp et al., 2013).

The Ulubey limestones now border the northern part of the
Geren catchment in the form of a limestone scarpment
(Figure 3). The larger part of the southern border of the Geren
catchment consists of an early Pleistocene Lava plateau, cap-
ping unconsolidated Miocene Ahmetler sands, silts and
gravels. The Geren catchment is dominantly incising into these
Miocene basinfills, although at present, it hits underlying base-
ment rocks near its outlet. In these reaches it mostly has a ridge-
gully landscape, where ridges are often, but not always, capped
by fluvial deposits derived from the upstream northern lime-
stone plateau. These deposits either consist of coarse fluvial
gravels, or of fine layered to laminated semi-horizontal sands
and silts which can reach thicknesses of up to 20 m, indicating
regime changes from more high energy fluvial conditions to
low-energy conditions. Confined in the gullies, fluvial fill
sequences are found at various levels. These aggradation—
incision cycles are formed by at least 300ka of catchment
response to base level lowering of the Gediz River and we
expect that repeated damming events have co-shaped the
landscape evolution of the Geren catchment.

Methods
DEM extraction

Because the accuracy of the freely available SRTM and ASTER-
GDEM was limited for the area, it was chosen to construct a dig-
ital elevation model (DEM) from stereo-satellite imagery. An
ALOS-PRISM panchromatic imagery triplet with a pixel resolu-
tion of 2-5-3 m was obtained (Takaku and Tadono, 2009). The
cloud-free forward, backward and nadir images, date from April
2007 and have an image scene centre latitude—longitude of
38:696 N and 28:714 E. Ground control points were measured
using a Sokkia dGPS and 15 of them were used for dem extrac-
tion with the DEM extraction tool in ENVI 4-7. A systematic shift
in the resulting DEM was corrected and spatial resolution was
upscaled to 30 m for the purpose of the simulation in this paper.

PalaeoDEM creation

As an initial landscape for modelling, a palaecoDEM was cre-
ated based on the 30 m ALOS-PRISM-derived current topogra-
phy of the Geren catchment. Gradient and elevation of gently
sloping ridge surface levels and crests suggest their correlation
with a catchment outlet around 40 m above current outlet
level. A simple reproducible method was used to extract the
DEM. Current channel elevations were derived from the chan-
nel network of the DEM (Figure 2). Subsequently, All DEM
gridcells which were more than 40 m above the elevation of
the nearest channel were extracted (Figure 3). A palaeosurface
base level was imposed 40 m above current outlet level, lead-
ing to a palaeo-outlet of 390 m. Surfaces were then interpolated
between palaeosurface cells using Topo to Raster in ArcGlIS,
leading to a simplified 30 m resolution PalaecoDEM. Finally,
sinks were filled using Planchon and Darboux (2002) sink fill
method in SAGA-GIS, with a tangent of 0-01 degrees.

The gridcell elevations of the actual DEM were subtracted from
the gridcell elevations of the constructed palaeoDEM. This led to

Copyright © 2014 John Wiley & Sons, Ltd.

a total volume of 784 x 10°m? that was assumed removed in
300ka. Using average bulk density of 1500kgm™, this corre-
sponds to an approximate net erosion of 0-97 tha™ a'. This rate
is low but within the lower range of erosion rates reported of
some other uplifting areas (Safran et al., 2005). The calculated
erosion rate was used to calibrate model parameters as discussed
below and in Figure 4.

Model framework

Reduced complexity LEM LAPSUS was used for simulations
(Schoorl et al., 2000, 2002; Temme et al., 2009). LAPSUS is a
cellular automaton that models a suite of geomorphic pro-
cesses including water erosion and deposition and that can dy-
namically deal with non-spurious depressions (Temme et al.,
2006) and lakes (Van Gorp et al., 2014). This makes it a suitable
model for this study.

In LAPSUS, the multiple flow algorithm (Freeman, 1991;
Quinn et al., 1991) is used to route water down from a cell to
each of its downstream neighbours. Water arriving in depres-
sions is routed to the outlet of those depressions. Sediment
transport capacity C (m) between two cells over distance s
and timestep t (yr) is then calculated from the fractional
discharge Q (m) and tangent of slope A (-) (Kirkby, 1971):

Cs,t = Qs,rm'Ag,t (M

where parameters mand n are the discharge and slope exponent,
respectively (Kirkby, 1987). The values of mand n reflect the type
of runoff that is modelled. The sediment transport is then calcu-
lated based on the work of Foster and Meyer (1972, 1975).

Ssi=Cst + (50541 — Cs,t)'e*(eﬂgze/h ()

Where sediment in transport S (m) is a function of cell size (m),
transport capacity C and erosion or sedimentation component h
(m), compared with the amount of sediment already in transport
So. If there is more sediment in transport than the transport capac-
ity, deposition will occur and sedimentation component h is cal-
culated as follows:

C
hs. o

= 3)
' Ps,t'Qs,t'As,t

where P (m™) is a sedimentation factor. High P-values indicate
more potential to deposit sediment from transport, a low P indi-
cates more potential to keep sediment in transport. However, P
only becomes important when transport capacity on a cell is
exceeded. If sediment already in transport is smaller than trans-
port capacity, erosion will occur and h is calculated as follows:

Csi

hey=— 2L
T Ko QN

4)

where K (m™) is an erodibility factor. Both K and P are lumped
factors, representing surface characteristics for each cell of the
catchment and are thus not empirically determined.

Parameter settings

In this study, erodibility factor K and sedimentation factor P are
varied spatially according to geological substrate (Schoorl
et al., 2002). Initial Kand P values were assigned to those areas
underlain by Miocene alternating sands, silts and gravels. For
the limestone plateau at the northern border, and the high ba-
salt plateau at the southern border, K and P values were

Earth Surf. Process. Landforms, Vol. 40, 888-900 (2015)
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Figure 2. (A) DEM extraction from a forward and backward image pair of ALOS-PRISM panchromatic satellite imagery. (B) Extraction of those
locations 40 m above current river level. (C) Interpolation of a paleoDEM area, using a 390 m elevation outlet area. This figure is available in colour

online at wileyonlinelibrary.com/journal/espl

multiplied by 0-5 to mimic the more resistant bedrock (Table I,
Figure 3). These resistant plateaus are both underlain by the
Miocene sands, silts and gravel. The base of the northern pla-
teau is estimated to be at 700 m, while the base height of the
southern plateau is estimated to be at 580 m. Of course actual
base heights are more variable, but a constant elevation is cho-
sen for simplification reasons. This base height made it possible
to change to the initial K and P values as soon as the bedrock
was incised to its base height. In addition, cells with a
redistributed sediment layer of at least 0-1 m thick were given
a ten times higher K and P than the underlying substrate to
mimic transport limited conditions of coarse bedload sediment.
Furthermore, sedimentation factor P is four magnitudes higher
than erodibility factor K (Table I). The reason for this large differ-
ence between P and K is that, on the long simulation timescale
in this study, P is found to influence profile gradient of trunk
streams, where higher P values generated more realistic profile

Copyright © 2014 John Wiley & Sons, Ltd.

gradients. Parameters m and n were set at 1-:65, which is in be-
tween typical values for hillslope processes and fluvial pro-
cesses (Baartman et al., 2012b), while the runoff convergence
factor Pconv, which controls if water follows a steepest descent
path or a multiple flow path (Quinn et al., 1991), was set to 2
(Baartman et al., 2012a, our Table I).

Model calibration

Erodibility factor K was varied in a calibration exercise which
had as its objective to minimize the difference between simu-
lated net erosion and calculated net erosion. This was done
by comparing net erosion from runs where uplift and three
damming events were imposed, with net erosion calculated
from the difference between the palaeoDEM and the current
DEM. The value of K was varied from 1:3x10°m™ to

Earth Surf. Process. Landforms, Vol. 40, 888-900 (2015)
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High : 870

—
Low : 390

Figure 3. Simulation boundary conditions on top of the hillshaded
palaeoDEM. The black rectangle shows the area where base level change
occurs (both gradual and damming). Regions where K and P are multiplied
by 0-5 are coloured. In the blue region (a plateau consisting of Miocene/
Pliocene limestones), this multiplying occurs if cell elevation is higher than
700m. In the red coloured region (a basalt plateau of early-Pleistocene
age), this multiplying occurs if cell elevation is higher than 580 m. This
figure is available in colour online at wileyonlinelibrary.com/journal/espl

1-8x10°m™", with steps of 1x10°®m™. Synchronously, P was
varied from 0-13 to 0-18 with steps of 0-:01 (Table I). The best fit
K (and hence, P) values derived from the stepped calibration
were selected for further analysis of spatial-temporal impacts.
The base level lowering rate of 0-14mm a™' was imposed on
the outlet cells in the calibration phase.

Model scenarios

The model with the calibrated parameter set was run for differ-
ent scenarios (Figure 4): (1) no change in external drivers; (2)
three damming events at 50ka, 150ka and 250ka; (3) a

Table I. LAPSUS model and parameter settings

Model settings

Model duration 300 [ka]

Effective rainfall 50 [mma’l

Uplift rate 0-00014 ma'l

Damming events 50, 150, 250 [ka]

Dam duration 1 [ka]

Dam elevation 20 [m]

LAPSUS

parameter Value Step
m 1-65

n 1-65

Pconv 2

K 1-3x10° - 1-8x10°  [m’'] 1%x10°
P 0-13-0-18 m'] 0-01
KP_plateau Kx0-'5, Px0-5 m™"

KP_newsed Kx10, Px10 m']

Grid size 30% 30 [m]

Timestep 1 [yr]

constant base level lowering of the outlet cells by 0-14 mm a™,
mimicking uplift-driven incision of the trunk river; and (4)
scenario 2 and 3 combined, thus constant base level lowering
with three damming events. The constant base level lowering
and the lava dams were imposed at the catchment outlet. Base
level lowering was imposed by lowering the outlet cells by
0-14mm a'. Lava damming was imposed by adding 20 m to
the westernmost part of the Geren outlet area (Figure 3) and
dam duration was 1ka, both based on field observations of
the most recent damming event (Van Gorp et al., 2013). Each
damming event was ended by lowering the westernmost part
of the outlet area by 20 m, 1 ka after the start of damming.

Output evaluation

To assess differences in spatial and temporal response between
scenarios, four catchment properties were compared; (i) the

1. Calibration phase

Input DEM and
palaeoDEM

Input
parameters

Simulations of
300 ka, uplift and
3 dam events

JV

v v

Calibrated
parameters

2. Scenario simulation

Calibrated Input DEM and
parameters palaecoDEM
1. No Change
2.3 dam events DDD
3. Uplift —
4. Uplift and 3 dam —
events DDD

Dem properties
Net Erosion timeseries

- Total sediment timeseries
Spatial elevation difference
Spatial difference of thickness of

newly deposited sediments

Figure 4. Experimental setup of model simulations.

Copyright © 2014 John Wiley & Sons, Ltd.
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time series of net erosion; (ii) profile evolution of the main
gully; (iii) the difference in net erosion between scenarios;
and (iv) the difference in storage of newly deposited sediments
between scenarios. The latter two are shown separately be-
cause net erosion and sediment thickness on a cell can differ
(Figure 5), resulting in different spatial patterns. Thus a cell
can experience net erosion, but still contain a certain sediment
thickness. The use of sediment thickness has the advantage that
it gives information about sediment redistribution within the
catchment.

Results
Step 1: Calibration

Average net erosion values for the calibration runs (Table II)
show a gradual increase of net erosion with increasing K and
P. The optimal parameter set has a net erosion of about
0-986tha™ a', which is closest to the erosion rate from the
palaeoDEM reconstruction. This optimal set is used for further
scenario modelling.

Step 2: scenario modelling

For all four scenarios, a complex 1000 year averaged net ero-
sion time series is simulated, in which erosion is not a linear
or other simple function of driving factors (see Figure 6). Net
erosion of the scenario 1 ‘No change’ shows variable but gen-
erally declining annual net erosion. Further analysis of differ-
ences and similarities between different scenarios shows that:
(i) average net erosion and its standard deviation are consis-
tently higher for the scenarios with uplift than for scenarios
without uplift; (i) damming significantly changes annual net
erosion and standard deviation of annual net erosion both with
and without uplift; and (iii) temporal variability of scenarios 3
(uplift) and 4 (uplift with dams) differ significantly. In contrast,
temporal variability is not significantly different between sce-
nario 1 and scenario 2. The presence of uplift apparently

Table Il. Total net erosion of scenario 4 (uplift and three damming
events) for different calibration settings of K and P

Parameter

Erodibility K Sediment factor P Net erosion (tha™ yr’1)
0-000013 013 0-851
0-000014 0-14 0-907
0-000015 0-15 0-921
0-000016 0-16 0-986
0-000017 017 1-023
0-000018 0-18 1-036

enhances the variability of net erosion. The net erosion signal
often shows alternating periods of higher and lower variability,
which indicates phases of enhanced activity.

Time series of sediment storage also show a difference in sed-
iment dynamics between scenarios (Figure 7). Scenarios 1 and
2, without uplift, show a progressive although not a gradual in-
crease in sediment storage, whereas scenario 3 and 4, with up-
lift, do not. In scenario 3, uplift only, quasi-periodic periods of
sharp decrease in sediment storage occur which coincide with
the high variability periods of net erosion. Damming has a pos-
itive effect on sediment storage both with and without uplift.
Periods of sharp increase in sediment storage during damming
events of scenario 2 at 50 ka, 150 ka, and 250 ka are directly re-
lated to lake formation and siltation behind the dam body. Sce-
nario 4 shows a similar sharp increase of sediment storage after
the dam at 50 ka, but at 150 ka and 250 ka this increase is ab-
sent. Differences between scenarios at other points in time
are related to complex response caused by the initial differ-
ences in elevation and sediment distribution right after dam-
ming. To relate model results to the existing field setting,
profile and spatial analysis of simulations will be carried out
on scenarios 3 and 4, which include uplift.

River profile evolution generally shows a profile that is
adapting to the constant uplift rate (Figure 8). A detachment
limited profile is visible in the upper part of the catchment,
where the low erodible plateau is incised. Below around

Net Net Net Net Net
erosion  deposition erosion erosion deposition
A Initial surface
l N
>
<
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<
K]
c B
0 S
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3 [
w
— — — — —
dt dt dt dt dt
=
v o
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T L
&£

Figure 5.

Copyright © 2014 John Wiley & Sons, Ltd.

Schematic diagram of elevation change versus thickness of newly deposited sediments of a cell over time.

Earth Surf. Process. Landforms, Vol. 40, 888-900 (2015)
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Figure 6. Time series of 1000 year averaged net erosion for scenarios 1-4 for the optimal parameter set.
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Figure 7. Time series of sediment storage. Top: Scenario 1 and 2, Bottom: scenario 3 and 4.

500 m altitude, sediment loads become higher and the profile
forms a more linear to convex shape. Different knickpoints
are visible which migrate upstream, or profile sections aggrade
in the downstream direction. For instance, top-down driven
aggradation is visible when comparing the profiles of 51 ka
and 100ka at an elevation around 500 m. Comparison of pro-
file evolution between scenarios 3 and 4 reveals differences

Copyright © 2014 John Wiley & Sons, Ltd.

in elevation of up to 15 m within the trunk gully. Infilling right
after damming is visible at 51, 151 and 251 ka.

Spatial patterns through time are assessed by looking at dif-
ferences between elevation maps of scenarios (thus, differences
in net erosion) and differences between sediment storage maps
of scenarios. Difference between elevation maps are shown in
Figures 9 and 10. At t=51001, one year after removal of the
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Figure 8. Longitudinal profiles of uplift and uplift with dams of the principal trunk gully at several timesteps. Dammings occur at t=50to 51 ka, 150

to 151 ka and 250 to 251 ka.

first dam, the sediment storage behind the dam is clearly visible
as a positive difference. This difference extends to upstream re-
gions via the main gully systems when looking at t=75000 and
onwards until t=151001. This visual difference is mostly posi-
tive, thus, net erosion is less for scenario 4 ‘uplift with three
damming events’ than for scenario 3 ‘uplift’. However, negative
differences occur in different gully systems at different points in
time. For instance, negative differences occur near the catch-
ment outlet. This is due to stream rerouting on top of the lake
sediments and post-dam incision in scenario 4. Over time, this
incision shortcuts local streams, creating more incision and
thus a negative elevation difference. At the time of removal of
the third dam at t=251001 and onwards, positive differences
extend to slopes adjacent to gullies while the gullies themselves
switch to a negative difference.

Snapshots through time of sediment storage difference maps
between scenario 4 and 3 again show the direct effect of dam-
ming due to lake sediment storage behind the first dam, right af-
ter its removal at t=51001 (Figure 11). Storage difference
rapidly extends to upstream gullies and sometimes switches
from a positive to a negative difference. The difference due to
the sediment body directly behind the dam gradually dimin-
ishes over time. After the second and third dam event at
t=151001 and t=251001, the difference due to sediment
storage being confined to the trunk gully. The changes from
positive to negative differences through space and time indi-
cate sediment waves which are active at different moments
for the different scenarios.

Copyright © 2014 John Wiley & Sons, Ltd.

In summary, results show a clear difference in net erosion
and sediment storage between uplift and no uplift scenarios,
while the difference between dam and no dam scenarios is
especially expressed when looking at time series and spatial
patterns of net erosion and sediment storage. More sediment
is stored when damming occurs. This is due to remnants of stor-
age directly behind the dam body, and to upstream storage in
the trunk and other gullies.

Discussion

The simulated time series of net erosion and sediment storage
all show autogenic behaviour and nonlinearity (cf. Coulthard
and Van De Wiel, 2007). The occurrence of this complex
LAPSUS output has been discussed in recent other papers and
is partly ascribed to landscape complexity and autogenic feed-
backs (Van Gorp et al., 2014; Schoorl et al., 2014). However
the type of behaviour differs between scenarios. The difference
in pattern between the variability in time series of net erosion
between scenario 1 and 3 (no uplift and uplift) suggests that up-
lift shifts complex response into another state. Gradual base
level lowering causes high variability and low variability net
erosion phases to alternate quasi-periodically, which suggests
that autogenic behaviour can generate non-climatically driven
cyclic patterns in sediment archives. Rather, these patterns are
driven by the episodic build-up and release of sediments by
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Figure 9. Maps of elevation change since the start of the run (Column A and B) and difference in elevation change between scenario 4 ‘Uplift with
three damming events’ and scenario 3 ‘uplift’ (Column C) for t=51 001, right after the first dam between 50 000 and 51 000 yr, to t=125 000. This

figure is available in colour online at wileyonlinelibrary.com/journal/espl

the catchment, which is controlled by catchment topography,
but apparently unlocked by gradual base level lowering.

Most of the time, response to damming is not visible in the net
erosion signal, suggesting shredding of the dam signal owing to
sediment redistribution (a mechanism suggested by Jerolmack
and Paola, 2010). However, after the second damming in sce-
nario 4, the net erosion signal shifts from a weakly variable to a
highly variable signal. This is visible in the sediment storage sig-
nal as an increase in variation. Increased sedimentation during
damming is the most direct effect of lava dams on spatial catch-
ment evolution (Figures 9-11), as further documented by numer-
ous reconstruction studies (Ely et al., 2012; Van Gorp et al., 2013).

The more interesting effect in the simulations is upstream
migration of elevation differences between dam and non-dam

Copyright © 2014 John Wiley & Sons, Ltd.

scenarios (Figures 9 and 10). This migration starts at the start
of the first damming at 50 ka and extends over an ever increas-
ing area of the catchment until the end of the 300 ka simula-
tion. Differences first arise in the main gullies after which they
extend to smaller gullies and slopes along gullies. The generally
lower net erosion in the dam scenario extends to upstream
regions until t=150 000. However, from t=200 000 and
onwards (Figure 9), a negative difference extends into all main
gullies. This results in channel-hillslope decoupling with a pos-
itive difference in smaller gullies and slopes and a negative dif-
ference in the main gullies. This indicates an increase in local
relief in scenario 4 ‘uplift with dams’ compared with scenario
3 ‘uplift’. This suggests that the damming effect amplifies the
decoupling between main gullies and their tributaries and
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Figure 10. Maps of elevation change since the start of the run (Column A and B) and difference in elevation change between scenario 4 ‘Uplift with
three damming events’ and scenario 3 ‘uplift’ (Column C) for t=151 001 to t=300 000. Damming events occur at 50 000 to 51 000 yr, 150 000 to
151 000 yr and 250 000 to 251 000 yr. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

slopes. Furthermore, it demonstrates a legacy effect in the land-
scape over timescales of 300 ka. The more complex signal of
spatial sediment storage difference (Figure 11) is owing to the
fact that the location of gully stretches containing sediments dif-
fers through time, which can lead to zero difference between
scenario 3 and 4 at one timestep, while a large difference was
present at an earlier timestep. Nevertheless, differences of sed-
iment storage migrate upstream at least until t=125 000 ka.
Drainage rearrangement after the first damming (50 ka) affects
local stream paths and stream lengths and over time affects
the stream length of the trunk gullies as well. The main gully
is rerouted to the north of the dam body, shortening the trunk
stream length. This difference in drainage path of local and
trunk streams can play a role in increasing long-term incision

Copyright © 2014 John Wiley & Sons, Ltd.

in scenario 4 ‘uplift with three damming events’, 150 ka after
occurrence of rearrangement, around 200 ka. The damming
therefore does not only cause a delay and decoupling of differ-
ent river reaches, it can also lead to an amplified incision rate.

Model sensitivity

The sensitivity of simulation outputs to small changes in parame-
ters was assessed by an analysis of the outputs for the parameter
sets that were not selected after calibration. The average and vari-
ation of net erosion for the parameter settings that were not se-
lected after calibration show similar trends to those of the optimal
parameter set depicted in Figure 6. However, the exact shape of
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the time series is sensitive to parameter settings in a complex way.
Likewise, upstream migration of net erosion differences (Figures 9
and 10) occurs in all parameter settings, but the exact pattern
is dependent on parameter settings. Thus, exact locations of pos-
itive and negative differences vary between parameter settings.
Nevertheless, for all parameter sets, damming events in an uplift
driven landscape have a similar long- term effect on landscape
evolution as discussed above for the calibrated parameter set.

Erodibility parameter K and sedimentation parameter P have
been used for calibration. Generally, P has much less influence
on total erosion values than K. Sensitivity plots of K and P are
described in Baartman et al. (2012a) and Schoorl et al. (2014)
and indicate that sedimentability factor P influences
resedimentation and floodplain dynamics, while hardly
influencing total erosion (Schoorl et al., 2014).

Copyright © 2014 John Wiley & Sons, Ltd.

Model setup limitations

In our simulation, damming and dam removal are imposed and
occur instantaneously. Damming is simplified by elevating the
outlet cells by 20m. After 1000yr, these cells are instanta-
neously lowered by 20 m, thus mimicking sudden dam removal
or breach. The reason for this simplified imposition of damming
is that we simulate response of the Geren tributary catchment
on dams in its trunk valley, the Gediz. The Gediz controls dam-
ming and dam removal and it is not aimed to model this
process.

Within this experiment, the initial PalaeoDEM construction
is based on simplified assumptions. The main assumption is
the correspondence of current crest elevations and gradients
to palaeotopography. The resulting smoothed surface is a

Earth Surf. Process. Landforms, Vol. 40, 888-900 (2015)



MODELLING LONG-TERM RESPONSE TO LAVA DAM EVENTS 899

simplification of the actual palaeosurface and contains four
main parallel subbasins, which, although containing a simpli-
fied straight morphology, roughly coincide with basin orienta-
tion of the current DEM (Figure 2). We chose to use this
surface to keep model inputs as clean and simple as possible
to demonstrate differences in complex response between the
different scenarios. We do acknowledge that a better uncer-
tainty analysis of initial surface conditions would be
advisable.

Several external climate related controls which are known
to have varied within the modelled temporal extent have
been held constant in our simulations. Effective rainfall is
held constant over the 300ka simulation period, although
over this temporal extent, climate change is thought to play
a significant role (Tzedakis et al., 2006 for the Eastern
Mediterranean). The reasons to keep rainfall constant are first
to keep the simulation results as generic as possible, and sec-
ond, there are large uncertainties associated with rainfall
reconstructions. Rainfall reconstructions on these timescales
often rely on reconstructions of sea surface temperature
curves and evaporation reconstructions rely on 8'2O curves.
Successful rainfall reconstructions have been made for sys-
tems where a direct link with a certain oceanic system is
established (e.g.the atlantic ocean, Stemerdink et al., 2010;
Viveen et al., 2013). However, such a reconstruction is more
problematic for more continental systems. Another external
control which is not varied is vegetation cover, which influ-
ences the erodibility of the landscape. This was done as well
to keep outputs as widely applicable as possible.

Although keeping these parameters constant implies a signif-
icant simplification compared with actual landscape evolution,
it allows a clean assessment of the impact of changing base
level scenarios on an upland catchment. This approach is
widely taken in landscape evolution modelling literature
(Coulthard and Van De Wiel, 2007; Tucker, 2009; Temme
etal., 2011).

One other step towards a clean assessment that is often
taken in literature, is imposing equilibrium conditions on
the study area before the start of comparative simulations
(such as suggested by Tucker, 2009). This was not done in
the present study because the imposition of equilibrium con-
ditions, where erosion equals uplift averaged over the study
area, would result in two different starting landscapes for
the non-uplift and uplift scenarios. This would have meant
that results could not be compared between these scenarios.
Since such comparison was our objective, no equilibrium
was imposed. In the uplift scenarios, the catchment is not
in a steady state equilibrium. The average long-term catch-
ment wide erosion rate does not change significantly over
300ka (Figure 6). It is, however, lower than the outlet base
level change. The outlet lowering rate is constant and
0-14mmyr', while the average erosion rate is around
0-:06 mmyr' and does not show a significant trend. This dif-
ference is expressed in the increase of relief in the catch-
ment, which is thus not in topographical steady-state
(Goren et al.,, 2014). It is however not our aim to reach a
steady state in this study as we think that knowledge of re-
sponse of non-steady state landscapes to external drivers is
valuable due to their common occurrence (Tucker, 2009).

Conceptually, it is currently debated whether equilibrium
conditions exist in actual field conditions (Phillips, 2014). Both
field and modelling studies suggest that the establishment of
equilibrium in a wide variety of geological and climatic settings
takes millions of years of constant forcing (Goren et al., 2014).
Such constancy is rare. In the upper Gediz basin where this
study is based, equilibrium conditions did not exist 300 ka
ago nor do they in the actual landscape.

Copyright © 2014 John Wiley & Sons, Ltd.

Conclusion

Landscape evolution modelling revealed that lava damming
events of 1ka duration can have demonstrable net effects on
catchment evolution on a 100 ka scale. Furthermore, it demon-
strated that adding gradual base lowering as a boundary condi-
tion unlocks a different, more variable autogenic catchment
behaviour compared with absence of base level lowering.
Model parameters were calibrated to net erosion rates over
300 ka that were derived from palaecoDEM reconstruction of
the small (45 km?) Geren catchment which is known to have
endured several damming events. Results showed that up-
stream migration of net erosion difference between scenarios
with and without damming events is still ongoing 250 ka after
the first dam event. At first, trunk gullies show less net erosion
in the scenario with damming events compared with the sce-
nario without damming events. Then this effect migrates to
smaller gullies and local slopes. Finally, an intrinsic incision
pulse in the dam scenario results in a higher net erosion of
trunk gullies while decoupled local slopes are still responding
to the pre-incision landscape. Sediment storage differences oc-
curred on a 100ka scale as well. However, they behaved in a
complex manner due to different timings of the migration of
sediment waves through gullies for each scenario. Although
the exact spatial and temporal sequence of erosion and deposi-
tion events is sensitive to parameters and the initial palaecoDEM
is uncertain, this model study demonstrates how short-lived
events such as a lava dam can have long lived effects on catch-
ment evolution. These events can even amplify the erosion
rates due to prolonged decoupling of channels and slopes.
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